
ABSTRACT 

CARVALHO TEMPLETON, MONIQUE. Evaluating Plant-derived (Poly)phenol Bioavailability 

via Broad-Spectrum Metabolomics using Highbush Blueberries as a Model Fruit. (Under the 

direction of Colin D. Kay). 

 

The Dietary Guidelines for Americans encourages consumption of a variety of fruits and 

vegetables for the health benefits implicated with their nutrient and (poly)phenol composition. 

However, less than 13% of Americans consume the daily recommended servings of fruits and 

vegetables (3.5-5 cup-equivalent) for a variety of reasons, including taste, cost, and convenience. 

Alternatively, increasing the nutrient density of fruits and vegetables may deliver greater health 

benefits to consumers. Using a commonly consumed fruit such as blueberry as a model, the 

objective of the present research was to evaluate the impact of blueberry genotype/phenotype and 

food processing on their (poly)phenol bioavailability as an attempt to enhance (poly)phenol 

delivery in consumer relevant processed foods. To address this objective, a broad-spectrum 

quantitative metabolomics method using LC-MS was validated and then applied to the analysis of 

(poly)phenol bioavailability in serum and urine samples. 

Initially, the quantitative metabolomics method was validated to ensure its suitability for 

the analysis of 8 blueberry-derived (poly)phenols, and 91 metabolites. The linearity, sensitivity, 

precision and accuracy of this quantitative method was assessed in serum based on bioanalytical 

method validation guidelines from the U.S. Department of Health and Human Services Food and 

Drug Administration, and the European Medicines Agency. This analytical method was deemed 

suitable for the analysis of these analytes and showed satisfactory precision and accuracy for 71-

83% of analytes at the most physiologically relevant concentrations (0.05-5 µM). In a second study 

describing the validation of this quantitative metabolomics method, the freeze-thaw stability of 

(poly)phenols was assessed in pre-extracted biological tissue at three concentrations. This study 



 

aimed to inform clinical nutrition researchers of the quantitative accuracy in metabolomics for 99 

analytes across four freeze-thaw cycles of pre-extracted biological tissue, since clinical samples 

may need to be frozen and thawed during shipment or for reanalysis. Significant reductions in 

analyte response were observed over four cycles, but thawing pre-extracted biological tissue once 

minimally impacted the analytical response, yielding the most accurate response across 

concentrations. 

A third study evaluated the accuracy of using the reference standard of a (poly)phenol as a 

surrogate to quantify another (poly)phenol of the same or similar structure, a common practice 

when reference standards are not commercially available. However, this study showed that even 

in such cases there may be quantitative inaccuracy, with under- and overestimation of 

concentration by as much as 200-fold and above. Therefore, the present analysis indicated that 

unless the slopes of the analyte of interest and surrogate are known, this practice can be highly 

inaccurate. The use of reference standards is still the gold standard approach for optimal 

quantitative accuracy. 

 The findings of the above studies were applied to the analysis of the bioavailability and 

pharmacokinetics of blueberry-derived (poly)phenols following consumption of one cup (150 g) 

of two blueberry varieties, Elliott containing higher (poly)phenol bioaccessibility than Olympia, a 

protein bar containing the equivalent to 1 cup of Elliott blueberry, and a macronutrient-matched 

control beverage in 18 healthy adults over 48 hours after consumption. There was a significant 

difference in the concentration of (poly)phenol metabolites across the subclasses of 

hydroxycinnamic acids, hydroxybenzoic acids and 3-(hydroxyphenyl)propanoic acids in the blood 

circulation and in urine across all blueberries and protein bar compared to the control, reflecting 

that they are derived from the berries. Metabolites from these subclasses also showed similar 



 

cumulative urinary excretion and area under the curve after consumption of the blueberries and 

protein bar. There were limited differences relative to total (poly)phenol urinary recovery as a 

proxy for total bioavailability following consumption of Elliott and Olympia blueberries, which 

was about 21% lower after consumption of Olympia vs Elliott blueberry. However, this was not 

reflected in the simulated bioaccessibility assay, where the absolute bioaccessible amount of total 

(poly)phenols was 86% lower following digestion of Olympia compared to Elliott blueberry. 

Despite similar bioavailability, the pharmacokinetics of (poly)phenols metabolites varied from 

analyte to analyte. For example, there was a later maximum concentration in serum for 

methoxycinnamic acid-O-glucuronide following consumption of Elliott blueberry compared to 

Olympia blueberry, and a higher maximum concentration of 3-(3-hydroxyphenyl)propanoic acid 

following consumption of Elliott blueberry compared to Olympia blueberry and the protein bar by 

25.32-26.36 ng/mL, suggesting that the matrix components of these berry foods such as fiber, 

protein and starch differentially impacted the kinetics of (poly)phenols in the circulation. 

 Corresponding with dietary recommendations for the consumption of nutrient-dense fruits 

and vegetables, the findings of the present work leverage the development of food products that 

can provide consumers with optimal bioavailability of (poly)phenols. Future studies should also 

evaluate the effect of genotypic and processing on (poly)phenol bioavailability using other crops, 

which may expand the applicability of this research.  
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CHAPTER 1: LITERATURE REVIEW 

1.1 Introduction 

The focus of nutritional recommendations and guidelines has been on essential and non-essential 

nutrients that supply physiological needs for normal body functioning including carbohydrates, 

proteins, lipids, fiber, water, vitamins, and minerals (U.S. Department of Agriculture and U.S. 

Department of Health and Human Services, 2020; World Health Organization, 2003). In the last 

decades, there has been growing research on the health benefits of phytochemicals such as 

(poly)phenols, which are compounds found in abundance in foods such as berries, plum, cocoa, 

and teas (Borges, Degeneve, Mullen, & Crozier, 2010; Pérez-Jiménez, 2010; Zadernowski, Naczk, 

& Nesterowicz, 2005). (Poly)phenols have been shown to reduce risk factors for hypertension, 

diabetes, cardiovascular diseases, and to improve memory, among other benefits (Johnson et al., 

2015; Martineau et al., 2006; Basu et al., 2010; R. Krikorian, Nash, Shidler, Shukitt-Hale, & 

Joseph, 2010a). Even though a variety of health benefits has been observed through the 

consumption of these compounds, they are still not included in nutritional guidelines as their 

toxicology, dose-effect relationship, and mechanism of action are not yet clear. In addition, more 

research on the delivery of (poly)phenols through consumption of various product forms compared 

to fresh produce is warranted. In this dissertation, the term “(poly)phenols” refers to both 

polyphenols and phenolic acids, while the term “polyphenols” refers only to compounds 

containing at least two phenolic rings, while phenolic refers to compounds containing one benzene 

ring. 

Among the many sources of (poly)phenols in the human diet, berries are a particularly rich 

source, and they are represented by a variety of genera and species (Manganaris, Goulas, Vicente, 

& Terry, 2014); Table 1.1). Among the family of berries, blueberries are an exceptional model 
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fruit for the study of (poly)phenols as they are well characterized genotypically, 

physicochemically, and nutritionally, in addition to being a particularly rich source of (poly)phenol 

and present a variety of health benefits that make their use socially and economically valuable. 

Blueberries are produced and consumed in various continents around the world in a variety of 

forms, i.e. fresh, frozen, freeze-fried, in capsules, in baked goods, which have varying impact on 

shelf-life. Blueberries are commercialized in several common varieties (Vaccinium corymbosum, 

angustifolium, virgatum, myrtilloides; Table 1.1) that are available from April to October in North 

America, especially in the region of British Columbia in Canada, and in 38 states of the United 

States, with peak season from June to August. The following ten states correspond to 98% of the 

US production of blueberries: California, Mississippi, New Jersey, Indiana, Michigan, 

Washington, North Carolina, Georgia, Oregon, and Florida. In South America, blueberries are 

produced from November to March, and Chile leads this market, followed by Argentina, Peru, and 

Uruguay (U.S. Highbush Blueberries Council, 2019). In 2020, around 850,886 tons of blueberries 

were produced worldwide, which major producers were the United States (294,000 tons), followed 

by Europe (168,472 tons), Canada (146,370 tons), and Peru (180,300 tons) (FAOSTAT, 2020). 

This data signifies the high demand for blueberry fruit worldwide, which may be correlated with 

potential health benefits from the consumption of this fruit.  
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Table 1. 1 Types of berry fruits  
Common name Scientific name 

Vaccinium genus 

  Highbush blueberry 

  Lowbush blueberry 

  Rabbiteye blueberries 

  Velvet leaf blueberry 

  Bilberry 

  Cranberry 

Fragaria genus (family: Rosaceae) 

  Cultivated strawberry 

  Chilean (coastal) strawberry 

  Wild strawberry 

  Alpine strawberry 

  Musk strawberry 

Ribes genus (family: Glossulariaceae) 

  Black currant 

  Red currant 

  White currant 

  Gooseberry 

Rubus genus (family: Rosaceae) 

  Blackberry 

  Black raspberry 

  Red raspberry  

  Boysenberries 

  Cloudberries 

  Loganberry 

Other berries 

  Mulberry 

  Bayberry 

 

Vaccinium corymbosum 

Vaccinium angustifolium 

Vaccinium virgatum 

Vaccinium myrtilloides 

Vaccinium myrtillus 

Vaccinium macrocarpon 

 

Fragaria x ananassa 

Fragaria chiloensis 

Fragaria virginiana 

Fragaria vesca 

Fragaria moschata 

 

Ribes nigrum 

Ribes rubrum 

Ribes glandulosum 

Ribes uva-crispa 

 

Rubus fruticosus 

Rubus accidentalis 

Rubus idaeus 

Rubus ursinus x idaeus 

Rubus chamaemorus 

Rubus loganobaccus 

 

Morus alba, Morus nigra 

Myrica rubra 

Adapted from Manganaris et al. (2014)  

 

Understanding the chemical and physical composition of blueberries is essential for further 

nutrition research as some blueberry (poly)phenols have been reported to beneficially impact 

disease markers of pathogenesis such as cardiovascular diseases (Rodriguez-Mateos et al., 2013) 

and type-2 diabetes (Muraki et al., 2013). Nutritional epidemiology and nutrition intervention 

studies have shown that (poly)phenols can impact disease risk factors such as by causing reduced 

weight gain compared to other fruits (Bertoia et al., 2015), decreasing LDL cholesterol and 

triglycerides while increasing HDL cholesterol (D. Li, Zhang, Liu, Sun, & Xia, 2015), and 

improving memory (Robert Krikorian et al., 2010b). This evidence may encourage people to 

modify their diets, to incorporate more berries and pursue a healthier lifestyle. In addition, each 
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blueberry variety (i.e., cultivar) and genotype present distinct nutrient and (poly)phenol 

composition (H. Wu et al., 2019; Drozdz, Seziene, & Pyrzynska, 2018; Silva, Costa, Coelho, 

Morais, & Pintado, 2017; Du, Plotto, Song, Olmstead, & Rouseff, 2011; J. Scalzo et al., 2008; X. 

Wu et al., 2006; Wilhelmina Kalt et al., 2001). (Poly)phenols from each variety and genotype may 

be absorbed differently as a result of differing matrix components such as fibers, starches, sugars 

or proteins, and, consequently, their impact on human health may vary. 

Numerous studies have reported the absorption of blueberry (poly)phenols in humans (W. 

Kalt, McDonald, Liu, & Fillmore, 2017; Pimpao, Ventura, Ferreira, Williamson, & Santos, 2015; 

Kay, Mazza, Holub, & Wang, 2004; Mazza, Kay, Cottrell, & Holub, 2002). Comparisons between 

fresh produce (fruits and vegetables) and products derived from fruits, need to be assessed for the 

impact of processing on bioaccessibility to verify whether processing impacts the absorption, 

structural integrity, and bioavailability of (poly)phenols. For instance, Rodriguez-Mateos et al. 

(2014) evaluated the kinetics of blueberry (poly)phenols from a processed food compared to 

minimally processed blueberry food/product (i.e., consumption of a blueberry bun and a blueberry 

drink) in healthy young men. They showed a significant increase in the plasma distribution (i.e., 

area under the curve) of 4 out of 22 blueberries (poly)phenol metabolites analyzed after 

consumption of the bun versus the drink, and a significant decrease in the plasma distribution of 3 

out of 22 metabolites (Rodriguez-Mateos et al., 2014). However, no study has evaluated the impact 

of food processing on the bioavailability of (poly)phenols and their metabolites following 

consumption of different varieties of fruits and vegetables to date. To address this, as blueberries 

are an exceptional model fruit for the study of (poly)phenol bioavailability, this dissertation aimed 

to evaluate the bioavailability of blueberry-derived (poly)phenols across varieties with distinct 

(poly)phenol content, and a blueberry product. 
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1.2 Nutrient Composition of Blueberries 

The composition of blueberries, and indeed their nutrient and (poly)phenol compositions are 

impacted by a variety of factors, including variety, cultivar, season, and growing location of the 

plant. In North America, four main types of blueberries (Vaccinium genus) are grown and grouped 

based on their stature: highbush, rabbiteye, lowbush, and half-high blueberries (Strik & Finn, 

2008). Highbush blueberry plants grow between 5 and 9 feet tall and are subdivided into the 

northern and the southern varieties, which were developed for regions that present severe and mild 

winters, respectively. Rabbiteye blueberry plants grow 6-10 feet tall in hot climates. Lowbush 

blueberries are low-growing shrubs approximately 0.5-to-1.5 feet tall and are spread by 

underground rhizomes. Half-high blueberry plants are a product of northern highbush crossed with 

lowbush blueberries, and they grow 3-4 feet tall and tolerate cold climates down to -45ºF 

(Rowland, 2020; Strik & Finn, 2008). Based on the U.S. Department of Agriculture, highbush 

blueberries contain more carbohydrates, sugars, potassium, copper, vitamin B6, and vitamin K 

than lowbush blueberries (Supplementary Table 1.1) (USDA, 2020, 2019). Moreover, blueberries 

are especially known for their abundant (poly)phenol composition, which exerts a variety of health 

benefits (Wilhelmina Kalt et al., 2020; Pérez-Jiménez, 2010). 

1.3 (Poly)phenol Composition of Blueberries 

Plant (poly)phenols are plant secondary metabolites that are biologically active. Fruits, vegetables, 

and plants such as berries (blueberry, strawberry, raspberry, cranberry, blackberry, gooseberry), 

black currant, grape, apple, olives, and black tea are rich sources of (poly)phenols (Pérez-Jiménez, 

2010; Borges et al., 2010; Zadernowski et al., 2005). In blueberries and strawberries, these 

compounds are mainly found as anthocyanins, flavones, flavonols, ellagitannins, procyanidins, 

hydroxycinnamic acids, gallotannins, and hydroxybenzoic acids (Figure 1.1), in decreasing 
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abundance (i.e., listed in order) (Chandra et al., 2019). The major (poly)phenol classes in 

blueberries are phenolic acid derivatives (Phenol-Explorer, 2016), stilbene derivatives (X. Wu & 

Kang, 2012), and flavonoids (Phenol-Explorer, 2016; X. Wu & Kang, 2012).  

 
Figure 1. 1 Classification of (poly)phenols according to structural elements. Based on López-

Fernández et al. (2020) and R. H. Liu (2004). The term “phenolics” in this figure is also commonly 

referred to as “(poly)phenols”. 

1.3.1 Phenolic acids, stilbenes and flavonoids 

Phenolic acids have an aromatic carboxylic acid (Figure 1.2), and they are present in blueberries 

as hydroxybenzoic and hydroxycinnamic acids (Phenol-Explorer, 2016). Phenolic acid derivatives 

such as phenylacetic and phenylpropanoic acids have been reported as products of colonic 

microflora digestion of (poly)phenolics in blueberries (García-Villalba et al., 2020; Anson et al., 

2010). Stilbenes comprise another (poly)phenol class present in blueberries. Stilbenes present a 

C6-C2-C6 structure, and are mostly present in food as resveratrol, which is mostly found as trans-

resveratrol in a variety of fruits such as grapes and berries (Jung et al., 2009). It is noteworthy that 

various fruit traits, cultivar origins, growing climates, processing practices, and storage conditions 
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affect the (poly)phenolic content of blueberries since their content is derived from enzymatic 

activities in the plant (Matsuda et al., 2015; Campo et al., 2011). Flavonoids contain 15 carbons, 

two aromatic rings that are connected by a three-carbon bridge, and they are subdivided into 

subclasses based on heterocyclic C-ring variation (Weng & Yen, 2012). The subclasses of 

flavonoids that are present in blueberries are anthocyanidins, flavonols, flavones, flavan-3-ols 

(USDA, 2018), and proanthocyanidin derivatives (X. Wu & Kang, 2012).  

 
Figure 1. 2 Major (poly)phenol (sub)classes in blueberries. Based on Crozier, Jaganath, and 

Clifford (2009) and Rauf et al. (2019). 

1.3.2 Anthocyanidins 

Anthocyanidins are a subclass of flavonoids that are plant pigments whose structure and color 

change based on the pH value and other pigments present in the plant tissue, and they exist as an 
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equilibrium of four structural species (i.e., quinoidal base, flavylium cation, hemiketal, and 

chalcone) in the plant vacuole (Routray & Orsat, 2011; Jessica Scalzo, Miller, Edwards, Meekings, 

& Alspach, 2009). The most common anthocyanidin species in blueberries are cyanidin, 

delphinidin, malvidin, peonidin, and petunidin (Jessica Scalzo et al., 2009). Anthocyanidins are 

glycosylated with sugars such as glucose, galactose, arabinose, or rhamnose, generating 

anthocyanins, which are the major (poly)phenols in blueberries (B. Li et al., 2021; Jessica Scalzo 

et al., 2009).  

1.3.3 Flavonols, flavones, and flavan-3-ols 

Flavonols, flavones, and flavan-3-ols are other subclasses of flavonoids that are present in 

blueberries. Flavonols are typically found in plants as glycosides of kaempferol, quercetin, 

myricetin, and isorhamnetin, and they are usually conjugated at the positions 3, 5, 7, 3’, 4’, and 5’ 

(Crozier et al., 2009). Flavones such as luteolin and apigenin are structurally similar to flavonols 

although they lack oxygenation at C-3, and they are prone to a variety of substitution reactions 

including hydroxylation, glycosylation, methylation, and alkylation (Del Rio et al., 2013). Flavan-

3-ols such as (+)catechin and (-)epicatechin are iron-chelating compounds (Marín, Miguélez, 

Villar, & Lombó, 2015) characterized by four stereoisomers (i.e., two chiral centers at C2 and C3) 

(A. Braune & Blaut, 2016).  

1.3.4 Proanthocyanidins  

Proanthocyanidins are composed of (+)catechin and (-)epicatechin units and they can form 

polymers of up to 50 units (Crozier et al., 2009). Proanthocyanidins are present in blueberries as 

procyanidins (aka condensed tannins, catechol-type tannins, or non-hydrolyzable tannins), which 

are polymers of at least 2 catechin units (e.g., molecules of catechin and epicatechin) linked by 

carbon-carbon bonds (Masumoto et al., 2016). There are two types of procyanidins: A-type and 
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B-type. A-type procyanidins are found in cranberries, contain a double linkage, and have a C2–O–

C5 or C2–O–C7 ether bond. The B-type are abundant in blueberries and apples and are linked by 

single bonds C4–C6 or C4–C8 (Masumoto et al., 2016).  

Each (poly)phenol compound across the classes and subclasses described above is derived 

from enzymatic activities within blueberries (Crozier et al., 2009). These enzymatic activities are 

impacted by fruit traits, cultivar origins, growing climates, processing practices, and storage 

conditions, which consequently affect the (poly)phenolic content of blueberries (Matsuda et al., 

2015; Campo et al., 2011). 

1.4 Influence of fruit traits and planting conditions on the (poly)phenolic content of 

blueberries 

Anthocyanins are the major polyphenols in blueberries, and they are mostly present in the fruit 

skin; therefore, berry size/surface area influences the variation in total anthocyanins in a single 

berry (Connor, Luby, & B., 2002). Likewise, phenotyping and genotyping studies correlate 

blueberry quality traits and genome to their (poly)phenol metabolites. For instance, Yousef et al. 

(2013) investigated potential correlations between blueberry quality traits and (poly)phenol 

metabolites using six commercial cultivars and four breeding selections of highbush blueberries 

collected from a Research Station in North Carolina. They positively correlated the fruit weight 

with fruit diameter, and negatively correlated total anthocyanins with fruit weight and diameter, 

indicating that the total anthocyanin content is inversely proportional to fruit weight and diameter. 

In addition, there was no correlation between total phenolic acids and fruit weight or diameter, 

suggesting that phenolic acids are mostly present in the fruit flesh instead of the skin. Another 

genotyping study evaluated the correlation between metabolite concentration and fruit quality 

traits in three ploidy levels of 128 blueberry accessions over two years (Mengist et al., 2020). This 
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study observed significant effects of year, accession, and interaction between accession and year 

on fruit traits (i.e., fruit weight, titratable acidity, total soluble acids, and pH), and showed a 

negative correlation between fruit size and metabolite content, suggesting that both fruit size and 

metabolite content can be improved simultaneously via plant breeding. Also, the anthocyanin 

content and profile showed size-independent variation in the tetraploid accession, which is likely 

related to genes that are involved in the biosynthetic pathway of the size trait.  

Evidence suggests that cultivar origin and harvest period also impact the blueberry 

(poly)phenol content (J. Scalzo, Stevenson, & Hedderley, 2013; Prior et al., 1998). For instance, 

an analysis of 7 blueberry cultivars (Blue Bayou, Sunset Blu, Blue Moon, Dolce Blue, Sky Blue, 

Velluto Blue, and Centra Blue) over 3 different harvest years (2010, 2011 and 2012) showed that 

the total anthocyanin content varied significantly with year, cultivar and interaction between year 

and cultivar (J. Scalzo et al., 2013). The major anthocyanins in the J. Scalzo et al. (2013) study 

were the three glycosidic forms of malvidin (to cite: glucoside, galactoside, and arabinoside), 

which, together with chlorogenic acid, best correlated to the total anthocyanin increase across the 

years. Another study analyzed different cultivars of four Vaccinium species and observed that the 

greater the maturity at harvest, the higher the total phenolics and total anthocyanins, which is likely 

due to an increased stress response that is released by the plant later in the harvesting season, 

encouraging fruit harvesting when it is most mature (Prior et al., 1998) if cultivating for maximal 

concentration of bioactive (poly)phenols.  

1.5 Impact of food processing on (poly)phenol content  

Since blueberry harvest is generally limited to 6 months a year within a territory (U.S. Highbush 

Blueberries Council, 2019), the post-harvest period is either supplied with imported fresh berries 

or some processing is required to preserve the nutritional quality, and to prolong the shelf-life of 
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the fruit throughout the year. These processes include juicing, canning, pureeing, drying, or 

freezing the whole fruit, and are further used in food products such as muffins, pastries, yogurt, 

cereals, and bars (U.S. Highbush Blueberries Council, 2019). Processing methods have advantages 

and disadvantages concerning the maintenance of the fruit quality because some processing 

techniques may diminish its (poly)phenol content and, ultimately, the refinement of processing 

techniques aims to preserve fruit quality, including these (poly)phenols. For instance, freeze-

drying provides prolonged shelf-life, preserves aroma, flavor, and color, and reduces the overall 

fruit weight, which consequently reduces storage and transport costs (Venkatachalapathy & 

Raghavan, 1998). Specifically, freeze-drying blueberries under vacuum increases the (poly)phenol 

concentration while freeze-drying under atmospheric pressure decreases the (poly)phenol 

concentration of blueberries (Reyes et al., 2011). On the other hand, processing blueberries into 

juice, puree, and canned products causes anthocyanin losses in this order: clarified juice > puree > 

canned in water > canned in syrup, which was equal to the loss in non-clarified juice (Brownmiller, 

Howard, & Prior, 2008). Moreover, studies show that baking a blueberry bun at 180◦C for 12 

minutes, and baking frozen blueberries at 175◦C for 15 minutes resulted in anthocyanin loss of 

21% and 16%, respectively, compared to blueberry anthocyanin content before baking, suggesting 

that baking blueberries and their products at lower temperature for longer time is a recommended 

strategy for minimizing losses of anthocyanin content (Rodriguez-Mateos et al., 2014; Gustafson, 

Yousef, Grusak, & Lila, 2012).  

Food processing comprehends the transformation of food substances to preserve them, 

improve their quality or promote their usability, which may modify the functionality of individual 

ingredients (Riaz, Asif, & Ali, 2009; Manach, Scalbert, Morand, Remesy, & Jimenez, 2004). A 

recent review summarizing the influence of various food processing techniques on food 
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(poly)phenol profile and biological activity reported an increase in redox reactions and thermal 

decomposition of (poly)phenols during the production of fruit juice via milling, enzyme treatment, 

and thermal pasteurization (Debelo, Li, & Ferruzzi, 2020). A food technology study analyzed the 

composition of aggregate particles composed of (poly)phenols and proteins by mixing 

(poly)phenol-rich blueberry or cranberry juice with three protein concentrations: 10, 15 and 20% 

w/w of whey or rice protein isolates (Diaz, Foegeding, & Lila, 2020). It showed that a blueberry 

juice containing 10% w/w whey protein presented the highest phenolic and protein content mixed 

with (poly)phenol-rich blueberry or cranberry juice, suggesting that less phenolic particles 

aggregate with protein particles as the protein concentration of a (poly)phenol-rich juice increases. 

Another study compared the (poly)phenolic yield from aggregate (poly)phenol-protein particles 

when wild blueberry pomace extracts were mixed with four different protein sources (soy protein 

isolate, wheat flour, chickpea flour, and coconut flour) containing the same final concentration of 

total protein and phenolics and dried via three drying processes (spray-drying, freeze-drying, and 

vacuum oven drying) (Correia, Grace, Esposito, & Lila, 2017). This study showed that the spray-

dried (poly)phenol-protein aggregate composed of blueberry and soy protein isolate yielded the 

highest concentration of (poly)phenols and anthocyanins across all comparisons, suggesting that 

soy protein isolate and spray-drying provide enhanced stability to (poly)phenol-protein aggregates 

compared to the other protein sources and drying techniques tested. These above studies prove that 

cultivation practice, breeding, and processing practices can be modified to yield a maximal 

concentration of bioactive (poly)phenols, which provide various health benefits. 

1.6 Health Benefits of (Poly)phenols  

Epidemiological studies have suggested that diets rich in vegetables and fruits improve wellness 

and health and have preventive or therapeutic effects on some chronic diseases (Oude Griep, 
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Geleijnse, Kromhout, Ocké, & Verschuren, 2010; Carter, Gray, Troughton, Khunti, & Davies, 

2010; Dauchet, Amouyel, Hercberg, & Dallongeville, 2006; Hung et al., 2004; Riboli & Norat, 

2003). Some of these benefits have been related to fruit and vegetable (poly)phenols (Tresserra-

Rimbau et al., 2014; Arts & Hollman, 2005). Berries, red onions, cocoa, and black tea are some of 

the richest (poly)phenol sources and they are consequently highly studied for potential health 

benefits (Pérez-Jiménez, 2010; Borges et al., 2010; Zadernowski et al., 2005).  

There is a wealth of studies recognizing the health-promoting effects of blueberry 

consumption. Consumption of blueberry drinks containing from 766 to 1791 mg of total 

(poly)phenols was related to a lower risk for cardiovascular diseases in healthy adult men 

(Rodriguez-Mateos et al., 2013); supplementation with wild blueberry juice for 12 weeks caused 

improvement of memory function in older adults with early memory decline (Robert Krikorian et 

al., 2010b); blueberry consumption reduced weight gain over 4-year relative to other fruits in adult 

men and women (Bertoia et al., 2015); supplementation with 160 mg of anthocyanins twice daily 

for 24 weeks decreased LDL cholesterol and triglycerides and increased HDL cholesterol in adult 

diabetic patients (D. Li et al., 2015); and blueberry consumption three times a week over a 2-year 

interval was associated with lower risk of type-2 diabetes mellitus in adult men and women 

(Muraki et al., 2013).  

The chemical structure of (poly)phenols influences their health benefits (Wang, Li, & Bi, 

2018; Duda-Chodak, 2012). Flavonoids are a class of (poly)phenols that are present in blueberries 

and found in nature in either a free form (i.e., aglycone) or in a glycosidic form where a sugar 

moiety (i.e., glucose, galactose, rutinose) is attached to the ring A or C of the free form (Wang et 

al., 2018). The position and presence of glycosylation of flavonoids may impact their potential 

biological activities. As recently reported in Wang et al. (2018), a sugar moiety in the A-ring results 
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in greater activity than in the C-ring, and glycosylated flavonoids exert enhanced antimicrobial 

activity while it decreases anti-inflammatory, anticancer, antioxidant, and cardioprotective 

activities compared to flavonoid aglycones. (Poly)phenols also influence the composition of the 

human gut microbiota (i.e., collection of microorganisms). Duda-Chodak (2012) showed that 

flavonoid aglycones, in contrast to their glycosides, can inhibit the growth of the colon microbiota. 

For example, quercetin exerted a dose-dependent inhibitory effect on the growth of Bacteroides 

galacturonicus, Ruminococcus gauvreauii, and Lactobacillus spp., which are beneficial bacteria 

to the human gut microbiota, while quercetin-3-O-rutinoside slightly stimulated Lactobacillus spp. 

growth. Similarly, glycosylated naringenin and hesperetin decreased the antimicrobial effect 

exerted by S. aureus, S. typhimurium, E. coli, Enterobacter sakazakii, and Vibrio parahemolyticus 

(Y. Xie, Chen, Xiao, & Liu, 2017). On the other hand, polyphenols such as anthocyanins from 

blueberries (Vendrame et al., 2011), and quercetin-3-O-rutinoside from grapes (Duda-Chodak, 

2012) can stimulate the growth of Bifidobacterium and Lactobacillus bacteria, which contribute to 

the gut barrier protection (Man, Zhou, Xia, & Li, 2020). Small molecule microbial catabolites of 

(poly)phenols may also exert some health benefits (Villalba, Barka, Pasos, & Rodríguez, 2019; 

Heleno, Martins, Queiroz, & Ferreira, 2015; Heleno et al., 2014; Espín, Larrosa, García-Conesa, 

& Tomás-Barberán, 2013). 

Products of the microbial metabolism in the circulation such as urolithin glucuronide and 

sulfate conjugates are beneficial to human health via their (anti-)estrogenic and anticancer 

activities (Villalba et al., 2019; Espín et al., 2013). Likewise, phenolic acid metabolites can exert 

anti-inflammatory, antimicrobial, antitumor, antioxidant, hepatoprotective, and neuroprotective 

properties (Heleno et al., 2015). For instance, in vitro analysis of antibacterial and antifungal 
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activities showed that methylated ρ-coumaric acid shows higher antibacterial and antifungal 

activity compared to the parent ρ-coumaric acid (Heleno et al., 2014). 

The health benefits of dietary (poly)phenols from fruits, vegetables, and their derived 

products primarily depends on their consumption and digestion, which results in the release of 

these compounds from the food matrix (i.e., bioaccessibility in the gastrointestinal tract), their 

bioavailability, interference on the host and microbial metabolome, and subsequent biological 

activity in target cells and organs (Rein et al., 2013). There is a great variability of bacterial species 

within the intestinal microbiota across individuals, which appears to cause significant variance in 

the (poly)phenol metabolite profile, bioavailability, and impact on human health. To explore this 

observation within the human population (Healey, Murphy, Brough, Butts, & Coad, 2017; Gross 

et al., 2010; Hwang et al., 2006), a longitudinal study called the All of Us Program (NIH-funded 

initiative) was recently initiated to improve the understanding of health disparities, development 

of targeted therapies, and support accurate diagnoses as it aims to follow the health history of 1 

million Americans for a number of decades, and from diverse demographic regions that are usually 

underrepresented in biomedical research (Denny et al., 2019). As another strategy to address the 

diversity of the metabolomic profile among people, an emerging area in nutrition called precision 

nutrition is performing individual-focused research that considers health history, gender, race, 

genetics, microbiome, family history, and lifestyle habits (Harvard University, 2022). Evaluating 

the digestion of (poly)phenol-containing foods is a fundamental approach within these strategies 

to explore the variance in the (poly)phenol metabolite profile across individuals. 

1.7 Physiology of the digestion of (poly)phenol-containing foods  

Dietary (poly)phenol metabolism starts in the mouth as (poly)phenols are released from the food 

matrix through digestion, and results in the absorption, use, or excretion of the products of host 
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and microbial metabolism. Unabsorbed intestinal contents such as carbohydrates, protein and 

dietary fiber can be used as substrates for the intestinal and colonic microbiome (i.e., collection of 

microorganisms), which transforms these nutrients into other compounds (Phase I metabolism) 

that can be further absorbed into the circulation (Manach, Williamson, Morand, Scalbert, & 

Remesy, 2005). Also, nutrients that are absorbed in the ileum can enter the portal vein to the liver, 

be biologically transformed (Phase II metabolism), and recirculate to the small intestine where 

more biotransformation can occur. Likewise, bile can be recycled from the intestinal ileum to the 

liver, mixed with newly produced bile, sent to the gallbladder, and secreted back to the intestinal 

ileum in a process called enterohepatic circulation.  

Microbial metabolism of dietary (poly)phenols can occur in a variety of pathways, resulting 

in the production of a variety of phenolic intermediates of low molecular weight. These metabolites 

go onto be modified by human enzymes post-absorption. Limited Phase I metabolism has been 

reported, usually hydroxylation (addition of a hydroxyl group) by cytochrome p450 enzymes, 

often resulting in more reactive structures requiring subsequent detoxification/metabolism (Chan, 

Lowes, & Hirst, 2004; G. Williamson, Day, A. J., Plumb, G. W., & Couteau, D., 2000). Phase II 

metabolic reactions are more commonly reported and can occur in various tissues, especially the 

small intestine, liver, and kidneys (Neilson, Goodrich, & Ferruzzi, 2017). Phase II metabolism 

reactions involve the modification of a hydroxyl group on a (poly)phenol by the addition of one 

methyl (i.e., methylation), glucuronic acid (i.e., glucuronidation), or sulfate group (i.e., sulfation) 

(Heleno et al., 2015). (Poly)phenol methylation is carried out by catechol-O-methyltransferases 

(primarily in the small intestine, liver, and kidneys), while glucuronidation is performed by uridine 

diphosphate glucuronosyltransferases primarily in the small intestine and liver, and sulfation is 

carried out by sulfotransferases mainly in the liver (Heleno et al., 2015; Shi & Klotz, 2012; 
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Hackman et al., 2008; G. Williamson, Day, A. J., Plumb, G. W., & Couteau, D., 2000). Phase III 

metabolism regards the mechanism of action of efflux transporters in enterocytes that regulates 

(poly)phenol accumulation and transport to enterocytes, which may require the removal of some 

analytes from enterocyte to the lumen, hindering (poly)phenol absorption (Takano, Yumoto, & 

Murakami, 2006). Transmembrane efflux transporters include P-glycoprotein, and multidrug-

resistant proteins 1 and 2 (Takano et al., 2006).  

Microbial biotransformation of (poly)phenols also includes reactions such as O- and C-

deglycosylation, dihydroxylation, demethylation, decarboxylation, reduction of double bonds 

between carbons, ring fission, ester cleavage, and isomerization, yielding low molecular weight 

analytes that are either intermediates or products of metabolism (Zhao et al., 2014; Annett Braune 

& Blaut, 2011; Possemiers, Heyerick, Robbens, De Keukeleire, & Verstraete, 2005; Tsangalis, 

Ashton, Mcgill, & Shah, 2002; Winter, Popoff, Grimont, & Bokkenheuser, 1991; Bokkenheuser, 

Shackleton, & Winter, 1987). For instance, intestinal microbial glycosidases (e.g., β-glucosidases) 

break down (poly)phenol glycosides while colonic microbial esterases break down esters, 

releasing aglycones and oligomers, respectively, which can then be absorbed (Man et al., 2020; 

Michlmayr & Kneifel, 2014; Selma, Espin, & Tomas-Barberan, 2009). Hydroxylation of 

glycosides of flavonoids (e.g., quercetin-3-glucoside) can occur in the small intestine by the human 

β-glucosidases cytosolic β-glucosidase (Németh et al., 2003) and lactase phlorizin hydrolase 

(Németh et al., 2003; Day et al., 2000). Quercetin glycosides can also be partially hydrolyzed by 

pepsin in the stomach (Spencer, 2003), releasing aglycone quercetin that may be absorbed there 

(Edziri et al., 2012). (Poly)phenols are generally poorly absorbed due to their chemical structure 

so they reach the colon and serve as substrates for the resident microbiota, favoring syntrophic 

relationships and exerting prebiotic effects via the promotion of beneficial bacteria, which 
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consequently reduce the incidence of diseases (Gibson et al., 2017; Masumoto et al., 2016; 

Clifford, 2004). The synergistic antibacterial and prebiotic effects of (poly)phenols on the host 

microbiota were recently termed duplibiotics by Rodríguez-Daza et al. (2021). Notably, the 

microbiome interaction with dietary (poly)phenols is structure-related; thus, it differs across 

subclasses. The remainder of this section describes some of the host microbiota biotransformation 

of (poly)phenols across the subclasses of compounds that are represented in blueberries: 

anthocyanins, flavonols, flavones, flavan-3-ols, procyanidins, phenolic acids, and stilbenes. 

1.7.1 Anthocyanins  

Upon fruit and vegetable consumption, the flavylium cation form of anthocyanins is observed only 

in the stomach due to its positive charge while the other structural species can be observed in the 

lower gastrointestinal tract and tissues (Kawabata, Yoshioka, & Terao, 2019). First, the microbial 

metabolism cleaves the glycosidic linkage in anthocyanins, yielding aglycones, which are stable 

at acidic pH such as in the stomach but unstable at slightly basic pH such as in the intestine. The 

heterocyclic flavylium ring (C-ring) cleaves in the small intestine, producing hemiketal. As 

hemiketal is unstable, it forms a ketone that tautomerizes with a neighboring enol and forms α-

diketone, which is further broken down into phenolic acids and aldehydes by the gut microbiota 

(Kawabata et al., 2019). In this way, anthocyanins may be transformed into phenolic acids via ring 

cleavage, followed by dihydroxylation and methylation. The major human colon metabolites from 

microbial digestion of anthocyanins in fruits and vegetables are vanillic acid, protocatechuic acid, 

catechol, 4-hydroxybenzoic acid, benzoic acid, 3,4-dihydroxyphenylpropanoic acid, 3,4-

dihydroxyphenylacetic acid, 4-hydroxyphenylethanol, phenylacetic acid, syringic acid, and gallic 

acid (Figures 1.3 and 1.4) (Keppler & Humpf, 2005; Zhu et al., 2018; L. Xie et al., 2016; Racova 

et al., 2020; Fleschhut, Kratzer, Rechkemmer, & Kulling, 2006).  
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Figure 1. 3 Biodegradation pathway of cyanidin, peonidin, and pelargonidin. Based on 

Makarewicz, Drożdż, Tarko, and Duda-Chodak (2021). 
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Figure 1. 4 Biodegradation pathway of malvidin, delphinidin, and petunidin. Based on 

Makarewicz et al. (2021). 

1.7.2 Flavonols, flavones and flavan-3-ols.  

Flavonols and flavones are initially degraded by bacteria via reduction of the C2-C3 double bond, 

resulting in flavanonols and flavanones whose B-ring is further converted to hydroxyphenylacetic 

acids (A. Braune & Blaut, 2016). Quercetin glycosides, which are flavonols, are first hydrolyzed 
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to quercetin aglycone (Murota, Nakamura, & Uehara, 2018), which is further catabolized by 

bacteria via ring fission, resulting in 2-(3,4-dihydroxyphenyl) acetic acid (DOPAC), 2-(3-

hydroxyphenyl) acetic acid (OPAC), and protocatechuic acid (PCA) (Najmanová et al., 2016; 

Rechner et al., 2004; Winter et al., 1991; Sawai, Kohsaka, Nishiyama, & Ando, 1987). The 

degradation pathway of quercetin is similar to the degradation of other flavonols such as myricetin 

and kaempferol and includes bacteria such as Clostridium orbiscidens, Enterococcus casseliflavus, 

Eubacterium oxidoreducens, Eubacterium ramulus, Bacteroides ovatus, Bacteroides uniformis, 

Bifidobacterium spp., Bacteroides distasonis, Blautia sp. Butyrivibrio spp., Eggerthella sp., and 

Flavonifractor plautii (Corrêa, Rogero, Hassimotto, & Lajolo, 2019; Murota et al., 2018; Marín et 

al., 2015; Hanske, Loh, Sczesny, Blaut, & Braune, 2009; Aura, 2008; Schneider & Blaut, 2000). 

Flavan-3-ols can be degraded by colonic microbiota into aromatic compounds, including 

phenylpropionic acid, 2-(3-hydroxyphenyl) acetic acid, 3-(3-hydroxyphenyl) propionic acid, 5-(3-

hydroxyphenyl) valeric acid, phenylacetic acid, and 2-(4-hydroxyphenyl) acetic acid (Mena, 

Calani, Bruni, & Del Rio, 2015). The metabolism of flavan-3-ols, flavonols, and hydroxycinnamic 

acids generates 3-(3-hydroxyphenyl) propionic acid, 3-(4-hydroxyphenyl) propionic acid, and 3-

(3,4-dihydroxyphenyl)-propionic acid (Corrêa et al., 2019; Murota et al., 2018; Marín et al., 2015; 

Hanske et al., 2009; Aura, 2008; Schneider & Blaut, 2000). Similarly, the flavone luteolin is 

catabolized via ring fission and then converted to 3-(3,4-dihydroxyphenyl) propionic acid by E. 

ramulus (Annett Braune & Blaut, 2011). 

1.7.3 Procyanidins 

Procyanidin oligomers can be hydrolyzed to epicatechin monomer and dimer in the stomach then 

decomposed by colonic bacteria (Spencer, 2003). Likewise, proanthocyanins can be hydrolyzed 

then decomposed to flavan-3-ols, which is further metabolized by colonic bacteria via a catabolic 
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pathway that is similar to the degradation pathway of proanthocyanidins (H. Li, Christman, Li, & 

Gu, 2020). This pathway generates 5-(3,4-dihydroxyphenyl)-γ-valerolactone, which is further 

dehydroxylated and oxidated into phenolic acids (H. Li et al., 2020; Sánchez-Patán et al., 2012).  

1.7.4 Phenolic acids  

Phenolic acids are often the product of polyphenol digestion, but they are also present in some 

foods such as 5-O-caffeoylquinic acid, which is present in blueberries and green coffee beans 

(Dawidowicz & Typek, 2014; Gómez-Juaristi, Martínez-López, Sarria, Bravo, & Mateos, 2018). 

These compounds can be transformed into other molecules via methylation, glucuronidation, and 

sulfation reactions (Figure 1.5) (García-Villalba et al., 2020; Clifford, Jaganath, Ludwig, & 

Crozier, 2017; Zhang, Gao, Chen, & Wang, 2014; Farah, Monteiro, Donangelo, & Lafay, 2008; 

Aura, 2008; Gonthier, Verny, Besson, Rémésy, & Scalbert, 2003). The free form of 

hydroxycinnamic acids is rapidly absorbed and it can be reduced by phenolic acid reductases into 

substituted phenylpropionic acids such as 3-(3-hydroxyphenyl)propionic, dihydroferulic and 

dihydrocaffeic acids (Sova & Saso, 2020; Gómez-Juaristi et al., 2018). Hydroxycinnamic acid 

esters and hydroxycinnamic acid that are attached to plant cell walls require hydrolysis by bacterial 

esterases (e.g., feruloyl esterase) to enable absorption as they are not bioaccessible (Sova & Saso, 

2020; Hunt et al., 2017). For instance, colonic bacterial esterases hydrolyze 5-O-caffeoylquinic 

acid (i.e., neochlorogenic acid), which is the major chlorogenic acid in blueberries, into caffeic 

acid and quinic acid (Sova & Saso, 2020). Various studies report a large interindividual variation 

in the metabolic products of phenolic digestion, suggesting that it is likely due to variation in the 

colon microbiome across individuals (García-Villalba et al., 2020; Clifford et al., 2017; Zhang et 

al., 2014; Farah et al., 2008).   
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Figure 1. 5 Biodegradation pathway of some phenolic acids. Based on Makarewicz et al. (2021).  
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1.7.5 Stilbenes  

Resveratrol is the main dietary stilbene, and it is mostly found as trans-resveratrol, which is 

metabolized by colonic bacteria (Bode et al., 2013; Jung et al., 2009). Adlercreutzia equolifaciens 

and Slackia equolifaciens and Eggerthella lenta ATCC 4305 have been shown to dehydroxylate 

trans-resveratrol into dihydroresveratrol (Bode et al., 2013; Jung et al., 2009).  

1.8 Bioaccessibility and Bioavailability of (Poly)phenols 

(Poly)phenol bioactivity is not reflective of (poly)phenol content of a given food or beverage 

directly, as (poly)phenols need to be bioaccessible, prior to being made bioavailable to the host 

(human/animal), and subsequently active at a target tissue (Rein et al., 2013). Bioaccessibility 

comprises the amount of an ingested compound that is released from the food matrix and available 

for absorption into the intestinal lumen, whereas bioavailability comprises the fraction of an 

ingested compound that reaches the systemic circulation or specific sites/tissues. Therefore, the 

evaluation of (poly)phenol bioavailability is a more direct means of establishing the amount of 

(poly)phenols in the circulation, which may later be correlated with the health benefits that 

(poly)phenols provide in contrast to epidemiological studies that rely on the food composition of 

self-reported diets (D’Archivio, Filesi, Vari, Scazzocchio, & Masella, 2010). Moreover, some 

studies have suggested that the products of microbial metabolism of dietary (poly)phenols are 

responsible for their bioactivity (G. Williamson, Kay, & Crozier, 2018; Kay, Mazza, & Holub, 

2005). For instance, Heleno et al. (2014) showed that methylated ρ-coumaric acid presents higher 

antifungal and antibacterial activities compared to ρ-coumaric acid (parent compound). The 

bioactivity of dietary (poly)phenols is initially dependent upon the release of (poly)phenols from 

the food matrix, thus it can be hindered by some plant components such as fibers, sugars, starches 

and proteins (Tarko & Duda-Chodak, 2020; Y. Liu, Ying, Sanguansri, Cai, & Le, 2018). 
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It is important to note that plant components can interact with (poly)phenols and hinder 

(poly)phenol extractability and, consequently, absorption and metabolism by host and microbial 

enzymes. For instance, a simulated digestion study showed that (poly)phenols can bind to pectin 

and decrease (poly)phenol release from the food matrix as observed with chokeberries and apples, 

which present higher amounts of pectin than elderberry (Tarko & Duda-Chodak, 2020). 

Additionally, there is greater hindrance of anthocyanin and procyanidin digestion when foods 

simultaneously contain pectin, cellulose, and hemicellulose, which bind tightly to these 

polyphenols (Y. Liu et al., 2018).  

The study of dietary (poly)phenol release from the food matrix involves either in vitro or 

in vivo digestive assessment. In vitro gastrointestinal studies are used to evaluate the release of 

nutrients or bioactive compounds from food, simulate and evaluate digestion at a single or 

multicompartmental gastrointestinal model with the opportunity of adjusting physiological 

responses to food digestion such as pH and enzyme secretion (Minekus et al., 2014). These studies 

often comprise digestive conditions from the mouth to the colon, or from the stomach to the ileum, 

which is sometimes also followed by the application of the digests on intestinal cell lines for 

analysis of the uptake and transport (Alminger et al., 2014). An application of the model of the 

human gastrointestinal tract (TIM-1) that simulates mouth to ileum digestion is the simulated 

digestion of (poly)phenols from the fruit matrix. For example, a study evaluating seven 

anthocyanins through digestion of maqui berry and wild blueberry using TIM-1 showed that the 

majority of the analyzed anthocyanins were detected between 2h and 3h post-consumption (Lila 

et al., 2012). Given the popularity of fruit-based breakfast cereals, Cebeci and Sahin-Yesilcubuk 

(2014) designed an in vitro gastrointestinal digestion study to evaluate the matrix effect of 

blueberry, whole milk, skimmed milk, and/or oatmeal (1:8:4 proportion) on (poly)phenol 
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bioaccessibility post-blending at least two of these ingredients together to prepare a breakfast 

cereal. The authors observed that oatmeal addition inhibited the total (poly)phenolic bioaccessible 

fraction in the intestinal lumen although it did not affect the dialyzed fraction, which reflects the 

amount of a compound that can cross the intestinal wall. The inverse results were obtained when 

milk and blueberries were codigested, suggesting that binding reactions between (poly)phenols, 

milk and pancreatin/bile salts may have hindered the transport of (poly)phenols across intestinal 

membrane. Another in vitro gastrointestinal model study analyzing wild blueberry digestion used 

sequential chemostat fermentation, which simulates the digestion conditions from the stomach to 

the colon, and analyzed the bioactivity of the catabolic products in human normal colonic epithelial 

cells and human colon cancer cells before and after in vitro digestion (Correa-Betanzo et al., 2014). 

This study resulted in lower (poly)phenol and anthocyanin contents after the fermentation step 

compared to the intestinal and gastric digestion steps, which highlighted the effect of colonic 

fermentation on blueberry (poly)phenols. In addition, this study reported that (poly)phenols from 

the crude extract and the stomach digest inhibited cell proliferation in both cell lines analyzed more 

than the products of intestinal digestion or colonic fermentation. Even though in vitro studies are 

cost-effective, eliminate the need for human or animal screening models, and provide a high-

throughput model of the delivery of (poly)phenols, they cannot account for numerous biophysical 

factors in relation to human in vivo studies.  

In vivo studies have precisely evaluated the bioavailability of (poly)phenols under the 

dynamic responses to food digestion and other factors that can impact it, such as age, gender, body 

mass index, medication usage, nutrition status, and health conditions (Ting, Zhao, Xia, & Huang, 

2015). In vivo bioavailability models using orally ingested foods and beverages are often referred 

to as nutrition intervention studies, and they evaluate biological samples for the distribution of 
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nutrients or (poly)phenols in animals and humans, often using biospecimens such as blood, urine, 

and feces. After consumption, (poly)phenols are majorly distributed to blood, and in lower 

amounts to tissues such as the intestine, liver, kidneys, lungs, brain, and bones, and excreted in the 

urine, feces, respiration, skin, among others (Alldritt et al., 2019; Z. Liu & Hu, 2007). For studies 

assessing blueberry phenolics bioavailability, blood and urine are the most commonly used 

specimens (P. J. Curtis et al., 2022; Nieman et al., 2020; W. Kalt et al., 2017; De Ferrars et al., 

2014a) as the use of breath and feces has some additional constraints. These constraints involve 

sample processing for researchers, and sample collection for participants. Additionally, sampling 

of human brain, lung, liver, kidney, skin, and bone tissue is unfeasible.  

Urinary (poly)phenol recovery analysis is a useful technique to establish biomarkers of 

(poly)phenol intake. Mennen et al. (2006) reported that urinary (poly)phenols can act as a 

biomarker of (poly)phenol-rich food intake, such as caffeic and chlorogenic acids being 

biomarkers of coffee consumption, and gallic acid and kaempferol being biomarkers of fruit 

consumption. Edmands et al. (2015) further assessed the food metabolome using six (poly)phenol-

rich foods (red wine, coffee, tea, citrus fruit, apples and pears, and chocolate products) across 

European countries and showed gallic acid ethyl ester was predictive of red wine consumption; 

dihydroferulic acid sulfate for coffee; 4-O-methylgallic acid for tea; naringenin glucuronide for 

citrus fruit; and phloretin glucuronide for apples and pears consumption. Moreover, in a correlation 

analysis, (poly)phenol intake and urinary (poly)phenol excretion were associated with a high fruit 

and vegetable diet, revealing with each 1 mg increase in (poly)phenol intake urinary (poly)phenol 

excretion increased by 16.3 nmol/g creatinine (Clarke et al., 2020).  

Traditionally, total (poly)phenol bioavailability is assessed via plasma or serum 

concentrations or total urinary excretion after consumption of a single dose of (poly)phenols from 
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plant extracts, whole food, beverage, or pure compound (Medina-Remón, Tresserra-Rimbau, 

Arranz, Estruch, & Lamuela-Raventos, 2012). (Poly)henol bioavailability studies also often 

include pharmacokinetics (PK) analysis, which establish time course of the elimination of 

compounds, providing details regarding absorption, distribution, metabolism, and excretion rates. 

Commonly reported PK measures in nutrition intervention studies are maximum concentration 

(Cmax), time to reach maximum concentration (Tmax), area under the curve (AUC), elimination half-

life, and clearance (Manach, Mazur, & Scalbert, 2005). For instance, the maximum concentration 

(Cmax) of a specific compound may reflect its maximal delivery to a tissue such providing details 

which can be mapped to physiological response. AUC reflects the total body exposure to a 

compound representing cumulative concentration over time, and decreases as clearance increases 

(i.e., the faster the body eliminates a compound, the lower is AUC). AUC is therefore the most 

comprehensive measure of bioavailability of dietary (poly)phenols in the blood, as it comprises 

both concentration and time.  

 (Poly)phenol bioavailability and pharmacokinetic studies often trace individual 

compounds (i.e., a single precursor molecule) or sometimes several compounds found within the 

intervention food or beverage in addition to the metabolites of these compounds. For instance, De 

Ferrars et al. (2014b) fed a single oral bolus dose of isotopically labeled cyanidin-3-glucoside to 

male participants to evaluate the pharmacokinetics of this compound and its metabolites over 48 

hours. The authors observed that the maximum concentration, the time at maximum concentration, 

and the compound total recovery varied considerably among seventeen out of thirty-two identified 

metabolites, indicating anthocyanins underwent multiple biotransformation reactions. Another 

nutrition study looking at dose-response of berry-derived phenolics evaluated the effect of daily 

intake of ½ cup versus 1 cup of blueberries for 6 months on insulin resistance, cardiometabolic 
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function and phenolic acid metabolites by subjects exhibiting metabolic syndrome in a parallel 

design (P. Curtis et al., 2019). They reported significant increase in anthocyanin-derived phenolic 

acid metabolites, and improved cardiometabolic function after consumption of 1 cup (150 g) of 

blueberries compared to ½ cup, suggesting an association among dose, bioavailability, and activity 

of phenolics at these intake levels. Similarly, Rodriguez-Mateos et al. (2013) evaluated the intake-

dependent effect of a drink containing either 319, 639, 766, 1278 or 1791 mg of total blueberry 

(poly)phenols (equivalent to 100, 200, 240, 400 and 560 g of fresh blueberries) 1 hour after intake 

on endothelial function by healthy men in a crossover design. The authors correlated six out of 

twenty-two investigated compounds to endothelial function, which increased linearly up to 766-

mg intake, then it plateaued and slightly decreased at higher intakes, which shows that intake levels 

higher than 152 g fresh blueberries are not proportional to higher vascular activity.  

Robust and sensitive analytical techniques such as ultra-high liquid chromatography 

coupled mass spectrometry are usually applied in (poly)phenol metabolomics (P. J. Curtis et al., 

2022; Nieman et al., 2020; W. Kalt et al., 2017; De Ferrars et al., 2014a). Quantitative broad-

spectrum metabolomics applies highly targeted analysis when there is interest in quantifying large 

numbers of compounds. Despite generating extensive data for a diversity of the dietary derived 

metabolites, and providing reliable quantitative performance (Zhou & Yin, 2016; Sands et al., 

2021; Sawada et al., 2008), these broad-spectrum assays are usually less sensitive at low 

concentrations compared to more highly targeted assays of a few analytes. There is suboptimal 

recovery at low concentrations in broad-spectrum analysis because these assays are optimized for 

a greater number of analytes than in highly targeted studies where chromatographic and 

spectrometric parameters can be finely tuned for specific chemical characteristics of individual 

compounds (Cajka & Fiehn, 2016). As both the human digestion and human microbiome 
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contribute to (poly)phenol metabolism, yielding several metabolites derived from the intervention, 

it is important to identify and quantify a broad number of metabolites to account for the 

intervention metabolome. 

The application of (poly)phenol metabolomics to evaluate the bioavailability of phenolics 

in fresh and processed food may be valuable for food consumers, farmers, and industry. In the 

United States, there was a 3.5% increase in caloric consumption of ultra-processed foods from 

2001 to 2018 (Juul, Parekh, Martinez-Steele, Monteiro, & Chang, 2021). Likewise, there has been 

increased consumption of ultra-processed foods worldwide, especially in the United States and the 

United Kingdom, generating debate on the impact of consumption of processed foods in 

comparison to fresh foods on human health (Marino et al., 2021). Among the food classification 

systems that have been proposed, the NOVA food classification system is widely used in food 

research (Juul et al., 2021; Marino et al., 2021; Fiolet et al., 2018). The NOVA food classification 

has four distinct groups: ‘unprocessed or minimally processed’ such as whole, frozen or dry fruits, 

vegetables, and meats; ‘processed culinary ingredients’ such as butter, oils, sugar, and salt; 

‘processed foods’ such as cheeses, canned fish, fruits and vegetables; and ‘ultra-processed foods’ 

such as bread, breakfast cereals, sweet or savory packaged snacks, pre-prepared frozen dishes and 

infant formulas (Monteiro et al., 2018). Based on these premises, understanding the bioavailability 

of (poly)phenols after consumption of processed foods brings an insight into the effect of 

processing on the bioavailability of phytonutrients/phytochemicals as the general perception is that 

nutrients and bioactive food components are either destroyed or become less-bioavailable after 

processing (Riaz et al., 2009; Manach et al., 2004). One of the purposes of the present dissertation 

is to investigate the impact of processing on bioaccessibility and how this may impact 

bioavailability relative to unprocessed foods (in this case berries). In a previously conducted 
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bioavailability study comparing the impact of juicing and baking (i.e., processing) on blueberry 

(poly)phenol pharmacokinetics, in male volunteers, it was observed that the baked and juiced 

product had similar Cmax, Tmax and AUC for most compounds analyzed (Rodriguez-Mateos et al., 

2014). Likewise, Perez-Moral et al. (2018) compared the bioaccessibility, bioavailability, and 

bioequivalence of (poly)phenols from vegetables in a baked snack and steamed vegetables and 

they observed no significant difference between the snack and the steamed vegetables, suggesting 

that neither baking or steaming of vegetables negatively impact the bioavailability of their 

(poly)phenol constituents. 

 Studies of the bioavailability, pharmacokinetics, and bioactivity of (poly)phenols can be 

used for the evaluation of dietary (poly)phenol toxicity, providing an insight into the safety of 

(poly)phenol-rich food consumption. Although there are few published toxicity studies feeding 

berries, no adverse effects were reported in an animal study feeding ovariectomized Sprague-

Dawley rats with ≤1000 mg total (poly)phenols/kg body weight/day for 90 days. This dose 

represents approximately 10 g (poly)phenols in a 70-kg human (Cladis et al., 2020), equivalent to 

2 kg (~13 cups) of blueberries and it is unlikely that this level could ever be attained in humans 

following consumption of berries or foods containing berries (USDA, 2018; Phenol-Explorer, 

2016); but could be a consideration for supplement manufacturers. Therefore, blueberry 

(poly)phenol toxicity levels in the context of normal dietary consumption would be unlikely.  

Bioaccessibility and bioavailability study results vary across interventions and laboratories 

as assays are affected by differential conditions resulting from food matrix components. For 

instance, the evaluation of bioaccessibility using a purified (poly)phenol versus a (poly)phenol in 

a plant extract, in whole food, or as part of a meal will differ due to the potential binding or 

interaction of the (poly)phenols to the food matrix, which is not always considered in a study 



   

32 

 

design. A similar effect happens during the assessment of the bioavailability of a (poly)phenol in 

a plant extract versus a (poly)phenol in whole food or as part of a meal. In addition, the analytical 

methods, the concentration of (poly)phenols and digestive enzymes, as well as the microbiota 

composition (in vitro or in vivo) also influence the bioaccessible and bioavailable fractions 

obtained. Notwithstanding, the contributions from these assays are pivotal to the understanding of 

the host and microbiota metabolism of (poly)phenols, and the biological activity of these 

compounds, but like-for-like comparisons should be made with caution. A recent literature review 

analyzing the contribution of blueberry and strawberry (poly)phenols to the human metabolome 

showed that berry bioavailability evaluation was affected by fluctuation in the baseline/fasting 

pool of metabolites, possibly related to the contribution of individuals background diets, 

confounding results relative to quantitation of unique intervention berry-derived metabolites 

(Chandra et al., 2019). Confirmation of the influence of berry (poly)phenols on the human 

metabolome requires further studies applying similar methodologies and designs, utilizing 

isotopically labeled structures and analyzing metabolome flux. Investigation of the influence of 

berry (poly)phenols on the human metabolome is just one of many ways to evaluate the potential 

health benefits from fruits and vegetables. 

Fruits and vegetables are beneficial for a healthy and long life, yet increasing their 

consumption is not always a viable scenario for socioeconomic and cultural reasons. Therefore, 

research on the delivery of (poly)phenols using fruit and vegetable products (minimally-processed) 

that have increased density of (poly)phenols, thus providing maximal benefit per number of 

servings, and would increase consumer choices for consuming healthful foods, should be 

performed. Likewise, the development of products containing such (poly)phenol-enriched foods 

with similar or enhanced bioaccessibility and bioavailability relative to fresh (poly)phenol-
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enriched foods may provide consumers with healthy food choices in an attempt to bridge the gap 

between food consumption and health benefits. 

1.9 Summary and Concluding Remarks 

The recommended consumption of fruits and vegetables to supply nutritional needs was achieved 

by less than 13% of Americans in 2019 (Lee, Moore, Park, Harris, & Blanck, 2022). This 

recommendation is based on evidence that daily consumption of 1.5-2 cup-equivalents of fruits 

and 2-3 cup-equivalents of vegetables is required to prevent nutritional deficiency and reduce the 

risk of chronic diseases such as type 2 diabetes, obesity, and cardiovascular diseases (U.S. 

Department of Agriculture and U.S. Department of Health and Human Services, 2020). Even 

though consumers understand that increasing the consumption of fruits and vegetables reduces the 

risk of disease, there are many barriers in achieving this goal. Consumers are driven by several 

influences, primarily taste, followed by price, health benefits, and convenience (in that 

order)(International Food Information Council Foundation, 2019). Consumers likely need to be 

offered a tasty, affordable, and convenient product that is enriched with bioaccessible fruit and 

vegetable compounds. The gap between low consumption of fruits and vegetables and better health 

may be bridged through genetic screening of fruit and vegetable varieties to select those that are 

richest in bioaccessible (poly)phenols correlated with health benefits. The contribution of the 

human microbiome to host metabolism of (poly)phenols results in considerable diversity of 

metabolites observed in human tissue. It is important to consider this broader analytical 

requirement for identification and quantitation of these compounds; and importantly, how they 

contribute to the human metabolome. Analysis of these compounds requires broad analytical 

methodologies, such as broad-spectrum quantitative metabolomics. To date, there is no study 
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evaluating the bioavailability of (poly)phenols and metabolites from different cultivars of the same 

blueberry variety.  

This dissertation had two overall goals: one was to develop a broad-spectrum analytical 

method that comprises metabolic products from both the host metabolism and the host 

microbiome; the other was to apply that method to the comparison of the bioavailability and 

pharmacokinetics of (poly)phenols in blueberries with differing (poly)phenol contents (primarily 

rich in anthocyanins vs poorer in anthocyanins), and relatively to a minimally processed product 

containing the (poly)phenol-rich blueberries using southern blueberries. This comparison was 

performed through a nutrition intervention study using a 4-way crossover study design (including 

a matched control). The findings from this dissertation may contribute to the development of the 

field of (poly)phenol metabolomics, the development of breeding strategies which would 

consequently contribute to the production of (poly)phenol enriched produce by farmers, the 

development of new products by the food industry, and may influence the food purchase/behaviors 

and health of consumers. 

1.10 Overview of Dissertation Chapters  

This dissertation contains six chapters. Chapter 1 is a literature review of the importance of 

(poly)phenols, the nutritional and (poly)phenol composition of blueberries, the health benefits of 

(poly)phenols, the metabolism, bioaccessibility and bioavailability of (poly)phenols, in addition to 

the current scientific gap between (poly)phenol consumption and health benefits. Chapter 2 

evaluates the performance of a broad-spectrum quantitative method for analysis of berry-derived 

(poly)phenols in biological samples based on (with modifications) the bioanalytical guidelines of 

the Food and Drug Administration (2018) and the European Medicines Agency (2011). It 

comprises the validation of a LC-MS/MS method via assessment of the linearity, sensitivity, 
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carryover effect, system suitability, precision, and accuracy of the method across 99 berry-derived 

analytes. Chapters 3 and 4 describe how to treat biological samples and offer an optimized 

characterization of biospecimens for the advancement of clinical research. Chapter 3 analyzes the 

effect of freezing and thawing pre-extracted serum samples on the stability of 99 berry-derived 

analytes, and Chapter 4 evaluates the use of surrogate analytes for the quantitation of phenolics. 

Finally, Chapter 5 applies the optimized characterization of biospecimens previously described to 

compare the total recovery and the dose-response of blueberry-derived (poly)phenols over time 

following consumption of two blueberry varieties containing distinct (poly)phenol content and 

bioaccessibility, and a minimally processed product containing the same high (poly)phenol 

blueberry variety.  
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1.12 Supplementary material 

Supplementary Table 1. 1 Macronutrients and micronutrients in highbush and lowbush 

blueberries  

Macronutrients and macronutrients in 

100 g fresh weight Highbush blueberry1 Lowbush blueberry2 

Water (g) 84.21 85.50 

Energy (kcal) 57.00 61.00 

Protein (g) 0.74 1.22 

Total lipid (g) 0.33 0.76 

Carbohydrate, by difference (g) 14.5 12.30 

Total dietary Fiber (g) 2.40 2.60 

Total sugars (g) 9.96 6.46 

Sucrose (g) N.A. 0.01 

Glucose (g) N.A. 3.10 

Fructose (g) N.A. 3.35 

Calcium (mg) 6.00 13.00 

Iron (mg) 0.28 0.37 

Magnesium (mg) 6.00 7.00 

Phosphorus (mg) 12.00 29.00 

Potassium (mg) 77.00 75.00 

Sodium (mg) 1.00 6.00 

Zinc (mg) 0.16 0.20 

Copper (mg) 0.057 0.03 

Selenium (µg) 0.10 N.A. 

Manganese (mg) N.A. 2.00 

Vitamin C (mg) 9.70 18.30 

Thiamin 0.037 0.067 

Riboflavin 0.041 0.414 

Niacin 0.418 0.597 

Vitamin B-6 0.052 0.026 

Pantothenic acid (mg) N.A. 0.265 

Total folate (µg) 6.00 33.00 

Folic acid (µg) 0.00 0.00 

Folate (µg) 6.00 33.00 

Total choline (mg)  6.00 N.A. 

Vitamin B-12 (µg) 0.00 0.00 

Vitamin A (µg) 3.00 6.00 

Retinol (µg) 0.00 0.00 

Carotene, beta (µg) 32.00 69.00 

Carotene, alpha (µg) 0.00 0.00 
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Supplementary Table 1.1 (continued) 

Macronutrients and macronutrients in 

100 g fresh weight 
Highbush blueberry1 Lowbush blueberry2 

Cryptoxanthin, beta (µg) 0.00 0.00 

Lycopene (µg) 0.00 0.00 

Lutein + zeaxanthin (µg) 80.00 N.A. 

Vitamin E (mg) 0.57 1.69 

Vitamin D (D2 + D3, µg) 0.00 0.00 

Vitamin K (µg) 19.30 17.20 

N.A.=Not available in the cited sources. Sources: 1 USDA. (2020). FoodData Central: Blueberries, raw. 

Retrieved from <https://fdc.nal.usda.gov/fdc-app.html#/food-details/1102702/nutrients> Accessed on 

12/13/2021  
2  USDA. (2019). FoodData Central: Blueberries, wild, raw (Alaska Native). Retrieved from 

 <https://fdc.nal.usda.gov/fdc-app.html#/food-details/167640/nutrients> Accessed on 12/13/2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

64 

 

CHAPTER 2: CHARACTERIZING BLUEBERRY (POLY)PHENOL METABOLITES 

IN HUMAN BLOOD SERUM - VALIDATION OF BROAD-SPECTRUM 

QUANTITATIVE UPLC-ESI-MS/MS METHODOLOGY*  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
* This chapter will be submitted as a manuscript for publication with Atul S. Rathore, PhD, 

Preeti Chandra, PhD, Jessica L. Everhart, BSc, Harry Schulz, BSc, Colin D Kay, PhD. 
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2.1 Abstract 

In nutrition and health research there is increasing interest in the bioavailability and health benefits 

of berry-derived (poly)phenols, however, limited comprehensive method validation studies of 

complex mixtures or biosignatures of berry metabolites exist. As the reliability and accuracy of 

quantitative data rely on the evaluation of method performance for analytes in a given matrix, the 

present study aimed to validate a quantitative metabolomics ultra-performance liquid 

chromatography-electrospray ionization tandem mass spectrometry (UPLC-ESI-MS/MS) method 

for the analysis of 8 blueberry-derived (poly)phenolics and 91 reported metabolites in human 

serum. As there are no guidelines reported for broad-spectrum quantitative metabolomics 

methodologies, criteria from the FDA bioanalytical method validation (U.S. Department of Health 

and Human Services Food and Drug Administration; FDA) and European Medicines Agency 

(EMA) guidelines were followed for various validation parameters, including, linearity, 

sensitivity, carryover effect, system suitability, accuracy, and precision. The blueberry method 

demonstrated acceptable sensitivity, carryover effect, and system suitability for the 99 analytes, 

satisfactory linearity for 85 out of 99 analytes. Satisfactory precision and accuracy were also 

observed for 94% of analytes at the high quality control concentration, 83% at the middle quality 

control concentration, 77% at the lower limit of quantification, and 71% at the low quality control 

concentration. Poor assay performance was observed for the analyte benzoic acid across 

concentrations, revealing questionable quantitative reproducibility at the low concentrations often 

reported in published findings. Notwithstanding, this broad-spectrum method is valid for 

quantitative analysis of blueberry-derived (poly)phenols in the concentration ranges typically 

reported (0.025-4 µM) in nutrition intervention studies. 

KEYWORDS: mass spectrometry, precision, accuracy, metabolite, anthocyanin 
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2.2 Introduction 

Epidemiologic evidence demonstrates that individuals who consume an abundance of plant-

derived (poly)phenols have a reduced risk of cardiovascular diseases, neurological decline, and 

type 2 diabetes (Jennings et al., 2014; Letenneur et al., 2007; Mendonça et al., 2019; Wedick et 

al., 2012). Blueberries are a particularly rich source of (poly)phenols, and over the past decade 

have been extensively investigated in nutrition research for their potential to exert these benefits 

(Cassidy et al., 2013; Curtis et al., 2019; Devore et al., 2012; Whyte et al., 2018). However, 

analysis of blueberry-derived (poly)phenols in biological samples is challenging as a result of the 

complexity of the metabolite biosignature, matrix effects, and limited availability of reference 

standards for identification and quantification of (poly)phenol-derived metabolites. Accurate 

identification and quantification of these metabolites require extensive method development, 

optimization, and validation, and is particularly challenging for broad-spectrum quantitative 

methodologies due to the large number of analytes captured in an attempt to establish the 

contribution of both host and microbial metabolites to the phytochemical biosignature of berries. 

Previous studies have evaluated various validation parameters for assays characterizing 

mixtures of (poly)phenols in biological samples. A stable isotope feeding study, feeding cyanidin-

3-O-glucoside (13C5-labelled) reported suitable linearity, precision, and extraction recovery of 17 

anthocyanin metabolites in serum (De Ferrars, Czank, Zhang, et al., 2014). Further, studies feeding 

elderberry and blueberry have reported validated liquid chromatography-mass spectrometry (LC-

MS) methods, capturing linearity, sensitivity, precision, and accuracy measurements for 36 

(poly)phenols, in addition to suitable extraction recovery in plasma, urine, and feces (Curtis et al., 

2019; De Ferrars, Czank, Saha, et al., 2014). Further, while these studies generally focused on the 

analysis of linearity, precision, and accuracy, various validation parameters that assess assay 
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suitability have been neglected for a variety of reasons, including the costs associated with assay 

validation for complex mixtures of analytes.  

Kasote et al. (2019) reported suitable linearity, precision, accuracy, matrix effect, and 

stability of thirteen anthocyanins and anthocyanidins in plasma and urine; Gasperotti et al. (2014) 

observed suitable selectivity, limit of detection, limit of quantification, linearity, accuracy, 

precision, matrix effect and recovery of 23 (poly)phenol metabolites in blood; and, Feliciano et al 

(2016) reported suitable specificity, linearity, method detection and quantitation limits, 

repeatability, precision, accuracy, and matrix effect for 67 (poly)phenol metabolites in plasma and 

urine. These previous studies validated methods for mixtures between 13 and 67 reference 

standards while the present study describes validation parameters for 99 reference standards. 

Notwithstanding, there are other parameters for validation as outlined in bioanalytical methods 

validation guidelines such as stability, dilution integrity, carryover effect, and system suitability 

(European Medicines Agency, 2011; Food and Drug Administration, 2018), which have generally 

not been reported for assays capturing these analytes. 

General descriptions of precision and accuracy measures differ slightly across published 

guidelines, such as the AOAC (2002), European Medicines Agency (2011), Food and Drug 

Administration (2018), and Eurachem (Magnusson & Örnemark, 2014) guidelines. Both FDA and 

EMA guidelines, as utilized in the present work (Figure 2.1), differ from the other above noted 

guidelines which do not apply to the analysis of drugs and metabolites. Further, performance 

definitions differ across guidelines, and therefore for the present work, we define the following 

terminologies as:  

• Calibration Curve. A calibration curve consists of analytical reference standards at 

concentrations within the expected quantitation range for the analysis of nutrition 
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intervention study samples (i.e., assay range) and prepared in the same “background” 

matrix as the study samples (e.g., plasma/serum)  

• Limits of quantification. The lowest quantifiable concentration of an analyte that also 

presents suitable accuracy and precision is the lower limit of quantification (LLOQ) and 

the highest, the upper limit of quantification (ULOQ)  

• Carryover Effect. The carryover effect is established when an analyte concentration 

observed in a given sample is observed in the preceding sample when compared using 

“neat” blanks (i.e., the neat blank in the present study is 98%:2% water and methanol, 

respectively) 

• System Suitability. The system suitability is established as an analyte’s chromatographic 

retention occurring within the acceptable variance through a sequential analysis of “zero 

calibrator” samples (i.e., zero calibrator in the present study is an analyte-free human serum 

matrix post-extraction and including internal standards)  

• Sensitivity. Sensitivity establishes whether the LLOQ reflects at least five times the analyte 

response in the zero calibrator sample  

• Accuracy. The method accuracy reflects the closeness of an analytical value to the nominal 

(i.e., theoretical) analyte concentration and is expressed as the percentage difference 

between these values  

• Precision. The method precision defines the closeness between replicates of the same 

concentration of individual analytes and is expressed as the relative standard deviation  
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Figure 2. 1 Parameters applied in the present study for method validation based on the U.S. 

Department of Health and Human Services Food and Drug Administration guideline for industry 

bioanalytical methods validation (Food and Drug Administration, 2018), and the European 

Medicines Agency guideline on bioanalytical method validation (European Medicines Agency, 

2011). 
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Together, accuracy and precision express the method's suitability to analyze assay samples 

using a standard curve both in the same sample and across different assay replicates or 

instrument/assay runs. Assay accuracy and precision are evaluated using replicates of quality 

control samples (QC) at various concentrations within the assay range, including the LLOQ, low 

(LQC), middle (MQC), and high QCs (HQC)  in at least three independent runs, both intra-run and 

inter-run (European Medicines Agency, 2011; Food and Drug Administration, 2018).  

 The current study aimed to establish an analytical method for the broad-spectrum 

quantitative analysis of 8 blueberry-derived (poly)phenolics (including anthocyanins, flavonols, 

and caffeoylquinic acids) and 91 reported metabolites across 14 phytochemical subclasses in 

human blood serum using Ultra-Performance Liquid Chromatography coupled - Electrospray 

Ionization tandem Mass Spectrometry (UPLC-ESI-MS/MS; SCIEX 6500+ QTRAP), with 

separation using a pentafluorophenol (PFP) UPLC column (Kinetex, Phenomenex). Here our 

primary analysis was based on (with modifications) the U.S. Department of Health and Human 

Services Food and Drug Administration guidelines for industry bioanalytical method validation 

(Food and Drug Administration, 2018), and the European Medicines Agency guideline on 

bioanalytical method validation (European Medicines Agency, 2011) as they apply to the analysis 

of metabolites in a biological matrix, which differs from other guidelines which focus primarily 

on native/precursor analytes (e.g., AOAC and Eurachem). The parameters selected for validation 

included linearity, sensitivity, carryover effect, system suitability, accuracy, and precision (Figure 

2.1). To the best of the authors’ knowledge, this study is the first comprehensive study to establish 

UPLC-ESI-MS/MS method validation for such a diversity (i.e, 99 analytes across 14 subclasses) 

of blueberry-derived analytes and assay validation parameters. 
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2.3 Materials and Methods 

2.3.1 Chemicals and Materials  

Internal standards included resveratrol-13C6, L-tyrosine-13C9,
15N, and phloridzin (Sigma, St. Louis, 

MO, USA). Commercially available reference standards for “spiking” were obtained from Sigma 

(St. Louis, MO, USA), Alfa Aesar by Thermo Fisher Scientific (Tewksbury, MA, USA), TCI 

America (Portland, Oregon, USA), Ark Pharm (Libertyville, IL, USA), Oxchem (Wood Dale, IL, 

USA), Fisher Scientific (Waltham, MA, USA), Matrix Scientific (Columbia, SC, USA), Acros 

Organics by Thermo Fisher Scientific (Waltham, MA, USA), Extrasynthese SA (Z.I Lyon Nord, 

France), Toronto Research Chemicals (Toronto, Canada), Biovision (San Francisco, CA, USA), 

Chromadex (Irvine, CA, USA), Chem-Impex (Wood Dale, IL, USA), PhytoLab GmbH & Co. KG 

(Vestenbergsgreuth, Germany), and Polyphenols AS (Sandnes, Norway). Synthetic reference 

standards were synthesized in a project sponsored by the Biotechnology and Biological Sciences 

Research Council (BBSRC) (BB/I0066028/1). Reference standards used for standard curves (i.e., 

serial dilution) are listed in Supplementary Table 2.1 (including CAS number, InChI key, and 

monoisotopic mass), with structures of the phenolic subclasses illustrated in Figure 2.2. HPLC-

MS grade formic acid, water, and methanol were from Fisher Chemical (Fair Lawn, NJ, USA), 

acetonitrile from Honeywell International Inc. (Muskegon, MI, USA), and dimethyl sulfoxide 

(DMSO) from EMD Millipore Corporation (Billerica, MA, USA). Strata-X 33 µm polymeric 

reversed-phase 500 mg/3mL solid-phase extraction (SPE) cartridges (85 Å pore size), Kinetex 

pentafluorophenol (PFP) UPLC column (1.7 µm particle size, 100mm length, 2.1 mm internal 

diameter and 100 Å pore size), and SecurityGuardTM ULTRA cartridge (PFP, 4.0x2.0 mm) were 

purchased from Phenomenex (Torrance, CA, USA).  

 

 



   

72 

 

  
Figure 2. 2 Chemical structure of blueberry-derived (poly)phenolic compound subclasses 
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2.3.2 Internal Reference Standards  

Internal reference standard solutions consisted of 2 µM of L-tyrosine-13C9,
15N, 10 µM of 

resveratrol-13C6, and 10 µM of phloridzin dissolved in 0.1% v/v formic acid in methanol.  

2.3.3 Reference Standard Curves and Quality Control Samples 

Eleven to fourteen-point standard curves ranging from 0.001 µM to 100 µM were constructed from 

a mixture of 99 reference standards in a matched matrix (solid-phase extracted pooled healthy 

donor Human AB Serum; #H4522-20ML, Sigma-Aldrich, St. Louis, MO, USA) for analysis of 

linearity, sensitivity, carryover effect, precision, and accuracy. Four concentrations of each 

reference standard, namely: LLOQ (0.025-0.5 µM), LQC, low quality control concentration (0.05-

1 µM), MQC, middle quality control concentration (0.25-5 µM), and HQC, high quality control 

concentration (0.5-50 µM), were used to establish precision and accuracy. LLOQ, LQC, MQC and 

HQC differed across analytes (i.e., were not fixed across analytes) to reflect individual ranges 

reported in nutrition intervention studies (Curtis et al., 2019; Huang et al., 2021; Kay et al., 2005; 

Kay et al., 2004; Rodriguez-Mateos et al., 2014; Rodriguez-Mateos et al., 2016). 

2.3.4 Solid-Phase Extraction  

Commercial human blood serum (pooled healthy donor Human AB Serum; #H4522-20ML, 

Sigma-Aldrich, St. Louis, MO, USA) was extracted via SPE and used as blanks for preparation of 

standard curves using a mixture of reference standards (i.e., spiked post-extraction) for analysis of 

linearity, sensitivity, carryover effect, system suitability, precision, and accuracy, via UPLC-ESI-

MS/MS (Nieman et al., 2018). Briefly, 1 mL of human blood serum was mixed with 52.5 uL of 

formic acid and diluted with 2 mL of 1% v/v formic acid in water in test tubes and loaded onto 

preconditioned SPE cartridges. The test tubes containing serum were rinsed with 1% v/v formic 

acid in water and the residual sample was loaded into the cartridges and then drained under 
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vacuum. The samples were eluted with 975 µL of 0.1% v/v formic acid in methanol using a 

vacuum manifold. The eluted samples were diluted with 100 uL of 0.1% v/v formic acid in 5% 

acetonitrile. 

2.3.5 UPLC-ESI-MS/MS  

An ExionLCTM AD Ultra-Performance Liquid Chromatography coupled Q-TRAP 6500+ QqQ 

Mass Spectrometer (UPLC-ESI-MS/MS; SCIEX, Framingham, MA, USA) was used for the 

separation and quantitation of the phytochemicals and their metabolites using a previously 

published methodology (Nieman et al., 2018). Briefly, the samples were injected onto a Kinetex 

PFP UPLC column (with SecurityGuardTM ULTRA) at an injection volume of 4 uL, with a total 

run time of 37 min, and the oven temperature maintained at 37 °C. Mobile phase A consisted of 

0.1% v/v formic acid in water, and mobile phase B consisted of 0.1% v/v formic acid in 

acetonitrile, utilizing a binary gradient from 2% to 90% B over 37 min, and a flow rate gradient 

from 0.50 mL/min to 0.75 mL/min. The analytes were detected using advanced scheduled 

multiple‐reaction monitoring (ADsMRM) methodology, toggling from positive to negative mode 

in Analyst® (software version 1.6.3, SCIEX, Framingham, MA, USA), with quantitation 

performed using MultiQuantTM (software version 3.0.2, SCIEX, Framingham, MA, USA). 

ADsMRM used declustering potential, entrance potential, collision energy, and collision cell exit 

potential individually optimized for each compound using direct syringe infusion methodology 

(see ADsMRM compound parameters in Supplementary Table 2.2). The ESI source operated at a 

temperature of 550 °C with curtain gas at 35 psi, nebulizer gas at 70 psi, heater gas at 70 psi, and 

ionization voltage ±4000 V (positive and negative modes).  



   

75 

 

2.3.6 Method Validation  

This UPLC-ESI-MS/MS method was validated for linearity, sensitivity, carryover effect, system 

suitability, precision, and accuracy across 99 compounds and 14 subclasses based on the 

bioanalytical method validation guideline published by the Food and US Drug Administration 

(Food and Drug Administration, 2018) and the European Medicines Agency (European Medicines 

Agency, 2011). The performance criteria outlined in these guidelines, which are for drug and 

medical applications, recommend that precision and accuracy acceptability are within 15% of CV 

and 15% of nominal concentrations, respectively, except for LLOQ, where they are within 20% of 

CV and 20% of nominal concentrations, respectively. These criteria for performance (i.e., cutoffs 

for variance) imposed for monitoring the food and drug supply chain and for medical interventions 

are considerably, and rightly so strict. However, they arguably provide a constraint when 

validating exploratory/basic research assays designed for evaluating relative group differences in 

nutrition intervention study research; particularly for broad spectrum quantitative metabolomics 

analysis of biospecimens and large numbers of analytes with broad chemical/structural diversity. 

Herein we took a slightly more conservative approach extending acceptable variance by 1%, and 

we feel that suitable assay performance for broad-spectrum quantitative metabolomics assays 

should consider 16% at LQC, MQC, and HQC, and 21% at LLOQ. This was necessary as many 

of the spiked reference standard analytes are already present in the biospecimen background signal 

(i.e., pooled serum) used in blanks and as a background matrix for spiking. The use of labelled 

reference materials or neat matrices affords considerably less variance, however most of the 

analytes were not available as labelled references and spiking into a background biospecimen or 

matched matrix better reflects study sample assay conditions.   
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2.3.6.1 Linearity 

Standard calibration curves of 11 to 14 points ranging from 0.001 µM to 100 µM were prepared 

by spiking 99 reference standards into a matched matrix (pooled blank serum) which was injected 

in five replicates separated by zero calibrator injections (i.e., human serum post-extraction plus 

internal standards). The curves were constructed via linear regression and considered acceptable 

when the calculated concentration was within 15% of nominal concentrations (i.e., theoretical 

concentrations) at LQC, MQC, and HQC, and within 20% at LLOQ (European Medicines Agency, 

2011; Food and Drug Administration, 2018). The analyte MS/MS transition that presented the 

highest ion intensity and the most stable ion-pairing ratio was used for quantification.  

2.3.6.2 Sensitivity 

Sensitivity was reported as the analyte LLOQ response, reflecting ≥ 5 times the analyte response 

at the zero calibrators (European Medicines Agency, 2011; Food and Drug Administration, 2018). 

2.3.6.3 Carryover effect 

Carryover effect was established using three replicate neat blanks consisting of 0.1% v/v formic 

acid in water and 0.1% v/v formic acid in acetonitrile (98%:2%, respectively), which were 

analyzed after injecting the maximum concentration reference standard curve samples (range 1-

100 µM). Acceptable concentrations were ≤ 20% of LLOQ (European Medicines Agency, 2011; 

Food and Drug Administration, 2018) and ≤ 5% of internal standards (European Medicines 

Agency, 2011).  

2.3.6.4 System suitability 

System suitability was evaluated in a set of zero calibrator samples (Food and Drug 

Administration, 2018) as the %relative standard deviation of the retention time of internal 
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standards across five replicates of those samples and acceptable if ≤ 2% (Food and Drug 

Administration, 2020).  

2.3.6.5 Precision and accuracy  

Five replicates of LLOQ, LQC, MQC, and HQC were analyzed for intra-run precision and 

accuracy, and eleven replicates of samples for inter-run analyses. Intra-run precision and accuracy 

were analyzed for 99 compounds while inter-run analyses were performed for 79 compounds due 

to limited availability of reference standards for some analytes (particularly non-commercially 

available or considerably costly synthetic reference standards). After calculation of concentrations 

from the regression curves, precision was evaluated as the %CV in terms of calculated 

concentration, while accuracy [(calculated concentration/nominal concentration)*100] was 

evaluated as the percentage difference between the calculated and nominal concentrations (i.e., 

relative error). 

2.4 Results 

2.4.1 Linearity  

Calibration curves were linear within the range of 0.01-10 µM for anthocyanins, hydroxybenzoic 

acids, hydroxybenzoic acid methyl ester, benzyl alcohols, hydroxycinnamic acids, hippuric acid, 

hydroxyphenylacetic acids, 3-(hydroxyphenyl)propanoic acids, and stilbenes; 0.01-100 µM for 

hydroxybenzaldehydes; 0.01-2.5 µM for glutamic acid; 0.025-5 µM for caffeoylquinic acid; and 

0.05-10 µM for benzenediols; 0.25-10 µM for flavonols (Table 2.1). The mean correlation 

coefficient for regression analysis (r2) was 0.996±0.02 (0.831-0.999) for all analytes and the 

coefficients of variation of the slopes were 2.8-25.7% (Table 2.1). LODs ranged from 0.01 µM to 

0.25 µM in serum and the mean upper limit of quantification (UPLOQ) was 9.4±9.6 µM (ranging 

from 1 µM to 100 µM) (Table 2.1).  
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Eight analytes presented low linearity at MQC averaging 13.9±26.4% (-16.6-52.3%). Two 

analytes showed low linearity at HQC averaging 20.0±5.5% (16.2-23.9%). Four analytes showed 

low linearity at LQC averaging -121.0±228.3% (-462.3-19.2%) while 7 analytes presented low 

linearity at LLOQ averaging -32.9±36.1% (-77.3-30.9%).   

2.4.2 Sensitivity 

LLOQ was greater than five times the analyte response at the zero calibrators indicating that the 

method was sensitive for the quantitation of all analytes. The LLOQ ranged from 0.025 µM to 

0.50 µM (mean 0.1±0.2 µM) for the analytes (Table 2.1), where 46% of analytes had LLOQs 

below 0.050 µM.  

2.4.3 Carryover effect 

No analytes were detected in neat blanks and therefore no carryover effect was observed.  

2.4.4 System suitability  

The zero calibrator samples presented a 0.03% relative standard deviation of retention time for 

phloridzin, 0.1% for resveratrol, and 1.8% for L-tyrosine, indicating suitability of the UPLC-ESI-

MS/MS system. 
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Table 2. 1 Regression equations of blueberry-derived (poly)phenols in serum 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Anthocyanin 

cyanidin-3-O-

galactoside 
0.1 0.25 0.5 2.5 5 10 0.1-10 y = 1.92096 x + -0.23278 0.972±0.003 

 

petunidin-3-O-

glucoside 
0.05 0.1 0.25 1 2.5 5 0.05-5 y = 0.36465 x + -0.01504 0.999±0.001 

 

delphinidin-3-O-

glucoside 
0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.07203 x + -0.01067 0.998±0.001 

Hydroxybenzaldehyde 

2,4-

dihydroxybenzal

dehyde 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.1462 x + 0.00032 1.000±0.001 

 

3,4,5-

trihydroxybenzal

dehyde 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.27866 x + 0.00194 1.000±0.001 

 

3,4-

dihydroxybenzal

dehyde 

0.01 0.025 0.05 0.25 0.5 1 0.01-1 y = 0.16657 x + 0.00071 0.994±0.004 

 

3,5-

dihydroxybenzal

dehyde 

0.01 0.025 0.05 0.25 1 2.5 0.01-2.5 y = 0.03426 x + 0.00032 0.998±0.001 

 

3-

hydroxybenzalde

hyde 

0.01 0.025 0.05 0.25 1 2.5 0.01-2.5 y = 0.33242 x + 0.00458 0.998±0.001 

 

4-

hydroxybenzalde

hyde 

0.01 0.025 0.05 0.25 1 2.5 0.01-2.5 y = 0.55538 x + 0.00696 0.998±0.001 

 

2-hydroxy-4-

methoxybenzald

ehyde 

0.05 0.1 0.5 5 50 100 0.05-100 y = 0.00229 x + 0.00003 0.998±0.001 

 

3,4-

dimethoxybenzal

dehyde 

0.05 0.1 0.25 1 5 10 0.05-10 y = 1.10153 x + 0.01379 0.998±0.001 

 

3,5-

dimethoxybenzal

dehyde 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.21336 x + 0.00022 0.999±0.001 

 

4-hydroxy-2-

methoxybenzald

ehyde 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.02562 x + 0.00034 0.999±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Benzenediol 

1,2-

dihydroxybenzene 
0.05 0.1 0.25 1 5 10 0.05-10 y = 0.01271 x + -0.00024 0.998±0.001 

 

2-hydroxy-1,3-

dimethoxybenzene 
0.05 0.1 0.25 1 5 2.5 0.05-10 y = 0.00178 x + -0.00001 0.998±0.001 

 

1,2-dihydroxy-4-

methylbenzene 
0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.03323 x + -0.00178 0.998±0.001 

Hydroxybenzoic 

acid 

3,4,5-

trihydroxybenzoic 

acid 

0.025 0.05 0.25 1 2.5 5 0.05-5 y = 0.2462 x + -0.00344 0.999±0.001 

 

2,6-

dimethoxybenzoic 

acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.01785 x + 0.00005 0.999±0.001 

 

2,4-

dimethoxybenzoic 

acid 

0.25 0.5 1 2.5 5 10 0.25-10 y = 0.02934 x + 0.00569 0.996±0.001 

 

3,5-

dimethoxybenzoic 

acid 

0.25 0.5 1 2.5 5 10 0.25-10 y = 0.08838 x + -0.00736 0.999±0.001 

 

2,4-

dihydroxybenzoic 

acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.23405 x + 0.00646 0.999±0.001 

 

2,5-

dihydroxybenzoic 

acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.17735 x + -0.00265 0.999±0.001 

 

2-hydroxy-4-

methoxybenzoic 

acid 

0.01 0.025 0.05 0.25 2.5 5 0.01-5 y = 0.67072 x + -0.00424 0.998±0.001 

Hydroxybenzoic 

acid 

2-hydroxy-6-

methoxybenzoic 

acid 

0.05 0.1 0.25 0.5 1 2.5 0.05-2.5 y = 0.0586 x + 0.0004 0.999±0.001 

 

2-hydroxybenzoic 

acid 
0.05 0.1 0.25 1 5 10 0.05-10 y = 0.81543 x + -0.00754 0.999±0.001 

 

3,4-

dihydroxybenzoic 

acid 

0.025 0.05 0.1 0.5 1 2.5 0.025-2.5 y = 0.7266 x + 0.00005 0.999±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Hydroxybenzoic 

acid 

3-hydroxy-4-

methoxybenzoic 

acid  

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.02588 x + 0.00025 0.998±0.001 

 

3-hydroxybenzoic 

acid 
0.05 0.1 0.25 0.5 1 2.5 0.05-2.5 y = 0.15223 x + 0.00312 0.998±0.001 

 

3-methoxybenzoic 

acid-4-O-

glucuronide 

0.025 0.05 0.1 0.5 2.5 5 0.025-5 y = 0.17856 x + -0.00016 1.000±0.001 

 

4-hydroxy-3-

methoxybenzoic 

acid  

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.0215 x + -0.00036 0.993±0.001 

 

4-methoxybenzoic 

acid-3-O-

glucuronide 

0.01 0.025 0.05 0.25 2.5 5 0.01-5 y = 0.24297 x + -0.0004 0.999±0.001 

 

2-methoxybenzoic 

acid 
0.025 0.05 0.1 0.5 1 2.5 0.025-2.5 y = 0.47547 x + 0.00213 0.996±0.001 

 

3,5-

dihydroxybenzoic 

acid 

0.1 0.25 0.5 1 2.5 5 0.1-5 y = 0.64016 x + 0.00697 0.999±0.001 

 

4-hydroxy-3,5-

dimethoxybenzoic 

acid 

0.025 0.05 0.1 1 5 10 0.025-10 y = 0.2818 x + 0.00251 0.998±0.001 

 

3-methoxybenzoic 

acid 
0.05 0.1 0.25 1 5 10 0.05-10 y = 0.11595 x + 0.00018 0.997±0.001 

Hydroxybenzoic 

acid methyl ester 

3,4-

dihydroxybenzoic 

acid methyl ester 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.90013 x + -0.00773 0.999±0.001 

 

3,5-

dihydroxybenzoic 

acid methyl ester 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.63628 x + -0.00655 0.997±0.001 

 
3-hydroxybenzoic 

acid methyl ester 
0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.36589 x + -0.00183 0.994±0.003 

 

4-hydroxy-3-

methoxybenzoic 

acid methyl ester 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.00292 x + -0.00007 0.999±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Hydroxybenzoic 

acid methyl ester 

4-hydroxybenzoic 

acid methyl ester    
0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.83387 x + -0.00501 0.998±0.002 

Benzyl alcohol 

3,5-

dihydroxybenzyl 

alcohol 

0.01 0.025 0.05 0.25 0.5 1 0.025-1 y = 0.03361 x + 0.00001 0.998±0.001 

 

4-hydroxybenzyl 

alcohol 
0.05 0.1 0.25 1 5 10 0.1-10 y = 0.00063 x + 0.000001 0.997±0.003 

 

3,5-

dimethoxybenzyl 

alcohol 

0.025 0.05 0.1 1 5 10 0.025-10 y = 0.44061 x + -0.00219 0.999±0.001 

Hydroxycinnamic 

acid 

trans-cinnamic 

acid 
0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.00081 x + -0.00003 0.999±0.001 

 

2-

hydroxycinnamic 

acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.31369 x + -0.00052 0.999±0.001 

 

3-hydroxy-4-

methoxycinnamic 

acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.04628 x + -0.00011 0.999±0.001 

 

trans-4-hydroxy-

3,5-

dimethoxycinnam

ic acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.00824 x + -0.00015 0.999±0.001 

 

4-

hydroxycinnamic 

acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.76063 x + -0.0037 0.994±0.004 

 

trans-3-

hydroxycinnamic 

acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.26104 x + -0.00076 0.999±0.001 

 

3-

methoxycinnamic 

acid 

0.025 0.05 0.1 1 5 10 0.025-10 y = 0.04255 x + -0.0005 1.000±0.001 

 

3,4-

dihydroxycinnami

c acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.43246 x + -0.01539 0.997±0.002 

Flavonol myricetin 0.25 0.5 1 2.5 5 10 0.25-10 y = 0.38619 x + -0.32101 0.996±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Flavonol kaempferol 0.25 0.5 1 2.5 5 10 0.25-10 y = 0.02959 x + 0.00735 0.986±0.005 

Glutamic acid 

n-benzoylglutamic 

acid 
0.01 0.025 0.05 0.25 1 2.5 0.01-2.5 y = 0.21371 x + 0.00029 0.989±0.011 

Hippuric acid 

alpha-

hydroxyhippuric 

acid 

0.1 0.25 0.5 2.5 5 10 0.25-10 y = 0.00077 x + -0.00005 0.999±0.001 

 

4-hydroxyhippuric 

acid 
0.025 0.05 0.1 0.5 2.5 5 0.025-5 y = 0.11977 x + 0.00159 0.994±0.004 

 

4-methylhippuric 

acid 
0.025 0.05 0.1 1 5 10 0.025-10 y = 0.72866 x + 0.00468 1.000±0.001 

 

3-methylhippuric 

acid 
0.025 0.05 0.1 1 5 10 0.025-10 y = 0.48104 x + 0.00444 0.999±0.001 

 

3-hydroxyhippuric 

acid 
0.01 0.025 0.05 0.25 1 2.5 0.01-2.5 y = 0.26581 x + 0.00279 0.999±0.001 

 methyl hippurate 0.025 0.05 0.1 1 5 10 0.025-10 y = 0.29653 x + 0.00291 0.999±0.001 

Hydroxyphenylacetic 

acid 

3-hydroxy-4-

methoxyphenylacet

ic acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.0329 x + -0.00021 0.994±0.003 

 

2,3,4-

trimethoxyphenyla

cetic acid 

0.01 0.025 

0.05 0.5 5 

10 0.01-10 y = 0.01005 x + -0.00006 0.999±0.001 

 

3,4-

dimethoxyphenylac

etic acid 

0.025 0.05 0.1 1 5 10 0.025-10 y = 0.01895 x + -0.00015 0.998±0.003 

 

4-hydroxy-3-

methoxyphenylacet

ic acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.08511 x + -0.00338 0.998±0.001 

 

3-

methoxyphenylacet

ic acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.01111 x + -0.00007 1.000±0.001 

 

3-

hydroxyphenylacet

ic acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.05094 x + 0.0028 0.999±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Hydroxyphenylaceti

c acid 

4-hydroxy-3,5-

dimethoxyphenylac

etic acid 

0.025 0.05 0.1 1 5 10 0.025-10 y = 0.40722 x + 0.00039 0.997±0.001 

 

4-

hydroxyphenylacet

ic acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.00168 x + 0.00013 0.999±0.001 

 

4-

methoxyphenylacet

ic acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.28503 x + -0.00591 0.998±0.002 

3-

(hydroxyphenyl)pro

panoic acid 

3-(3-

methoxyphenyl)pro

panoic acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.01499 x + -0.00022 0.999±0.001 

 

3-(4-hydroxy-3-

methoxyphenyl)pro

panoic acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.14431 x + -0.00006 1.000±0.001 

 

3-(3,4,5-

trimethoxyphenyl)

propanoic acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.02319 x + -0.00026 0.999±0.001 

 

3-(3,4-

dihydroxyphenyl)p

ropanoic acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.1468 x + 0.00205 0.999±0.001 

 

3-(3-hydroxy-4-

methoxyphenyl)pro

panoic acid 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.13405 x + -0.00034 1.000±0.001 

 

3-(3-

hydroxyphenyl)pro

panoic acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.16116 x + 0.00215 1.000±0.001 

 

3-(4-

hydroxyphenyl)pro

panoic acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.3159 x + 0.00061 1.000±0.001 

 

3-phenylpropanoic 

acid 
0.25 0.5 1 2.5 5 10 0.25-10 y = 0.00242 x + 0.00036 0.993±0.004 

 rosmarinic acid 0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.81475 x + -0.08566 0.999±0.001 

Stilbene resveratrol 0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.0838 x + 0.00214 0.998±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Anthocyanin 

peonidin-3-O-

galactoside 
0.01 0.025 0.05 0.5 5 10 0.01-10 y = 1.5381 x + 0.00051 0.999±0.001 

 

malvidin-3-O-

galactoside 
0.05 0.1 0.25 1 5 10 0.05-10 y = 0.12111 x + 0.00013 0.999±0.001 

Hydroxybenzaldehy

de 

3,4,5-

trimethoxybenzald

ehyde 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.32957 x + -0.00026 1.000±0.001 

 

3-hydroxy-4-

methoxybenzaldeh

yde 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.52542 x + -0.00321 0.999±0.001 

Benzenediol 

1,3-

dihydroxybenzene     
0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.03355 x + 0.00253 0.996±0.002 

Hydroxybenzoic 

acid 
benzoic acid 0.25 0.5 1 2.5 5 10 0.25-10 y = 0.00466 x + 0.03269 0.831±0.069 

 

2,6-

dihydroxybenzoic 

acid 

0.25 0.5 1 2.5 5 10 0.25-10 y = 0.8216 x + 0.12223 0.999±0.001 

 

4-methoxybenzoic 

acid-3-sulfate 
0.025 0.05 0.1 1 5 10 0.025-10 y = 0.94714 x + -0.00741 0.996±0.001 

 

4-hydroxybenzoic 

acid 
0.1 0.25 0.5 1 2.5 5 0.1-5 y = 0.45656 x + 0.02386 0.998±0.001 

Hydroxybenzoic 

acid methyl ester 

3,4-

dimethoxybenzoic 

acid methyl ester 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.58892 x + 0.00105 0.999±0.001 

Benzyl alcohol 

3,4-

dimethoxybenzyl 

alcohol 

0.01 0.025 0.05 0.5 5 10 0.01-10 y = 0.26366 x + -0.00232 0.999±0.001 

Caffeoylquinic acid 
3-caffeoylquinic 

acid 
0.025 0.05 0.1 0.5 1 2.5 

0.025-

2.5 y = 0.71828 x + -0.01459 
0.999±0.001 

Hydroxycinnamic 

acid 

trans-4-hydroxy-3-

methoxycinnamic 

acid 

0.05 0.1 0.25 1 5 10 0.05-10 y = 0.06543 x + -0.0007 0.996±0.003 

 

4-

methoxycinnamic 

acid 

0.25 0.5 1 2.5 5 10 0.25-10 y = 0.02013 x + 0.00766 0.999±0.001 
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Table 2.1 (continued) 

Class Analyte 
LOD 

(µM) 

LLOQ 

(µM) 

LQC 

(µM) 

MQC 

(µM) 

HQC 

(µM) 

UPLOQ 

(µM) 

Linear 

range 

(µM) 

Calibration curve r2 

Flavonol 

myricetin 3-O-

galactoside 
0.25 0.5 1 2.5 5 10 0.25-10 y = 0.05736 x + 0.00476 0.999±0.001 

Hippuric acid hippuric acid 0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.20477 x + 0.03137 0.999±0.001 

Hydroxyphenylaceti

c acid 
phenylacetic acid 0.25 0.5 1 2.5 5 10 0.25-10 y = 0.03361 x + 0.00042 0.988±0.007 

 

(2)-hydroxy(4-

hydroxyphenyl)ace

tic acid 

0.1 0.25 0.5 2.5 5 10 0.1-10 y = 0.00649 x + 0.0009 0.998±0.002 

 

3-

methoxyphenylacet

ic acid-4-sulfate 

0.01 0.025 0.05 0.25 2.5 5 

0.01-5 y = 0.67606 x + -0.00245 

0.977±0.006 

3-

(hydroxyphenyl)pro

panoic acid 

3-(4-

methoxyphenyl)pro

panoic acid-3-

sulfate 

0.025 0.05 0.1 1 5 10 0.025-10 y = 0.91955 x + -0.00865 0.999±0.001 

Mean±standard deviation (n=5);  LOD: limit of detection; LLOQ: lower limit of quantification; UPLOQ: upper limit of quantification; r2: 

correlation coefficient 
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2.4.5 Precision  

Intra-run precision. The mean intra-run method precision (99 analytes; Table 2.2) was 7.2±7.3% 

at all tested concentrations. Satisfactory intra-run precision was exhibited by 82.8% of analytes 

across concentrations. Ninety-seven analytes presented satisfactory intra-run precision at MQC 

(averaging 5.7% intra-run precision); ninety-seven presented satisfactory intra-run precision at 

HQC (averaging 3.4%); eighty-eight analytes showed satisfactory intra-run precision at LQC 

(averaging 6.3%); and eighty-five showed satisfactory intra-run precision at LLOQ (averaging 

7.6%).  

Low intra-run precision (>16 or <-16%CV at LQC, MQC, and HQC and >21 or <-21%CV 

at LLOQ) was exhibited (Tables 2.2) at MQC for two analytes (averaging 33.8% intra-run 

variation); at HQC for two analytes (averaging 34.6% intra-run variation); for eleven analytes at 

LQC (averaging 22.8% intra-run variation); and 13 analytes at LLOQ (averaging 31.8% intra-run 

variation).  
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Table 2. 2 Precision and Accuracy intra-run variation for blueberry-derived (poly)phenols in serum at LLOQ, 

LQC, MQC, and HQC via UPLC-ESI-MS/MS 

 Precision (CV%)  Accuracy (%RE) 

 Intra-run (n=5)  Intra-run (n=5)  

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

cyanidin-3-O-galactoside 10.8 12.3 12.9 3.9 -2.8 -0.3 29.7 8.2 

petunidin-3-O-glucoside 2.0 2.1 4.6 1.3 8.4 7.0 -3.0 4.0 

delphinidin-3-O-glucoside 3.1 6.9 10.8 3.4 -7.8 19.2 25.5 6.1 

2,4-dihydroxybenzaldehyde 3.9 2.5 5.2 1.3 1.5 -4.4 2.1 -1.7 

3,4,5-trihydroxybenzaldehyde 4.4 5.4 4.7 2.5 8.4 0.0 -3.6 1.2 

3,4-dihydroxybenzaldehyde 16.2 8.5 8.1 4.5 14.6 0.0 -12.5 -8.9 

3,5-dihydroxybenzaldehyde 31.4 14.5 8.6 3.6 -2.6 -2.2 -6.6 -2.2 

3-hydroxybenzaldehyde 6.4 9.2 6.0 4.1 10.7 -2.0 -1.1 -1.5 

4-hydroxybenzaldehyde 3.9 5.0 4.5 6.8 5.9 2.7 1.7 -3.8 

2-hydroxy-4-methoxybenzaldehyde 5.7 5.1 6.1 2.2 4.5 -8.0 -14.3 -3.6 

3,4-dimethoxybenzaldehyde 3.1 1.8 3.4 1.5 6.7 0.6 -13.5 -2.6 

3,5-dimethoxybenzaldehyde 4.1 4.1 7.1 2.5 2.1 4.8 -5.0 -0.4 

4-hydroxy-2-methoxybenzaldehyde 8.1 2.8 3.8 1.8 9.5 2.0 -11.7 1.0 

1,2-dihydroxybenzene   5.5 7.2 5.7 2.6 0.0 2.9 7.8 3.8 

2-hydroxy-1,3-dimethoxybenzene 11.2 11.5 10.6 5.6 7.0 4.0 6.1 -1.2 

1,2-dihydroxy-4-methylbenzene 2.0 5.5 2.7 5.3 6.4 -5.3 -1.4 -0.4 

3,4,5-trihydroxybenzoic acid     4.5 4.3 3.8 2.5 3.1 3.8 0.8 2.3 

2,6-dimethoxybenzoic acid 10.0 15.4 7.8 2.4 16.1 -4.8 -1.1 -2.4 

2,4-dimethoxybenzoic acid 30.5 25.4 12.0 8.2 -31.5 1.7 10.9 -3.3 

3,5-dimethoxybenzoic acid 14.7 13.2 6.1 2.5 -26.9 2.7 9.4 1.9 

2,4-dihydroxybenzoic acid 24.6 13.0 4.1 5.7 -4.7 1.0 -0.7 -2.3 

2,5-dihydroxybenzoic acid 11.2 7.9 4.5 2.7 0.1 4.5 0.3 0.5 

2-hydroxy-4-methoxybenzoic acid 3.9 2.1 5.4 2.6 0.4 6.2 11.5 4.8 

2-hydroxy-6-methoxybenzoic acid 17.7 3.5 8.8 2.4 -2.0 6.0 3.0 -2.4 

2-hydroxybenzoic acid 4.6 3.6 6.0 1.9 1.1 4.7 5.2 0.1 

3,4-dihydroxybenzoic acid 5.4 3.7 3.3 3.4 -3.2 0.9 -9.3 -3.3 



   

89 

 

Table 2.2 (continued) 

 Precision (CV%)  Accuracy (%RE) 

 Intra-run (n=5) Intra-run (n=5) 

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

3-hydroxy-4-methoxybenzoic acid  30.1 18.2 11.4 6.5 14.1 5.4 -4.5 3.2 

3-hydroxybenzoic acid 23.6 8.7 5.0 2.1 10.0 -0.4 -8.9 -3.7 

3-methoxybenzoic acid-4-O-glucuronide 2.2 2.4 5.2 1.7 -0.3 4.6 -2.1 3.1 

4-hydroxy-3-methoxybenzoic acid  15.3 16.9 13.8 13.0 -5.9 7.5 3.7 -7.6 

4-methoxybenzoic acid-3-O-glucuronide 4.6 3.0 2.8 2.1 -0.7 4.2 1.8 3.6 

2-methoxybenzoic acid 2.5 3.1 4.2 2.7 5.6 -0.5 -11.6 -10.0 

3,5-dihydroxybenzoic acid 4.5 3.8 3.6 2.1 1.4 -9.4 -5.0 2.7 

4-hydroxy-3,5-dimethoxybenzoic acid 2.7 3.6 4.7 0.8 6.5 0.2 -16.6 -0.6 

3-methoxybenzoic acid 7.9 8.1 12.4 3.0 5.5 5.0 -8.7 -0.4 

3,4-dihydroxybenzoic acid methyl ester 4.2 2.6 5.7 2.3 -4.7 7.6 9.4 3.6 

3,5-dihydroxybenzoic acid methyl ester 5.5 3.1 7.7 4.4 -7.3 5.3 14.0 7.8 

3-hydroxybenzoic acid methyl ester 6.5 6.5 7.6 2.4 2.1 10.7 0.8 -1.9 

4-hydroxy-3-methoxybenzoic acid methyl ester 7.5 5.3 5.1 4.7 -1.9 2.6 8.1 1.3 

4-hydroxybenzoic acid methyl ester    6.8 5.0 6.4 2.1 -0.3 6.8 4.7 -1.1 

3,5-dihydroxybenzyl alcohol 13.9 12.6 8.8 7.4 -2.0 14.1 10.2 -3.1 

4-hydroxybenzyl alcohol 19.5 12.9 6.4 2.1 2.7 9.4 5.9 -2.8 

3,5-dimethoxybenzyl alcohol 8.6 2.8 6.3 1.1 3.1 4.8 -3.0 0.2 

trans-cinnamic acid 21.3 10.5 2.4 1.9 9.9 0.6 7.5 0.4 

2-hydroxycinnamic acid 13.8 8.9 6.5 2.5 -3.9 5.6 -2.8 0.6 

3-hydroxy-4-methoxycinnamic acid 7.0 2.2 6.6 3.5 -2.5 -0.2 -2.6 2.6 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 8.7 8.7 12.1 10.8 -1.2 -1.0 1.0 -6.6 

4-hydroxycinnamic acid 6.3 4.0 4.4 2.8 -2.3 4.7 7.2 -1.7 

trans-3-hydroxycinnamic acid 11.1 7.4 4.2 1.3 0.6 2.4 -0.8 0.1 

3-methoxycinnamic acid 6.8 4.8 3.9 5.3 -8.2 5.6 11.8 2.0 

3,4-dihydroxycinnamic acid 7.6 5.7 3.2 3.2 2.1 -0.2 6.7 0.1 

myricetin 8.0 4.4 5.9 5.3 -77.3 0.4 29.2 16.2 
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Table 2.2 (continued) 

 Precision (CV%)  Accuracy (%RE) 

 Intra-run (n=5) Intra-run (n=5) 

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

kaempferol 55.2 28.4 21.4 19.2 18.1 -4.2 -15.2 4.4 

n-benzoylglutamic acid 10.9 7.0 3.6 1.6 8.3 -5.3 0.0 -3.2 

alpha-hydroxyhippuric acid 16.8 10.9 3.7 2.5 12.3 20.6 5.8 -3.4 

4-hydroxyhippuric acid 7.2 3.7 3.7 2.9 1.2 -1.2 -12.3 1.7 

4-methylhippuric acid 4.9 5.6 2.7 1.9 13.1 4.7 -4.4 -1.9 

3-methylhippuric acid 9.9 7.7 3.1 2.4 -4.3 2.9 -4.4 -2.4 

3-hydroxyhippuric acid 8.4 9.8 3.5 2.5 6.0 3.8 1.2 -2.8 

methyl hippurate 4.7 4.2 2.7 1.6 7.9 -0.8 -16.5 2.4 

3-hydroxy-4-methoxyphenylacetic acid 4.6 3.2 4.5 2.6 -6.3 4.2 6.9 -2.8 

2,3,4-trimethoxyphenylacetic acid 5.8 3.8 3.1 5.8 -4.0 3.3 4.6 1.5 

3,4-dimethoxyphenylacetic acid 9.7 10.8 10.6 1.5 2.3 6.3 12.3 -2.4 

4-hydroxy-3-methoxyphenylacetic acid 9.7 11.7 3.5 1.8 -40.6 -6.2 3.9 -1.4 

3-methoxyphenylacetic acid 10.1 9.6 7.3 3.6 4.2 7.7 8.9 1.1 

3-hydroxyphenylacetic acid 12.1 3.0 5.5 3.4 1.5 -12.4 -5.3 -5.9 

4-hydroxy-3,5-dimethoxyphenylacetic acid 3.2 3.2 4.8 2.1 5.0 0.8 -11.9 -1.1 

4-hydroxyphenylacetic acid 10.7 11.6 7.1 2.6 5.5 -22.6 -14.1 -8.6 

4-methoxyphenylacetic acid 5.1 2.9 6.2 7.6 -4.1 7.2 1.2 11.1 

3-(3-methoxyphenyl)propanoic acid 4.9 4.9 2.0 2.7 -4.4 4.8 8.3 0.2 

3-(4-hydroxy-3-methoxyphenyl)propanoic acid 9.2 8.6 5.3 2.3 1.9 0.8 -4.2 -2.4 

3-(3,4,5-trimethoxyphenyl)propanoic acid 8.2 4.5 6.3 3.2 -3.3 3.8 8.0 0.2 

3-(3,4-dihydroxyphenyl)propanoic acid 44.6 21.6 11.3 3.2 30.9 11.3 -7.6 -3.3 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 12.8 13.2 5.3 2.7 -6.1 7.6 -2.9 -1.1 

3-(3-hydroxyphenyl)propanoic acid 20.3 8.6 2.9 2.5 3.7 0.5 -1.1 -0.7 

3-(4-hydroxyphenyl)propanoic acid 7.4 8.2 4.4 2.7 -1.3 -8.1 3.8 -0.6 

3-phenylpropanoic acid 24.6 37.4 5.9 12.7 -5.8 6.4 14.0 -2.4 

rosmarinic acid 17.3 5.8 4.4 3.9 -11.5 -4.1 5.4 -1.6 
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Table 2.2 (continued) 

 Precision (CV%)  Accuracy (%RE) 

 Intra-run (n=5) Intra-run (n=5) 

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

resveratrol 23.9 16.2 3.6 2.6 -4.2 8.9 7.6 -9.6 

peonidin-3-O-galactoside 4.4 5.4 2.1 2.5 5.4 5.2 -3.1 -2.7 

malvidin-3-O-galactoside 2.7 2.5 5.0 2.8 1.1 0.3 -10.7 0.1 

3,4,5-trimethoxybenzaldehyde 3.9 4.9 4.6 1.0 3.3 4.5 -4.7 0.4 

3-hydroxy-4-methoxybenzaldehyde 4.6 5.2 6.5 3.0 -0.7 8.4 5.1 -1.3 

1,3-dihydroxybenzene 23.2 6.9 3.2 1.0 -1.5 -18.3 -3.0 0.5 

benzoic acid N/A 23.6 46.2 34.6 N/A -462.3 52.3 23.9 

2,6-dihydroxybenzoic acid 9.5 17.3 4.3 4.7 8.0 -2.5 -0.1 -3.9 

4-methoxybenzoic acid-3-sulfate 4.5 3.2 2.0 1.4 -9.1 5.4 6.3 9.5 

4-hydroxybenzoic acid 4.5 6.5 2.2 3.5 1.6 -7.6 -13.1 1.4 

3,4-dimethoxybenzoic acid methyl ester 2.0 2.6 5.6 3.2 -0.7 -0.9 1.2 -2.3 

3,4-dimethoxybenzyl alcohol 3.3 4.2 4.0 0.7 -4.5 3.1 10.3 2.7 

3-caffeoylquinic acid 8.5 7.4 6.0 1.4 -0.4 12.0 6.8 0.0 

trans-4-hydroxy-3-methoxycinnamic acid 6.9 6.7 6.0 7.7 -0.7 11.0 -4.4 5.8 

4-methoxycinnamic acid 23.3 5.2 8.4 2.4 -14.6 -7.3 4.3 2.2 

myricetin 3-O-galactoside 11.6 23.4 5.8 3.4 -52.1 -5.7 23.0 -3.8 

hippuric acid 4.3 6.6 3.5 1.5 -3.3 -5.6 1.5 -0.8 

phenylacetic acid 6.5 1.9 8.4 3.7 -1.3 4.1 4.8 3.2 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 56.5 22.0 5.1 10.1 14.3 13.4 0.2 1.2 

3-methoxyphenylacetic acid-4-sulfate 4.5 2.5 6.0 1.6 1.1 4.4 6.6 4.9 

3-(4-methoxyphenyl)propanoic acid-3-sulfate 2.4 4.4 3.4 2.7 -3.7 6.2 4.6 -0.1 

LLOQ: lower limit of quantification; LQC: low quality control concentration; MQC: middle quality control 

concentration; HQC: high quality control concentration; CV: coefficient of variation; RE: relative error. Acceptability: 

±16% of %CV at LQC, MQC, and HQC, and ±21% of %CV at LLOQ (precision); ±16% of nominal concentrations 

at LQC, MQC, and HQC, and ±21% of nominal concentrations at LLOQ (accuracy; FDA, 2018; EMA, 2011). 
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Inter-run precision. The mean inter-run (79 analytes; Table 2.3) method precision was 

12.0±14.2% at all tested concentrations. Sixty-nine analytes displayed satisfactory inter-run 

precision at MQC (averaging 8.2% inter-run precision); seventy-six at HQC (averaging 5.9% inter-

run precision); fifty-nine at LQC (averaging 8.1% inter-run precision); and 64 at LLOQ (averaging 

9.9% inter-run precision).  

Two analytes showed low inter-run precision across concentrations (kaempferol and 2,4-

dimethoxybenzoic acid). Ten analytes showed low inter-run precision at MQC (averaging 32.7% 

inter-run precision); three analytes at HQC (averaging 19.8% inter-run precision); 20 analytes at 

LQC (averaging 33.3% inter-run precision), and 15 analytes at LLOQ (averaging 40.7 inter-run 

precision). 
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Table 2. 3 Precision and Accuracy inter-run variation for blueberry-derived (poly)phenols in serum at LLOQ, LQC, MQC, 

and HQC via UPLC-ESI-MS/MS 

 Precision (CV%) Accuracy (%RE) 

 Inter-run (n= 11)  Inter-run (n= 11) 

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

cyanidin-3-O-galactoside 7.5 8.1 19.2 5.3 -0.3 -2.8 13.4 3.6 

petunidin-3-O-glucoside 6.8 10.2 13.1 5.4 9.6 -3.8 -18.4 8.8 

delphinidin-3-O-glucoside 7.2 11.2 19.1 5.3 -1.3 9.4 8.1 1.5 

2,4-dihydroxybenzaldehyde 10.1 6.4 8.9 8.0 5.5 -4.6 -3.8 -0.5 

3,4,5-trihydroxybenzaldehyde 16.2 10.9 6.1 6.0 7.2 7.9 -0.5 0.8 

3,4-dihydroxybenzaldehyde 12.4 5.9 9.8 14.7 8.0 0.8 -5.5 -0.2 

3,5-dihydroxybenzaldehyde 20.8 35.0 7.8 5.2 -2.4 8.6 -5.3 -6.0 

3-hydroxybenzaldehyde 6.6 7.6 7.3 5.0 6.0 -2.7 -3.0 -4.7 

4-hydroxybenzaldehyde 6.5 7.2 8.0 5.4 2.9 -1.7 -2.4 -5.8 

2-hydroxy-4-methoxybenzaldehyde 8.9 10.3 9.6 7.1 5.7 -0.9 -5.5 0.5 

3,4-dimethoxybenzaldehyde 5.3 2.3 5.9 3.0 4.0 0.4 -7.6 -0.6 

3,5-dimethoxybenzaldehyde 9.2 5.2 6.1 2.6 -0.2 6.6 -1.2 0.2 

4-hydroxy-2-methoxybenzaldehyde 8.3 3.3 4.7 2.3 3.7 0.3 -8.1 0.9 

1,2-dihydroxybenzene   7.9 6.3 9.8 5.4 -0.9 0.8 -0.1 2.4 

2-hydroxy-1,3-dimethoxybenzene 31.3 25.4 13.0 5.9 1.9 13.0 -0.3 -1.4 

1,2-dihydroxy-4-methylbenzene 5.4 25.0 6.4 6.5 8.6 12.7 4.2 0.0 

3,4,5-trihydroxybenzoic acid     5.3 7.8 6.5 2.5 0.4 9.8 -1.7 2.0 

2,6-dimethoxybenzoic acid 11.9 15.1 8.3 6.6 9.8 -0.6 -3.3 0.9 

2,4-dimethoxybenzoic acid 36.2 66.0 46.9 22.6 -19.5 -50.4 -2.0 5.5 

3,5-dimethoxybenzoic acid 32.7 20.1 20.0 6.1 -31.7 3.5 10.4 5.0 

2,4-dihydroxybenzoic acid 17.8 9.0 6.1 7.7 -5.4 2.9 0.0 -0.4 

2,5-dihydroxybenzoic acid 8.9 11.6 8.1 5.4 1.9 4.6 -2.2 0.6 

2-hydroxy-4-methoxybenzoic acid 5.4 6.7 11.5 3.9 0.3 1.2 2.1 5.0 

2-hydroxy-6-methoxybenzoic acid 17.2 19.5 12.7 7.7 3.3 0.3 -8.9 -7.7 

2-hydroxybenzoic acid 8.7 9.4 9.5 6.0 4.4 4.4 -1.3 -0.7 

3,4-dihydroxybenzoic acid 10.7 9.6 10.5 4.7 -0.1 -3.0 -3.8 -5.8 
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Table 2.3. (continued) 

 Precision (CV%) Accuracy (%RE) 

 Inter-run (n= 11) Inter-run (n= 11)  

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

3-hydroxy-4-methoxybenzoic acid  44.6 33.1 18.1 7.8 10.9 15.3 -2.7 0.6 

3-hydroxybenzoic acid 19.7 21.4 6.3 3.5 7.1 -6.1 -5.9 -4.8 

3-methoxybenzoic acid-4-O-glucuronide 4.4 5.1 7.2 2.4 1.8 0.4 -7.6 3.6 

4-hydroxy-3-methoxybenzoic acid  16.1 15.4 11.2 12.5 -0.8 9.6 2.7 -0.6 

4-methoxybenzoic acid-3-O-glucuronide 8.6 13.3 10.8 3.0 -0.2 -3.9 -5.5 3.8 

2-methoxybenzoic acid 3.0 4.1 8.5 3.0 3.1 -2.7 -4.0 -7.4 

3,5-dihydroxybenzoic acid 13.2 11.7 5.7 4.4 -5.2 -5.5 -8.9 -0.9 

4-hydroxy-3,5-dimethoxybenzoic acid 4.4 2.9 6.4 2.7 3.5 -0.8 -10.5 0.0 

3-methoxybenzoic acid 6.9 5.6 8.6 2.5 1.2 3.6 -5.9 0.5 

3,4-dihydroxybenzoic acid methyl ester 8.0 13.1 16.3 4.9 -1.7 -3.2 7.3 1.3 

3,5-dihydroxybenzoic acid methyl ester 14.8 18.0 25.1 8.7 0.3 -11.9 3.1 2.5 

3-hydroxybenzoic acid methyl ester 8.6 8.1 7.6 4.8 1.8 5.0 0.3 -1.0 

4-hydroxy-3-methoxybenzoic acid methyl ester 14.8 7.3 10.0 7.2 4.7 6.0 10.2 3.2 

4-hydroxybenzoic acid methyl ester    5.7 6.2 7.5 5.1 -0.9 3.0 2.4 -0.4 

3,5-dihydroxybenzyl alcohol 20.4 14.1 11.1 5.5 6.3 4.2 3.0 -1.4 

4-hydroxybenzyl alcohol 17.4 10.0 6.0 6.6 -5.1 8.5 7.4 2.0 

3,5-dimethoxybenzyl alcohol 7.0 5.0 4.7 2.7 -0.1 1.3 -1.1 1.5 

trans-cinnamic acid 22.1 17.8 3.3 3.6 13.1 8.4 6.5 1.0 

2-hydroxycinnamic acid 11.5 8.4 8.5 4.7 -3.2 2.6 0.0 0.5 

3-hydroxy-4-methoxycinnamic acid 6.3 3.1 10.3 4.8 -4.9 -1.1 4.5 3.4 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 8.1 22.5 13.8 10.4 3.5 14.4 10.8 0.0 

4-hydroxycinnamic acid 6.0 5.1 7.1 7.0 -3.5 1.3 6.7 3.4 

trans-3-hydroxycinnamic acid 9.9 7.7 7.0 4.8 2.2 -1.3 -2.8 0.7 

3-methoxycinnamic acid 7.5 6.3 9.0 5.6 -8.1 5.5 6.8 2.9 

3,4-dihydroxycinnamic acid 10.8 26.0 4.1 5.5 5.8 8.5 5.8 0.5 

myricetin 66.2 11.9 33.3 19.4 -14.4 -4.5 -6.6 -1.3 
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Table 2.3. (continued) 

 Precision (CV%) Accuracy (%RE) 

 Inter-run (n= 11) Inter-run (n= 11) 

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

kaempferol 51.7 32.9 26.2 17.4 -0.6 -4.5 -8.9 6.3 

n-benzoylglutamic acid 8.2 6.0 5.7 2.8 5.5 -3.0 -1.4 -4.4 

alpha-hydroxyhippuric acid 12.4 11.8 3.5 7.3 6.5 12.8 5.8 0.6 

4-hydroxyhippuric acid 6.1 4.7 5.6 3.9 2.0 -2.5 -11.1 0.9 

4-methylhippuric acid 19.7 11.0 9.6 5.2 9.0 1.8 -10.4 -0.7 

3-methylhippuric acid 12.6 9.9 5.6 5.5 -2.6 0.7 -5.3 0.0 

3-hydroxyhippuric acid 15.2 8.4 9.5 4.4 8.4 0.7 -4.1 -5.4 

methyl hippurate 4.3 4.2 4.8 1.9 5.1 -2.3 -11.7 1.2 

3-hydroxy-4-methoxyphenylacetic acid 7.3 4.7 9.9 6.2 -0.8 2.3 -0.2 -0.3 

2,3,4-trimethoxyphenylacetic acid 5.1 7.4 7.7 8.2 -2.7 -2.2 3.4 1.0 

3,4-dimethoxyphenylacetic acid 15.2 20.4 11.2 6.2 -4.7 12.6 7.1 -0.2 

4-hydroxy-3-methoxyphenylacetic acid 101.1 150.7 102.5 15.5 -231.6 -148.3 -138.3 -0.7 

3-methoxyphenylacetic acid 10.7 9.4 8.9 5.2 0.3 5.1 7.1 1.4 

3-hydroxyphenylacetic acid 10.1 6.4 8.4 7.2 -4.0 -6.4 1.3 -0.5 

4-hydroxy-3,5-dimethoxyphenylacetic acid 6.4 2.9 7.7 2.5 0.0 -0.2 -4.6 -0.5 

4-hydroxyphenylacetic acid 26.5 23.3 10.0 6.2 5.4 -4.7 -5.3 -2.7 

4-methoxyphenylacetic acid 4.5 4.1 5.6 8.5 -2.6 6.7 1.0 4.5 

3-(3-methoxyphenyl)propanoic acid 6.8 6.7 10.9 5.1 -1.1 3.7 3.6 1.3 

3-(4-hydroxy-3-methoxyphenyl)propanoic acid 9.0 6.6 8.0 4.9 5.9 -0.7 -8.0 -0.4 

3-(3,4,5-trimethoxyphenyl)propanoic acid 9.1 4.0 12.8 5.6 1.2 2.4 -0.4 1.7 

3-(3,4-dihydroxyphenyl)propanoic acid 38.2 38.4 10.7 6.1 19.1 2.9 -2.3 -0.6 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 10.7 10.0 8.9 5.0 -4.0 3.2 -2.2 0.2 

3-(3-hydroxyphenyl)propanoic acid 56.0 25.9 4.5 7.2 -19.9 -8.1 -1.6 0.3 

3-(4-hydroxyphenyl)propanoic acid 30.9 15.7 5.8 7.5 -6.1 -4.6 3.4 0.7 

3-phenylpropanoic acid 27.7 28.0 9.7 11.6 -0.1 3.4 6.7 -1.1 
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Table 2.3. (continued) 

 Precision (CV%) Accuracy (%RE) 

 Inter-run (n= 11) Inter-run (n= 11) 

Analyte LLOQ LQC MQC HQC LLOQ LQC MQC HQC 

rosmarinic acid 23.7 15.6 4.7 6.2 -22.5 2.0 6.1 1.3 

resveratrol 21.1 16.2 7.5 11.2 -13.6 -1.5 12.9 0.9 

 LLOQ: lower limit of quantification; LQC: low quality control concentration; MQC: middle quality control concentration; HQC: 

high quality control concentration; CV: coefficient of variation; RE: relative error. Acceptability: ±16% of %CV at LQC, MQC, and 

HQC, and ±21% of %CV at LLOQ (precision); ±16% of nominal concentrations at LQC, MQC, and HQC, and ±21% of nominal 

concentrations at LLOQ (accuracy; FDA, 2018; EMA, 2011). 
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2.4.6 Accuracy 

Intra-run accuracy. The mean intra-run method accuracy (99 analytes; Table 2.2) was -

0.4±25.1%. Satisfactory intra-run accuracy was exhibited by 83.8% of compounds across 

concentrations. Ninety-two analytes presented satisfactory intra-run accuracy at MQC (averaging 

0.4% intra-run variance); 97 at HQC (averaging 0.3% intra-run accuracy); 94 at LQC (averaging 

2.3% intra-run accuracy), and 92 analytes at LLOQ (averaging 1.5% intra-run accuracy).  

Low intra-run accuracy (>16 or <-16% of the nominal concentration at LQC, MQC, and 

HQC and >21 or <-21% of the nominal concentration at LLOQ) was exhibited by 12.1% of 

analytes at different concentrations while 1 analyte showed low intra-run accuracy across 

concentrations (benzoic acid, -462.3-52.3%). Seven analytes presented low intra-run accuracy at 

MQC (averaging 18.1% intra-run accuracy); 2 analytes at HQC (averaging 20.0% intra-run 

accuracy); 5 analytes at LQC (averaging -92.7% intra-run accuracy), and 6 analytes at LLOQ 

(averaging -32.9% intra-run accuracy).  

Inter-run accuracy. The mean inter-run accuracy (79 analytes; Table 2.3) was 1.4±18.5%. 

Satisfactory inter-run accuracy occurred with 93.7% of analytes across concentrations. Seventy-

seven analytes presented satisfactory inter-run accuracy at MQC (averaging 0.4%); all 79 analytes 

presented satisfactory inter-run accuracy at HQC (averaging 0.3%); 77 analytes at LQC (averaging 

1.9% inter-run accuracy); and 76 analytes at LLOQ (averaging 1.0% inter-run accuracy). 

Low inter-run accuracy occurred with 6.3% of analytes across concentrations. Two 

analytes presented unsatisfactory inter-run accuracy at MQC (averaging 78.4%); 2 analytes at LQC 

(averaging -99.3% inter-run accuracy), and 3 analytes at LLOQ (averaging -95.3% inter-run 

accuracy).  
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2.5 Discussion 

Previous LC-MS validation studies of blueberry interventions were relatively limited to the 

number of analytes they could capture as a result of the analytical system utilized; and evaluated 

assays reflecting anywhere from 13 to 67 analytes (Curtis et al., 2019; De Ferrars, Czank, Saha, et 

al., 2014; Feliciano et al., 2016; Gasperotti et al., 2014; Kasote et al., 2019). The advancement of 

triple-quadrupole MS, including significantly increased cycle time and ability for polarity 

switching has led to the expansion of quantitative methodological capabilities. For example, in the 

present study, we aimed to validate a broad-spectrum quantitative UPLC-ESI-MS/MS method for 

the analysis of 99 previously reported blueberry-derived analytes (8 precursors and 91 metabolites) 

in matrix-matched standard curves (human serum) (Curtis et al., 2022; De Ferrars, Czank, Zhang, 

et al., 2014; Nieman et al., 2020; Phenol-Explorer, 2016; USDA, 2018) which the SCIEX 6500+ 

has allowed due to improved cycle time and sensitivity.  

A variety of recognized guidelines on performing method validation in analytical 

biochemistry exist, such as: the U.S. Food and Drug Administration (FDA) guideline for industry 

bioanalytical method validation (Food and Drug Administration, 2018), European Medicines 

Agency (EMA) guideline on bioanalytical method validation (European Medicines Agency, 

2011), EURACHEM guideline on the fitness for purpose of analytical methods (Magnusson & 

Örnemark, 2014), Association of Official Agricultural Chemists (AOAC) guidelines for single-

laboratory validation of chemical methods for dietary supplements and botanicals (AOAC, 2002), 

and International Union of Pure and Applied Chemistry (IUPAC) guidelines for single-laboratory 

validation of methods of analysis (Thompson et al., 2002). The EURACHEM guideline 

(Magnusson & Örnemark, 2014), AOAC guideline (2002), and IUPAC guideline (Thompson et 

al., 2002) are focused on single-laboratory method validation, which consists of performing 
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validation and internal quality control of a quantitative method within a laboratory, while the FDA 

(2018) and EMA (2011) guidelines also provide recommendation for cross-laboratory validation 

(Figure 2.1). There is a significant amount of similarity across these guidelines, while the FDA 

and EMA guidelines differ from the other guidelines as they are more applicable to the clinical 

field of toxicology, drug, and drug metabolite characterization and quantitation. Although no 

guidelines provide specific recommendations for validation of broad-spectrum quantitative 

metabolomic methods for phytochemical metabolites in biospecimens, the present validation 

assays were based on the U.S. Food and Drug Administration guideline for industry bioanalytical 

method validation (Food and Drug Administration, 2018) and the European Medicines Agency 

guideline on bioanalytical methods validation (European Medicines Agency, 2011) and included 

analysis of linearity, sensitivity, carryover effect, system suitability, precision, and accuracy, 

which are essential parameters for ensuring the reproducibility of an assay, including quality of 

quantitative measurements in nutrition research. As the present assay utilizes quantitation based 

on scheduled MRM methodology, reference standard curves run for each 96-well plate, and 

internal standard adjusted concentrations, performance between assays is less critical, however 

batch effects should be explored during analysis of large study sets.   

The present work focused on the analysis of both analytes and their metabolites in 

biological samples and therefore the FDA and EMA guidelines were chosen as model documents 

for consideration as we felt they were closer to the analyses experienced in nutrition intervention 

studies of dietary phytochemicals. We applied a wider acceptability criteria (±1% FDA and EMA 

guidelines) of precision and accuracy which was more suited to our broad-spectrum metabolomics 

approach, which is less sensitive than more targeted analysis methods having fewer analytes. 

Increasing the present assay performance would likely require splitting the assay into multiple 
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smaller targeted assays based on analyte structure, particularly small molecule microbial phenolic 

acid metabolites vs polyphenols. Small molecule phenolics retain better on PFP stationary phases 

while C18 provide ideal resolution of larger polyphenolic structures. While the present study 

aimed to analyze a broad spectrum of analytes in a single run, this constrains assay performance. 

With all assay development, a tradeoff is always made between the number of analytes captured 

and assay performance.    

In broad-spectrum quantitative methodologies capturing large numbers of diverse analytes, 

particularly small molecules which are also present in the background matrix, as presented herein 

(reflecting 14 subclasses of phenolics/polyphenolics), there is bound to be a variable performance 

across analytes. In the present analysis, matrix-matched calibration curves were prepared in serum 

and analyzed for linearity, and 87% of analytes had linearity >0.997 while 13% of analytes had 

linearity <0.96 (0.831-0.994). Compounds with suboptimal linearity (<0.99) where the absolute 

quantitative value returned may be brought into question include: cyanidin-3-O-galactoside, 

kaempferol, n-benzoylglutamic acid, benzoic acid, phenylacetic acid, and 3-methoxyphenylacetic 

acid-4-sulfate. It is important to note that the reference standard curves utilized in the present study 

have extensive ranges which are often required to capture the large variability of analytes reported 

in nutrition interventions studies of (poly)phenols. For example, the analysis range was as low as 

0.001 µM to generally 5-10 uM, while most target analytes reported in nutrition intervention 

studies are below 0.5 µM and show a maximum difference between treatment and controls between 

70-200 nM (Curtis et al., 2019; deFerrars et al., 2014; Huang et al., 2021). Therefore, absolute 

quantitative differences are likely to remain highly accurate despite any issues associated with 

linearity across the utilized concentration ranges (11-point curve reflecting 0.001-10 µM range). 

In comparison, a more targeted assay where validation was assessed for 17 anthocyanin 
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metabolites in serum reported acceptable linearity from 0.0013 µM to 20 µM (De Ferrars, Czank, 

Saha, et al., 2014), which shows the higher sensitivity of more targeted assays.  

The regression curve range for berry-derived (poly)phenols in nutrition intervention studies 

usually varies from 0.001 uM to 10 µM, and the maximum concentration of individual analytes in 

serum- or plasma (reported using matched matrix calibration curves) usually averages 24.6 nM 

(ranging 0.37 to 230 nM) for polyphenols, 144.5 nM (ranging 1.1 to 1250 nM) for phenolic acids 

(except for hippuric acids), and 3.6 uM (ranging 44.4 to 5460 nM) for hippuric acids (Curtis et al., 

2019; Huang et al., 2021; Kay et al., 2005; Kay et al., 2004; Rodriguez-Mateos et al., 2014; 

Rodriguez-Mateos et al., 2016), which is within the linear range we utilized in the present study. 

Although the range of concentrations of analytes reported in nutrition studies feeding berries is 

extensive, for example, 0.025-50 µM (i.e., LLOQ to HQC as reported in this study), the average 

concentration of these analytes is generally low, reflecting concentrations around the LLOQ and 

LQC for the present assay. This suggests that reproducible linearity should fall at the lower end of 

the regression curve for consistent assay performance for these types of nutrition intervention 

studies. However, it should be noted that due to high interference from analytes already present in 

the background biological matrix (i.e., baseline noise), limits of detection (LOD) tend to be higher, 

and matrix interaction/effect analysis is recommended when developing assays of this nature. 

No carryover or system suitability issues were observed for the distinction of analytes 

relative to the background control samples (European Medicines Agency, 2011; Food and Drug 

Administration, 2018, 2020). This indicates that the sample data is reliable without interferences 

across samples or concentrations as a result of instrument parameters, which is especially critical 

when quantifying a broad concentration range and a variety of compound subclasses.  
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Analysis of the precision of an analytical method reflects the variation of the calculated 

concentration across sample replicates (i.e., acceptability criteria in this study: ±21%CV at LLOQ 

and ±16%CV at LQC, MQC, and HQC) while the accuracy of an analytical method reflects the 

difference between the calculated and theoretical concentrations (i.e., acceptability criteria in this 

study: ±21% at LLOQ and ±16% at LQC, MQC, and HQC). The results of both intra-run precision 

and accuracy described in this study represent the analysis of five regression curves in sequence, 

without any pause (other than for QC and zero calibrators), and using the same laboratory and 

equipment, while the results of the inter-run assay represent the analysis of eleven regression 

curves with the same system, but with instrument shut-down/stops and variable down-time 

between the run of reference standard curves, reflecting a laboratory analyzing an assay across 

multiple weeks or projects.  

The precision results indicated that the LC-MS analysis is precise for 97 out of 99 analytes 

for the intra-run assay at MQC (0.25-5 µM). Similarly, 69 out of 79 were precise for the inter-run 

assay at MQC. Findings from studies of a lesser number of analytes have reported precision below 

13% for all 23 (poly)phenol microbial metabolites analyzed across 8 subclasses (benzenediols, 

hydroxybenzoic acids, hydroxycinnamic acids, coumarins, hippuric acid, hydroxyphenylacetic 

acids, 3-(hydroxyphenyl)propanoic acids, and hydroxyphenylpropionic acids) (Gasperotti et al., 

2014), below 12% for all 13 anthocyanidins and anthocyanins analyzed at three concentrations in 

plasma (Kasote et al., 2019), and 1.4-8.2% for all 17 phenolics and 4 anthocyanins analyzed in 

plasma (deFerrars et al., 2014). These results indicate the reduced variance observed in studies 

evaluating assays with less than a third of the number of analytes in the present study. Broad-

spectrum quantitative MS assays are generally going to be less sensitive for some analytes in 

comparison to more targeted assays simply due to differences in analyte chemical properties, 
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which results in a greater differential in matrix interactions, MS ionization efficiencies, and 

chromatography stationary phase binding. Consequently, during method development and 

optimization, a more general approach is required to capture the greatest number of analytes. 

Ultimately, under a given set of conditions, some analytes perform better than others, and at some 

point, further optimization of any particular analyte comes at the expense of another. This will 

always be the limitation of broad-spectrum quantitative MS assays. 

Precision performance was established as the variation of the calculated concentration of 

each analyte across sample replicates within five curves (intra-run assay) and eleven curves (inter-

run assay), thus it expresses the repeatability across sample analyses for the same project (intra-

run assay) or across projects (inter-run assay). Precision was suboptimal (>21 or <-21%CV at 

LLOQ and >16 or <-16%CV at LQC, MQC, and HQC) at the lower concentrations (LQC) for 

25.3% of compounds (reflecting concentrations between 0.05-1 µM), mostly for compounds 

within the hydroxybenzoic acid subclass, which likely reflects the background matrix effects as 

the majority of (poly)phenol metabolites are not unique and are present in background biological 

matrices, which in the present study was the matrix where analytes were spiked into (i.e., serum). 

Therefore, as the signal to noise is generally high for these analytes, their assay performance is 

likely to be more variable at the lower end of the standard curves compared to middle and high 

concentrations (MQC and HQC), as observed herein. For this reason, absolute quantitative 

differences in metabolite concentrations between samples in nutrition intervention studies at an 

assay’s lowest concentration should be interpreted with caution; however, relative quantitative 

differences are likely to be more accurate if the calibration curve is highly linear, as observed in 

the present study. Although performance such as reproducibility at assay lower limits of 

quantitation in nutrition intervention studies of (poly)phenols is likely less critical than in drug or 
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toxicology research, it should be considered when describing statistically significant differences 

between samples at low absolute concentrations.  

Accuracy was established as the difference between the calculated and theoretical 

concentrations of analytes across five curves (intra-run assay) and eleven curves (inter-run assay), 

thus it represents the assertiveness of the preparation of samples within a quantitative analysis. The 

accuracy results observed in the present study are in line with previously reported accuracies for 

studies having fewer analytes. For example, we identified satisfactory accuracy for 93.7% of 

analytes inter-run, and 83.8% of analytes intra-run across concentrations; while others have 

reported accuracy of ±16% for 82.6% (19 out of 23) of (poly)phenol microbial metabolites in 

plasma (Gasperotti et al., 2014), and 94.2-111.2% for 13 anthocyanidins and anthocyanins (Kasote 

et al., 2019). Broad-spectrum quantitative assays capturing high numbers of analytes, as reported 

in the present study, are generally going to have a broader assay performance than highly targeted 

assays which can be more finely tuned with respect to the chromatography and spectrometry 

parameters relative to each analyte’s chemical characteristics. 

When low accuracy (>21 or <-21% at LLOQ and >16 or <-16% at LQC, MQC, and HQC) 

for a given analyte is reported herein, it refers to less confidence in the absolute concentration of 

that analyte across runs, compared to analytes that present accuracy within the acceptable range, 

which likely reflects the presence of that analyte in the background matrix, which appears to have 

the greatest impact on assay performance at LLOQ. Low accuracy was observed at MQC for only 

9.1% of compounds (MQC reflecting concentrations between 1-2.5 µM). The poorest accuracy in 

the present study was observed for the analyte benzoic acid, having accuracy as low as -462.3% 

and high as 52.3%. These results reflect high background noise from the biological matrix in this 

mass range, limited PFP stationary phase retention due to lack of a phenol group, and less effective 
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ionization under ESI conditions. In comparison, a previously reported targeted LC-MS validation 

study of 23 (poly)phenol microbial metabolites observed accuracy as a relative error of 0% at 

LQC, -4% at MQC, and -7% at HQC for 4-hydroxybenzoic acid in plasma (Gasperotti et al., 2014). 

Based on this observation, the present method is not as precise or accurate for the analyte benzoic 

acid as it is for some hydroxybenzoic acids.  

Reduced accuracies observed at low concentrations (i.e., falling below reported LLOQ), 

may be critical for studies requiring ultra-trace concentration performance, such as required for 

monitoring food contaminants, drugs, or toxins, will require more targeted assays than presented 

herein. However, for nutrition intervention studies involving phytochemical metabolites, which 

are ubiquitous, apparently safe, and often reflect endogenous metabolites, the present methodology 

appears suitable across the concentration ranges reported in the literature and within the linear 

ranges of the reference standard curves utilized. For example, nutrition intervention studies have 

reported concentrations of hydroxybenzoic acids ranging from 0.4-1.2 uM after consumption of 

blueberry products (drinks or baked in buns) and 0.4-1.3 uM after consumption of blueberries 

(Rodriguez-Mateos et al., 2014; Rodriguez-Mateos et al., 2016), which would reflect 

concentrations across the LLOQ to HQC reported in the present study (0.25-5 µM and 0.5-50 µM, 

respectively).  

Both precision and accuracy are important for the reliability of quantitative data, and under 

situations such as single batch projects (i.e., a single one-off analysis), accuracy is mostly desired 

for confidence of the absolute concentration relative to the standard curve used for quantitation. In 

light of that, our results demonstrate that this method has optimal accuracy and precision (±21% 

at LLOQ and ±16% at LQC, MQC, and HQC) for 94% of analytes at HQC, 83% at MQC, 77% at 

LLOQ, and 71% at LQC within and across projects/runs. Despite some suboptimal precision and 
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accuracy results as per our acceptability criteria, the present advanced scheduled MRM 

(ADsMRM) analysis afforded by the SCIEX 6500+ MS/MS QTRAP is robust, possibly as it 

applies some advanced features for compound identification and quantification, including rapid 

cycle time, individualized analyte time windows to account for retention time drift, and the use of 

MS/MS transition specific dwell time weighting. 

Limitations of the present assay performance review generally reflect the broad-spectrum 

nature of the analysis over more targeted techniques. A broad-spectrum assay is advantageous for 

the analysis of large numbers of compounds at once in the same sample, fulfilling the needs of 

quantitative metabolomics. Besides yielding reliable quantitative performance and generating 

multiple measurements per analyte, its utility is in its ability to capture the impact of dietary change 

on the metabolome (Sands et al., 2021; Sawada et al., 2008; Zhou & Yin, 2016). However, assay 

performance broadens with the diversity of subclass and number of chemical analytes detected and 

thus results in suboptimal recovery for some analytes at low concentrations. Because the 

instrumentation parameters are optimized for capturing the greatest number of analytes, this is 

often to the detriment of other analytes which perform poorly under those conditions (Cajka & 

Fiehn, 2016). Improving assay performance would require the use of labeled reference standards, 

possibly improvements to sample preparation (cleanup), and advancement of stationary phases 

specific to the analytes explored. 

 In conclusion, the present study is the first to validate this number of blueberry-derived 

(poly)phenols and metabolites in a biological matrix, to the best of our knowledge. Despite the 

challenge of achieving suitable chromatographic separation, MS/MS fragmentation, and 

ionization, the validation results demonstrate that this method is valid for the analysis of the 

contribution of blueberries to the human metabolome; both as establishing absolute concentration 
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and relative differences in concentration between participant samples (for example, comparisons 

between the baseline/control/placebo and intervention samples) within the concentration ranges 

generally reported in the literature. 
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2.7 Supplementary material 

Supplementary Table 2. 1 Reference Standard list and number of qualitative MS transitions utilized 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

cyanidin-3-O-galactoside 27661-36-5 1 + 
YTMNONATNXDQJF-

QSLGVYCOSA-N  
449.1084 

petunidin-3-O-glucoside 6988-81-4 1 + 
HBKZHMZCXXQMOX-

YATQZQGFSA-N 
479.1190 

delphinidin-3-O-glucoside 6906-38-3 1 + 
ZJWIIMLSNZOCBP-

BTTVDUMLSA-N 
465.1033 

2,4-dihydroxybenzaldehyde 95-01-2 4 - 
IUNJCFABHJZSKB-

UHFFFAOYSA-N 
138.0317 

3,4,5-trihydroxybenzaldehyde 13677-79-7 3 - 
RGZHEOWNTDJLAQ-

UHFFFAOYSA-N 
154.0266 

3,4-dihydroxybenzaldehyde 139-85-5 3 - 
IBGBGRVKPALMCQ-

UHFFFAOYSA-N 
138.0317 

3,5-dihydroxybenzaldehyde 26153-38-8 2 - 
HAQLHRYUDBKTJG-

UHFFFAOYSA-N 
138.0317 

3-hydroxybenzaldehyde 100-83-4 3 - 
IAVREABSGIHHMO-

UHFFFAOYSA-N 
122.0368 

4-hydroxybenzaldehyde 123-08-0 3 - 
RGHHSNMVTDWUBI-

UHFFFAOYSA-N 
122.0368 

2-hydroxy-4-methoxybenzaldehyde 673-22-3 3 - 
WZUODJNEIXSNEU-

UHFFFAOYSA-N 
152.0473 

3,4-dimethoxybenzaldehyde 120-14-9 5 + 
WJUFSDZVCOTFON-

UHFFFAOYSA-N 
166.0630 

3,5-dimethoxybenzaldehyde 7311-34-4 3 + 
VFZRZRDOXPRTSC-

UHFFFAOYSA-N 
166.0630 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

4-hydroxy-2-methoxybenzaldehyde 18278-34-7 3 + 
WBIZZNFQJPOKDK-

UHFFFAOYSA-N 
152.0473 

1,2-dihydroxybenzene   120-80-9 3 - 
YCIMNLLNPGFGHC-

UHFFFAOYSA-N 
110.0368 

2-hydroxy-1,3-dimethoxybenzene 91-10-1 2 - 
KLIDCXVFHGNTTM-

UHFFFAOYSA-N 
154.0630 

1,2-dihydroxy-4-methylbenzene 452-86-8 3 + 
ZBCATMYQYDCTIZ-

UHFFFAOYSA-N 
124.0524 

3,4,5-trihydroxybenzoic acid     
149-91-7 3 - 

LNTHITQWFMADLM-

UHFFFAOYSA-N 
170.0215 

2,6-dimethoxybenzoic acid 1466-76-8 3 - 
MBIZFBDREVRUHY-

UHFFFAOYSA-N 
182.0579 

2,4-dimethoxybenzoic acid 91-52-1 1 - 
GPVDHNVGGIAOQT-

UHFFFAOYSA-N 
182.0579 

3,5-dimethoxybenzoic acid 1132-21-4 3 - 
IWPZKOJSYQZABD-

UHFFFAOYSA-N 
182.0579 

2,4-dihydroxybenzoic acid 89-86-1 3 - 
UIAFKZKHHVMJGS-

UHFFFAOYSA-N 
154.0266 

2,5-dihydroxybenzoic acid 490-79-9 3 - 
WXTMDXOMEHJXQO-

UHFFFAOYSA-N 
154.0266 

2-hydroxy-4-methoxybenzoic acid 2237-36-7 3 - 
MRIXVKKOHPQOFK-

UHFFFAOYSA-N 
168.0423 

2-hydroxy-6-methoxybenzoic acid 3147-64-6 2 - 
AAUQLHHARJUJEH-

UHFFFAOYSA-N   
168.0423 

2-hydroxybenzoic acid 69-72-7 3 - 
YGSDEFSMJLZEOE-

UHFFFAOYSA-N 
138.0317 

3,4-dihydroxybenzoic acid 99-50-3 3 - 
YQUVCSBJEUQKSH-

UHFFFAOYSA-N 
154.0266 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

3-hydroxy-4-methoxybenzoic acid  645-08-9 3 - 
LBKFGYZQBSGRHY-

UHFFFAOYSA-N 
168.0423 

3-hydroxybenzoic acid 99-06-9 3 - 
IJFXRHURBJZNAO-

UHFFFAOYSA-N 
138.0317 

3-methoxybenzoic acid-4-O-glucuronide synthetic 3 - 
MBNPZIKKKDDLLL-

QGZCQISNSA-N 
342.0951 

4-hydroxy-3-methoxybenzoic acid  121-34-6 5 - 
WKOLLVMJNQIZCI-

UHFFFAOYSA-N 
168.0423 

4-methoxybenzoic acid-3-O-glucuronide synthetic 3 - 
HATMKBLUSXVYDS-

JLERCCTOSA-N 
344.0743 

2-methoxybenzoic acid 579-75-9 4 + 
ILUJQPXNXACGAN-

UHFFFAOYSA-N 
152.0473 

3,5-dihydroxybenzoic acid 99-10-5 3 + 
UYEMGAFJOZZIFP-

UHFFFAOYSA-N 
154.0266 

4-hydroxy-3,5-dimethoxybenzoic acid 530-57-4 3 + 
WBIZZNFQJPOKDK-

UHFFFAOYSA-N 
198.0528 

3-methoxybenzoic acid 586-38-9 4 + 
XHQZJYCNDZAGLW-

UHFFFAOYSA-N 
152.0473 

3,4-dihydroxybenzoic acid methyl ester 2150-43-8 4 - 
CUFLZUDASVUNOE-

UHFFFAOYSA-N 
168.0423 

3,5-dihydroxybenzoic acid methyl ester 2150-44-9 4 - 
RNVFYQUEEMZKLR-

UHFFFAOYSA-N  
168.0423 

3-hydroxybenzoic acid methyl ester 19438-10-9 3 - 
YKUCHDXIBAQWSF-

UHFFFAOYSA-N 
152.0473 

4-hydroxy-3-methoxybenzoic acid methyl ester 3943-74-6 4 - 
BVWTXUYLKBHMOX-

UHFFFAOYSA-N 
182.0579 

4-hydroxybenzoic acid methyl ester    
99-76-3 3 - 

LXCFILQKKLGQFO-

UHFFFAOYSA-N 
152.0473 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

3,5-dihydroxybenzyl alcohol 
29654-55-5 4 - 

 NGYYFWGABVVEPL-

UHFFFAOYSA-N 
140.0473 

4-hydroxybenzyl alcohol 
623-05-2 2 - 

BVJSUAQZOZWCKN-

UHFFFAOYSA-N 
124.0524 

3,5-dimethoxybenzyl alcohol 705-76-0 4 + 
AUDBREYGQOXIFT-

UHFFFAOYSA-N 
168.0786 

trans-cinnamic acid 140-10-3 1 - 
WBYWAXJHAXSJNI-

VOTSOKGWSA-N 
148.0524 

2-hydroxycinnamic acid 614-60-8 3 - 
PMOWTIHVNWZYFI-

AATRIKPKSA-N 
164.0473 

3-hydroxy-4-methoxycinnamic acid 537-73-5 3 - 
QURCVMIEKCOAJU-

HWKANZROSA-N 
194.0579 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 530-59-6 2 - 
PCMORTLOPMLEFB-

ONEGZZNKSA-N 
224.0685 

4-hydroxycinnamic acid 7400-08-0 3 - 
NGSWKAQJJWESNS-

ZZXKWVIFSA-N 
164.0473 

trans-3-hydroxycinnamic acid 14755-02-3 3 - 
KKSDGJDHHZEWEP-

SNAWJCMRSA-N 
164.0473 

3-methoxycinnamic acid 6099-04-3 3 - 
LZPNXAULYJPXEH-

AATRIKPKSA-N 
178.0630 

3,4-dihydroxycinnamic acid 331-39-5 3 - 
QAIPRVGONGVQAS-

DUXPYHPUSA-N 
180.0423 

myricetin 529-44-2 4 - 
IKMDFBPHZNJCSN-

UHFFFAOYSA-N 
318.0376 

kaempferol 520-18-3 5 - 
IYRMWMYZSQPJKC-

UHFFFAOYSA-N 
286.0477 

n-benzoylglutamic acid 6094-36-6 4 - 
LPJXPACOXRZCCP-

VIFPVBQESA-N 
251.0794 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

alpha-hydroxyhippuric acid 
16555-77-4 4 - 

GCWCVCCEIQXUQU-

UHFFFAOYSA-N 
195.0532 

4-hydroxyhippuric acid 2482-25-9 3 - 
ZMHLUFWWWPBTIU-

UHFFFAOYSA-N 
195.0532 

4-methylhippuric acid 27115-50-0 5 - 
NRSCPTLHWVWLLH-

UHFFFAOYSA-N 
193.0739 

3-methylhippuric acid 27115-49-7 3 - 
YKAKNMHEIJUKEX-

UHFFFAOYSA-N 
193.0739 

3-hydroxyhippuric acid 1637-75-8 4 - 
XDOFWFNMYJRHEW-

UHFFFAOYSA-N 
195.0532 

methyl hippurate 1205-08-9 5 + 
XTKVNQKOTKPCKM-

UHFFFAOYSA-N 
193.0739 

3-hydroxy-4-methoxyphenylacetic acid 1131-94-8 2 - 
BWXLCOBSWMQCGP-

UHFFFAOYSA-N 
182.0579 

2,3,4-trimethoxyphenylacetic acid 22480-91-7 4 - 
ZMWCKCLDAQWIDA-

UHFFFAOYSA-N   
226.0841 

3,4-dimethoxyphenylacetic acid 93-40-3 4 - 
WUAXWQRULBZETB-

UHFFFAOYSA-N 
196.0736 

4-hydroxy-3-methoxyphenylacetic acid 306-08-1 1 - 
QRMZSPFSDQBLIX-

UHFFFAOYSA-N 
182.0579 

3-methoxyphenylacetic acid 1798-09-0 2 - 
LEGPZHPSIPPYIO-

UHFFFAOYSA-N 
166.0630 

3-hydroxyphenylacetic acid 621-37-4 3 - 
FVMDYYGIDFPZAX-

UHFFFAOYSA-N 
152.0473 

4-hydroxy-3,5-dimethoxyphenylacetic acid 4385-56-2 5 + 
BQBQKSSTFGCRQL-

UHFFFAOYSA-N   
212.0685 

4-hydroxyphenylacetic acid 156-38-7 2 + 
XQXPVVBIMDBYFF-

UHFFFAOYSA-N 
152.0473 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

4-methoxyphenylacetic acid 104-01-8 3 + 
NRPFNQUDKRYCNX-

UHFFFAOYSA-N 
166.0630 

3-(3-methoxyphenyl)propanoic acid 10516-71-9 4 - 
BJJQJLOZWBZEGA-

UHFFFAOYSA-N 
180.0786 

3-(4-hydroxy-3-methoxyphenyl)propanoic acid 1135-23-5 5 - 
BOLQJTPHPSDZHR-

UHFFFAOYSA-N 
196.0736 

3-(3,4,5-trimethoxyphenyl)propanoic acid 25173-72-2 6 - 
ZCYXGVJUZBKJAI-

UHFFFAOYSA-N  
240.0998 

3-(3,4-dihydroxyphenyl)propanoic acid 1078-61-1 3 - 
DZAUWHJDUNRCTF-

UHFFFAOYSA-N 
182.0579 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 1135-15-5 3 - 
ZVIJTQFTLXXGJA-

UHFFFAOYSA-N 
196.0736 

3-(3-hydroxyphenyl)propanoic acid 621-54-5 2 - 
QVWAEZJXDYOKEH-

UHFFFAOYSA-N   
166.0630 

3-(4-hydroxyphenyl)propanoic acid 501-97-3 3 - 
NMHMNPHRMNGLLB-

UHFFFAOYSA-N 
166.0630 

3-phenylpropanoic acid 501-52-0 1 - 
XMIIGOLPHOKFCH-

UHFFFAOYSA-N 
150.0681 

rosmarinic acid 20283-92-5 3 - 
DOUMFZQKYFQNTF-

WUTVXBCWSA-N 
360.0845 

resveratrol 501-36-0 5 - 
LUKBXSAWLPMMSZ-

OWOJBTEDSA-N 
228.0786 

peonidin-3-O-galactoside 28148-89-2 1 + 
VDTNZDSOEFSAIZ-

HVOKISQTSA-N 
463.1240 

malvidin-3-O-galactoside 30113-37-2 1 + 
YDIKCZBMBPOGFT-

IEQOHONMSA-N 
493.1346 

3,4,5-trimethoxybenzaldehyde 86-81-7 4 + 
OPHQOIGEOHXOGX-

UHFFFAOYSA-N 
196.0736 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

3-hydroxy-4-methoxybenzaldehyde 621-59-0 3 - 
JVTZFYYHCGSXJV-

UHFFFAOYSA-N 
152.0473 

1,3-dihydroxybenzene     108-46-3 3 - 
GHMLBKRAJCXXBS-

UHFFFAOYSA-N 
110.0368 

benzoic acid 65-85-0 1 - 
WPYMKLBDIGXBTP-

UHFFFAOYSA-N 
122.0368 

2,6-dihydroxybenzoic acid 303-07-1 4 - 
AKEUNCKRJATALU-

UHFFFAOYSA-N 
154.0266 

4-methoxybenzoic acid-3-sulfate synthetic 3 - N/A 247.9991 

4-hydroxybenzoic acid 99-96-7 2 - 
FJKROLUGYXJWQN-

UHFFFAOYSA-N 
138.0317 

3,4-dimethoxybenzoic acid methyl ester 2150-38-1 3 + 
BIGQPYZPEWAPBG-

UHFFFAOYSA-N 
196.0736 

3,4-dimethoxybenzyl alcohol 93-03-8 3 - 
OEGPRYNGFWGMMV-

UHFFFAOYSA-N 
168.0786 

3-caffeoylquinic acid 327-97-9 
5 

- 
CWVRJTMFETXNAD-

JUHZACGLSA-N 354.0951 

trans-4-hydroxy-3-methoxycinnamic acid 537-98-4 3 - 
KSEBMYQBYZTDHS-

HWKANZROSA-N 
194.0579 

4-methoxycinnamic acid 830-09-1 4 - 
AFDXODALSZRGIH-

UHFFFAOYSA-N 
178.0630 

myricetin 3-O-galactoside 15648-86-9 1 - 
FOHXFLPXBUAOJM-

OPAWWROQSA-N 
480.0904 

hippuric acid 495-69-2 3 - 
QIAFMBKCNZACKA-

UHFFFAOYSA-N 
179.0582 

phenylacetic acid 103-82-2 1 - 
WLJVXDMOQOGPHL-

UHFFFAOYSA-N 
136.0524 
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Supplementary Table 2.1 (continued) 

Analyte CAS Transitions Mode InChI Key 
Monoisotopic 

Mass 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 1198-84-1 3 - 
YHXHKYRQLYQUIH-

UHFFFAOYSA-N 
168.0423 

3-methoxyphenylacetic acid-4-sulfate 38339-06-9 
5 

- 
IACOAKYXFIWAQN-

UHFFFAOYSA-N 

262.0147 

3-(4-methoxyphenyl)propanoic acid-3-sulfate synthetic 3 - N/A 319.9943 
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Supplementary Table 2. 2 Optimized ADsMRM conditions for (poly)phenolic analysis by UPLC-ESI-MS/MS in serum 

Analyte 

ADsMRM 

transition 

(m/z) 

Window 

(Sec) Threshold 

Dwell 

Wt. 

Declustering 

potential (V) 

Entrance 

potential (V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

cyanidin-3-O-galactoside 287.2 417 18500 1 26 10 38 6 

petunidin-3-O-glucoside 317.2 604 1000 1 13 10 27 6 

delphinidin-3-O-glucoside 303 480 4100 1 29 10 26 6 

2,4-dihydroxybenzaldehyde 92.9 191 31000 1 -36 -6 -23 -10 

3,4,5-trihydroxybenzaldehyde 108.95 150 74000 1 -33 -10 -11 -15 

3,4-dihydroxybenzaldehyde 107.9 190 800 1 -50 -10 -30 -20 

3,5-dihydroxybenzaldehyde 95 230 800 1 -63 -10 -20 -13 

3-hydroxybenzaldehyde 92.2 124 1200 1 -60 -10 -27 -6 

4-hydroxybenzaldehyde 92.1 165 3300 1 -15 -10 -32 -7 

2-hydroxy-4-methoxybenzaldehyde 107.9 210 500 10 -30 -10 -24 -47 

3,4-dimethoxybenzaldehyde 139 180 68000 1 60 12 14 21 

3,5-dimethoxybenzaldehyde 139.2 195 24000 1 60 10 20 31 

4-hydroxy-2-methoxybenzaldehyde 77.1 119 4000 1 30 10 27 16 

1,2-dihydroxybenzene   80.8 133 1000 1 -58 -10 -20 -13 

2-hydroxy-1,3-dimethoxybenzene 137.9 134 300 10 -20 -10 -14 -15 

1,2-dihydroxy-4-methylbenzene 77.3 124 4000 1 22 10 34 6 

3,4,5-trihydroxybenzoic acid     125.1 114 2600 1 -25 -10 -27 -11 

2,6-dimethoxybenzoic acid 107 111 800 1 -50 -10 -15 -13 

2,4-dimethoxybenzoic acid 136.8 100 95000 10 -10 -10 -10 -13 

3,5-dimethoxybenzoic acid 136.9 210 210000 1 -25 -10 -16 -15 

2,4-dihydroxybenzoic acid 109.15 180 105000 1 -45 -7 -15 -17 

2,5-dihydroxybenzoic acid 108.801 108 11000 1 -100 -10 -25 -20 

2-hydroxy-4-methoxybenzoic acid 108.1 165 450 1 -10 -10 -27 -7 

2-hydroxy-6-methoxybenzoic acid 123 194 14500 1 -50 -10 -20 -20 

2-hydroxybenzoic acid 93 171 30000 1 -25 -10 -23 -6 

3,4-dihydroxybenzoic acid 109.05 150 120000 1 -29 -11 -16 -6 
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Supplementary Table 2.2 (continued) 

Analyte 

ADsMRM 

transition 

(m/z) 

Window 

(Sec) Threshold 

Dwell 

Wt. 

Declustering 

potential (V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

3-hydroxy-4-methoxybenzoic acid  122.9 120 14000 1 -43 -8 -19 -6 

3-hydroxybenzoic acid 92.9 150 26000 1 -10 -10 -10 -15 

3-methoxybenzoic acid-4-O-glucuronide 167.2 180 1000 1 -45 -10 -25 -13 

4-hydroxy-3-methoxybenzoic acid  122.9 148 12000 10 -35 -10 -13 -11 

4-methoxybenzoic acid-3-O-glucuronide 113.1 180 2500 1 -45 -10 -22 -13 

2-methoxybenzoic acid 135 177 52000 1 50 10 25 20 

3,5-dihydroxybenzoic acid 108.9 160 120000 1 -30 -10 -15 -10 

4-hydroxy-3,5-dimethoxybenzoic acid 140 194 24500 1 35 10 17 16 

3-methoxybenzoic acid 109 140 21000 1 28 10 22 6 

3,4-dihydroxybenzoic acid methyl ester 108 150 700 1 -20 -10 -30 -23 

3,5-dihydroxybenzoic acid methyl ester 107.8 150 350 1 -30 -10 -20 -6 

3-hydroxybenzoic acid methyl ester 135.9 133 2700 1 -42 -10 -18 -12 

4-hydroxy-3-methoxybenzoic acid methyl ester 106.9 163 1000 10 -15 -6 -30 -13 

4-hydroxybenzoic acid methyl ester    92 180 2400 1 -43 -10 -25 -15 

3,5-dihydroxybenzyl alcohol 97 125 500 1 -34 -10 -20 -13 

4-hydroxybenzyl alcohol 104.9 90 450 10 -20 -10 -14 -11 

3,5-dimethoxybenzyl alcohol 151 222 27000 1 60 10 20 31 

trans-cinnamic acid 77 168 1000 10 -15 -10 -28 -9 

2-hydroxycinnamic acid 119 152 11000 1 -30 -10 -27 -20 

3-hydroxy-4-methoxycinnamic acid 177.9 150 1000 10 -25 -10 -16 -26 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 193 136 200 1 -25 -10 -30 -11 

4-hydroxycinnamic acid 118.9 180 18000 1 -30 -10 -23 -6 

trans-3-hydroxycinnamic acid 119.2 136 3200 1 -38 -3 -30 -5 

3-methoxycinnamic acid 102.9 120 10000 1 -10 -10 -18 -13 

3,4-dihydroxycinnamic acid 135 180 140000 1 -30 -12 -16 -15 
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Supplementary Table 2.2 (continued) 

Analyte 

ADsMRM 

transition 

(m/z) 

Window 

(Sec) Threshold 

Dwell 

Wt. 

Declustering 

potential (V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

myricetin 151 120 1000 10 -41 -10 -37 -13 

kaempferol 184.9 180 10000 10 -100 -10 -42 -23 

n-benzoylglutamic acid 206 150 3000 1 -23 -7 -19 -21 

alpha-hydroxyhippuric acid 73 146 350 1 -10 -10 -10 -11 

4-hydroxyhippuric acid 100.2 117 800 1 -30 -10 -20 -15 

4-methylhippuric acid 148 195 135000 1 -20 -10 -16 -13 

3-methylhippuric acid 148.1 160 52000 1 -15 -10 -20 -15 

3-hydroxyhippuric acid 150 120 2000 1 -30 -10 -18 -19 

methyl hippurate 162 149 1400 1 37 10 11 2 

3-hydroxy-4-methoxyphenylacetic acid 122 150 1000 10 -17 -10 -18 -19 

2,3,4-trimethoxyphenylacetic acid 165.9 145 200 10 -23 -10 -11 -20 

3,4-dimethoxyphenylacetic acid 121 150 300 1 -35 -10 -40 -13 

4-hydroxy-3-methoxyphenylacetic acid 137 120 20000 1 -23 -10 -10 -21 

3-methoxyphenylacetic acid 106.1 150 500 10 -22 -10 -28 -6 

3-hydroxyphenylacetic acid 107 120 25000 1 -12 -10 -10 -9 

4-hydroxy-3,5-dimethoxyphenylacetic acid 167 176 11500 1 36 10 18 6 

4-hydroxyphenylacetic acid 107.9 86 2500 10 31 10 13 6 

4-methoxyphenylacetic acid 121 161 38000 10 36 10 20 6 

3-(3-methoxyphenyl)propanoic acid 119.9 152 300 1 -20 -10 -18 -13 

3-(4-hydroxy-3-methoxyphenyl)propanoic acid 135.9 97 350 1 -45 -10 -22 -17 

3-(3,4,5-trimethoxyphenyl)propanoic acid 178.9 172 2300 1 -55 -10 -30 -19 

3-(3,4-dihydroxyphenyl)propanoic acid 137.111 171 145000 1 -5 -10 -13 -7 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 136.1 104 300 1 -25 -10 -18 -9 

3-(3-hydroxyphenyl)propanoic acid 120.7 152 44000 1 -40 -10 -20 -20 

3-(4-hydroxyphenyl)propanoic acid 121 146 55000 1 -60 -10 -17 -13 
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Supplementary Table 2.2 (continued) 

Analyte 

ADsMRM 

transition 

(m/z) 

Window 

(Sec) Threshold 

Dwell 

Wt. 

Declustering 

potential (V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

3-phenylpropanoic acid 105 120 11000 10 -20 -10 -14 -11 

rosmarinic acid 161.1 149 1400 1 -30 -4 -25 -5 

resveratrol 143 110 500 1 -100 -10 -34 -15 

peonidin-3-O-galactoside 301 539 250 1 12 10 42 6 

malvidin-3-O-galactoside 331.7 450 800 1 19 3 25 22 

3,4,5-trimethoxybenzaldehyde 169.2 243 7000 1 70 10 25 14 

3-hydroxy-4-methoxybenzaldehyde 92 160 700 10 -45 -10 -32 -6 

1,3-dihydroxybenzene     65 280 21000 1 -35 -10 -16 -7 

benzoic acid 77 120 13000 10 -32 -7 -19 -10 

2,6-dihydroxybenzoic acid 109.1 330 140000 1 -30 -10 -17 -12 

4-methoxybenzoic acid-3-sulfate 167 190 2000 1 -45 -10 -21 -13 

4-hydroxybenzoic acid 92.9 115 40000 1 -10 -10 -18 -10 

3,4-dimethoxybenzoic acid methyl ester 165.1 89 2000 1 15 10 15 13 

3,4-dimethoxybenzyl alcohol 152 380 500 1 -36 -10 -20 -20 

3-caffeoylquinic acid 191 312 8000 1 -25 -10 -24 -19 

trans-4-hydroxy-3-methoxycinnamic acid 178.1 217 700 1 -35 -10 -18 -13 

4-methoxycinnamic acid 132.9 400 30700 10 -5 -10 -16 -15 

myricetin 3-O-galactoside 317 210 1000 1 -10 -10 -30 -45 

hippuric acid 133.9 208 11000 1 -44 -10 -15 -13 

phenylacetic acid 91 250 25000 1 -30 -10 -12 -11 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 123 91 7500 10 -20 -10 -14 -11 

3-methoxyphenylacetic acid-4-sulfate 180.9 230 12000 1 -65 -10 -22 -19 

3-(4-methoxyphenyl)propanoic acid-3-sulfate 195 260 1000 1 -55 -10 -25 -13 

ADsMRM: advanced scheduled multiple reaction monitoring; m/z: mass-to-charge ratio; V: volts. 
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CHAPTER 3: FREEZE-THAW STABILITY OF BLUEBERRY-DERIVED 

(POLY)PHENOLS IN AN EXTRACTED BIOLOGICAL MATRIX2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
2 This chapter will be submitted as a manuscript for publication with Atul S. Rathore, PhD, Preeti 

Chandra, PhD, Jessica L. Everhart, BSc, Harry Schulz, BSc, Colin D Kay, PhD. 
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3.1 Abstract 

Comprehensive small molecule quantitative metabolomics workflows are gaining use in nutrition 

intervention studies. Since clinical samples may undergo freeze-thaw cycles during shipment or 

under re-run analysis, this study was developed to inform clinical nutrition researchers about the 

freeze-thaw stability of 99 blueberry-derived compounds in post-extracted biological tissue across 

low, middle, and high quality control concentrations (LQC, MQC and HQC, respectively), over 

four freeze-thaw cycles. At the middle concentrations (the most physiologically relevant 

concentrations explored) 4.1% of compounds showed statistically significant reductions (p<0.001) 

from baseline (freshly prepared samples) over the first freeze-thaw cycle, with the greatest number 

of significantly degraded compounds observed at the highest concentrations (10.1% of analytes at 

first freeze-thaw cycle). For middle concentration analytes, the number of unstable compounds 

increased by 27% between the first and the second freeze-thaw cycles, with 86.7% of analytes 

showing significant reductions over 4 freeze thaw cycles compared to baseline. The degree of 

methoxylation and hydroxylation of the analytes were not correlated with apparent instability. 

Factors impacting compound concentrations are likely to include evaporation, precipitation, 

binding, and reactivity of hydroxylated structures, which requires further investigation. Future 

studies should consider multiple controls per cycle to account for these potential confounders. This 

study demonstrates that a post-extracted biological matrix containing a comprehensive number of 

(poly)phenol compounds of varying structural complexity can be frozen and thawed up to one 

time, with minimal impact on their analytical response (e.g., concentration). This indicates 

reanalysis of a post-extracted biological matrix after a freeze thaw cycle is a viable option where 

unexpected issues with instrument performance requires secondary analysis, saving valuable 

materials and clinical samples. 



   

128 

 

Keywords: (poly)phenols, tissue matrix, freeze-thaw stability, clinical nutrition researchers  

3.2 Introduction 

Increasing interest in the health benefits of blueberry (poly)phenols has driven numerous nutrition, 

metabolomics and pharmaceutical studies looking at these compounds in biological samples 

(Kwon, Vijayagopal, Juma, Stote, Corkum, Sweeney, et al., 2019; Du, Smith, & Avalos, 2019; 

Whyte, Cheng, Fromentin, & Williams, 2018; Rebello, Burton, Heiman, & Greenway, 2015). 

Biological specimens should be stored at -80 ◦C until analysis and unnecessary freeze-thaw cycling 

should be avoided to reduce compound degradation (Ulaszewska, Weinert, Trimigno, Portmann, 

Andres Lacueva, Badertscher, et al., 2019). However, clinical nutrition researchers may need to 

reanalyze samples for a variety of reasons, such as confirmation of results or unexpected 

instrument performance issues, and it may not be possible to re-source or re-extract samples. 

Consequently, freeze-thaw cycling of post-extracted biological samples would be required. 

In the clinical nutrition field, samples are usually analyzed right after extraction of 

compounds, as opposed to freezing, thawing (freeze-thaw cycling), and analyzing the same 

samples multiple times. Evaluating the stability of (poly)phenolic compounds in biological 

matrices is necessary to establish if quantitative accuracy of an analyte is maintained across freeze-

thaw cycling and informs researchers when secondary analysis is possible. For this purpose, the 

U.S. Food and Drug Administration (FDA) guideline for industry bioanalytical methods validation 

(Food and Drug Administration, 2018) provides guidance on performance of freeze-thaw stability 

assays, which verify if there is any reduction in analyte response (e.g., concentration) and variance 

during the shipment, storage and reanalysis of banked biological samples.  

The present study evaluated the freeze-thaw stability of 99 blueberry-derived 

(poly)phenols across 14 subclasses in a post-extracted biological matrix (rodent brain tissue) 
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spiked at three concentrations (low, middle and high quality control concentrations) based on the 

U.S. Food and Drug Administration (FDA) guideline for industry bioanalytical methods validation 

(Food and Drug Administration, 2018). Although the present study reflects the solid phase 

extraction (SPE) of solid tissue, SPE extracted liquid matrices, including serum/plasma and urine, 

should perform comparably.  

Nutrition intervention studies analyzing berry-derived (poly)phenols usually report 

average polyphenol concentrations around 24.6 nM, and phenolic acids average 144.5 nM, while 

hippuric acids can average levels as high as 3600 nM (Huang, Xiao, Zhang, Sandhu, Chandra, 

Kay, et al., 2021; Curtis, Van der Velpen, Berends, Jennings, Feelisch, Umpleby, et al., 2019; 

Rodriguez-Mateos, Feliciano, Cifuentes-Gomez, & Spencer, 2016; Rodriguez-Mateos, Del Pino-

Garcia, George, Vidal-Diez, Heiss, & Spencer, 2014; Kay, Mazza, & Holub, 2005; Kay, Mazza, 

Holub, & Wang, 2004). Therefore, the present study considered the physiological relevance of 

(poly)phenol concentrations at these average concentrations as the middle concentration (MQC). 

We also explored concentrations near the top- and bottom-most points of the linear range in the 

reference standard curve (reflecting the lowest, LQC and highest, HQC concentrations).  

To date, the maximum number of (poly)phenols which freeze-thaw stability has been 

analyzed in the same biological sample for anthocyanins and anthocyanidins in plasma and urine 

is 13 analytes; according to the awareness of the authors (Kasote, Duncan, Neacsu, & Russell, 

2019). This is the first study to inform clinical nutrition researchers about the stability of a 

comprehensive number of (poly)phenolic compounds and subclasses in a post-extracted biological 

matrix across multiple freeze-thaw cycles. This study will inform decisions about how many 

freeze-thaw cycles a sample can undergo before loss of quantitative accuracy is observed. The 

authors initially hypothesized that most compounds would be stable for three freeze-thaw cycles 
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based on previous studies analyzing freeze-thaw effect on a limited numbers of (poly)phenols and 

metabolites (Magiera, Baranowska, & Kusa, 2012; Samanidou & Nazyropoulou, 2015; 

Woodward, Kroon, Cassidy, & Kay, 2009). 

3.3 Materials and methods 

3.3.1 Chemicals and materials 

The freeze-thaw stability of blueberry-derived (poly)phenolic compounds was performed in solid-

phase extracted rodent brain tissue (IACUC protocol # H-2017-61) and stored at -80°C for eleven 

months before use. The reference standards used for this analysis are listed in Supplementary Table 

3.1. Reference standards were sourced from Acros Organics by Thermo Fisher Scientific 

(Waltham, MA, US), Alfa Aesar by Thermo Fisher Scientific (Tewksbury, MA, US), Ark Pharm 

(Libertyville, IL, US), Biovision (San Francisco, CA, US), Chem-Impex (Wood Dale, IL, US), 

Chromadex (Irvine, CA, US), Extrasynthese SA (Z.I Lyon Nord, France), Fisher Scientific 

(Waltham, MA, US), Matrix Scientific (Columbia, SC, US), TCI America (Portland, Oregon, US), 

Oxchem (Wood Dale, IL, US), PhytoLab GmbH & Co. KG (Vestenbergsgreuth, Germany), 

Polyphenols AS (Sandnes, Norway), Sigma (St. Louis, MO, US), and Toronto Research Chemicals 

(Toronto, Canada). Synthetic standards were donated by the University of East Anglia (East 

Anglia, United Kingdom) and produced in a project sponsored by the Biotechnology and 

Biological Sciences Research Council (BBSRC, project BB/I0066028/1). This study also used 

HPLC-MS grade water, methanol and formic acid (Fisher Chemical, Fair Lawn, NJ, US), HPLC-

MS grade acetonitrile (Honeywell International Inc., Muskegon, MI, US), and dimethyl sulfoxide 

(DMSO, EMD Millipore Corporation, Billerica, MA, US). Materials for 96-well StrataX 33µm 

polymeric reversed phase 60mg/well solid-phase extraction (SPE), Kinetex pentafluorophenol 

(PFP) UPLC column (1.7 µm particle size, 100 mm length, 2.1 mm internal diameter and 100 Å 
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pore size, and SecurityGuardTM ULTRA cartridge (PFP, 4.0x2.0 mm) were sourced from 

Phenomenex (Torrance, CA, USA).   

3.3.2 UPLC-ESI-MS/MS conditions 

Blueberry-derived (poly)phenols were analyzed using ExionLCTM AD Ultra-Performance Liquid 

Chromatography coupled with Q-TRAP 6500+ Mass Spectrometer (UPLC-MS/MS) (SCIEX, 

Framingham, MA, USA). Samples were injected onto a Kinetex PFP UPLC column with a 

SecurityGuardTM ULTRA cartridge at an injection volume of 4 µL for a total run time of 37 min 

at oven temperature of 37℃. The electrospray ionization (ESI) Turbo Spray source operated at 

550℃ (curtain gas: 35 psi, nebulizer gas: 70 psi, heater gas: 70 psi, and ionization voltage: ±4000 

V). Mobile phase A (0.1% v/v formic acid in water) and mobile phase B (0.1% v/v formic acid in 

acetonitrile) were pumped at a binary gradient from 2% to 90% B with flow rate ranging from 0.50 

mL/min to 0.75 mL/min over 37 min. Analyte detection used advanced scheduled multiple‐

reaction monitoring (ADsMRM) methodology in both positive and negative modes in Analyst® 

(software version 1.6.3, SCIEX, Framingham, MA, USA), and quantitation was established using 

MultiQuantTM software (version 3.0.2, SCIEX, Framingham, MA, USA). Phlorizin was used as 

the internal standard for processing positive mode reference standards, whereas L-tyrosine-

13C9,
15N was used for processing negative mode reference standards.  

3.3.3 Tissue extraction 

Rodent brain tissue (as kindly provided by Dr. Barbara Shukitt-Hale, Tufts University, MA) was 

extracted via solid-phase extraction and used as blank for preparation of low, middle and high 

quality control samples for stability analyses. Before solid-phase extraction, each rodent brain 

tissue was washed with 0.1% v/v formic acid in acidified saline, transferred to a tube where 750 

µL of acidified saline were added then homogenized under probe sonication. The homogenate was 
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vortexed with 750 µL of 0.1% v/v formic acid in methanol, sonicated in bath sonicator and 

centrifuged at 1900 rpm for 10 min. Further, the supernatant was transferred to another tube and 

extracted via solid-phase extraction. Briefly, each well of the 96-well StrataX 33µm polymeric 

reversed phase 60mg/well SPE plate was preconditioned with 1200 µL of 1% v/v formic acid in 

methanol and 1200 µL of 1% v/v formic acid in water, loaded with 100 µL of 1% v/v formic acid 

in water then loaded with 1322 µL of extracted supernatant. The plate was washed with 1500 µL 

of 1% v/v formic acid in water and 1500 µL of 0.1% v/v formic acid in water then drained under 

vacuum. Samples were eluted into a collection plate using 1500 µL of 0.1% v/v formic acid in 

methanol under vacuum. Post-extracted samples were spiked with a mixture of reference standards 

corresponding to the quality control concentrations evaluated, then analyzed via UPLC-ESI-

MS/MS. 

3.3.4 Internal Standards and Quality control (QC) samples 

Low (0.005-1 µM; LQC), middle (0.25-5 µM; MQC) and high (0.5-50 µM; HQC) quality control 

concentrations of all the analytical standards were spiked in the post-extracted matrix. QC internal 

standards (10 µM of resveratrol-13C6, 2 µM of L-tyrosine-13C9,
15N and 10 µM of phlorizin) were 

spiked into the freeze-thaw samples directly prior to the UPLC-ESI-MS/MS analysis to ensure that 

their stability would not be compromised by freeze-thaw cycle. Internal standard stability was 

evaluated as the percent of coefficient of variation of each internal standard across freeze-thaw 

samples. Similarly, UPLC-ESI-MS/MS quality control samples, which capture system stability 

and consisted of internal standards in 0.1% v/v formic acid in methanol, were analyzed before and 

during each freeze-thaw cycle analysis. The QC concentrations were based on previous blueberry 

UPLC-ESI-MS/MS method linearity assessment performed by the authors (D.C. Nieman, Kay, 

Rathore, Grace, Strauch, Stephan, et al., 2018). 
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3.3.5 Freeze-thaw stability design 

The UPLC-ESI-MS/MS method applied in this study was validated for freeze-thaw stability of 

blueberry-derived (poly)phenolic compounds in biological tissue according to the guideline for 

industry bioanalytical methods validation by the U.S. Food and Drug Administration (Food and 

Drug Administration, 2018). Freeze-thaw stability assay analyzed the peak area ratio of reference 

standards (i.e., ratio between the peak area of the reference standard and the peak area of the 

internal standard) at low, middle and high QCs that were analyzed in triplicate. This study design 

consisted of four freeze cycles at -80℃ separated by one week or greater over two-month period, 

followed by 40-min thaw on ice, and 5-min incubation at room temperature prior to going into the 

autosampler which was maintained at 4°C (Figure 3.1). The samples were prepared and aliquoted 

into pooled baseline samples, which were analyzed before freezing, and into aliquots for each 

cycle, which were thawed for analysis. Subsequent to each thawing cycle, a group of samples was 

analyzed via UPLC-ESI-MS/MS, and the other samples were returned to -80℃. Peak area ratio 

differences from baseline were related to the theoretical concentration of each analyte to establish 

the relative concentration difference for a given compound across each freeze-thaw cycle. 

 
Figure 3. 1 Freeze-thaw stability assay design. The baseline sample (0h) was analyzed after sample 

preparation, and the other four aliquots were frozen at -80℃ for one week or greater, then thawed 

together, and analyzed separately in a total of four cycles.  
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3.3.6 Statistics 

The freeze-thaw stability was evaluated using RStudio software (version 1.2.5042, Vienna, 

Austria, R Core Team, 2020). Differences across freeze-thaw cycles was analyzed via one-way 

ANOVA, followed by post-hoc Tukey test (p≤0.001). Non-normally distributed data was 

transformed using ln(x) based on analysis of residual plots.  

3.4 Results 

The stability of the internal standards spiked into the thawed samples directly before LC-MS 

analysis was 7.18-17.32%CV for phlorizin, and 6.04-18.41%CV for L-tyrosine-13C9,
15N across 

the freeze-thaw assay. The UPLC-ESI-MS/MS quality control samples analyzed throughout this 

study showed 2.10-6.05%CV for resveratrol-13C6, 2.23-5.05%CV for L-tyrosine-13C9,
15N and 

2.30-to-5.50%CV for phlorizin across the freeze-thaw assay.  

 Freeze-thaw data was quantified using the same integration parameters across cycles per 

compound for a total of 99 compounds unless otherwise stated. The compound 3-phenylpropanoic 

acid was stable across all concentrations over four freeze-thaw cycles.  

3.4.1 Freeze-thaw stability at the middle concentrations 

Thirty-seven out of 99 compounds investigated (Supplementary Table 3.2) were unstable after 1 

freeze-thaw cycle at the middle concentrations (p≤0.0009), reflective of statistically significant 

difference in peak area ratio. Cyanidin-3-O-galactoside, for example, displayed a baseline 

concentration of 0.250 µM and after one freeze–thaw cycle its concentration was reduced by 

62.8% (to 0.093 µM; Table 3.1). 

By the second freeze thaw cycle, 60 analytes displayed significant loss in concentration 

from baseline at the middle concentrations (p≤0.0008; MQC). Myricetin, for example, displayed 

a baseline concentration of 1.00 µM, and after two freeze–thaw cycles its concentration was 
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reduced by 0.382 µM. Interestingly, no compound displayed significant loss in concentration after 

three freeze-thaw cycles relative to the previous cycle.  However, relative to the first freeze-thaw 

cycle only 9 of 99 compounds were stable by the third freeze-thaw cycle at the middle 

concentrations, including three benzoic acids, two benzaldehydes (e.g., 3,4-

dihydroxybenzaldehyde; Figure 3.2), two benzoic acid methyl esters (e.g., 3,4-dihydroxybenzoic 

acid methyl ester), one benzyl alcohol, and one hippuric acid. 

 
Figure 3. 2 Example of freeze-thaw stability of two phenolics at the MQC over four freeze-thaw 

cycles (n=3). MQC: middle quality control concentration. Different letters between bars of the 

same graph denote significant variance between cycles (p≤0.001).  

Following four freeze-thaw cycles, 84 out of 99 compounds investigated displayed 

significant loss in concentration from baseline at the middle concentrations (p≤0.0006). Trans-4-

hydroxy-3,5-dimethoxycinnamic acid, for example, displayed a baseline concentration of 1.00 

µM, and after four freeze–thaw cycles its concentration was reduced by 86.7% to 0.133 µM.   

Table 3. 1 Difference in concentration (nM) from baseline across freeze-thaw cycles at the 

MQC for blueberry-derived (poly)phenols  

Compound Name  

Initial concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cyanidin-3-O-galactoside 250 -37.02 -108.91 -108.91 -1.07 

peonidin-3-O-galactoside 250 -42.57 -97.52 -91.33 116.87 

malvidin-3-O-galactoside 250 N.Q. N.Q. N.Q. N.Q. 

petunidin-3-O-glucoside 500 -14.56 -188.35 -177.67 64.08 

delphinidin-3-O-glucoside 500 -77.78 -233.33 -233.33 200.00 

3,4,5-trimethoxybenzaldehyde 500 22.22 -177.78 -138.89 -133.33 

3,4-dimethoxybenzaldehyde 500 28.61 -167.17 -137.05 -128.01 

3,5-dimethoxybenzaldehyde 500 -15.38 -161.54 -123.08 -123.08 
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Table 3.1 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

2,4-dihydroxybenzaldehyde 1000 191.30 -208.70 -95.65 -678.26 

3,4,5-trihydroxybenzaldehyde 1000 210.53 -263.16 -263.16 -631.58 

3,4-dihydroxybenzaldehyde 1000 135.42 -104.17 -10.42 -541.67 

3,5-dihydroxybenzaldehyde 1000 400.00 -300.00 -200.00 -700.00 

3-hydroxy-4-methoxybenzaldehyde 1000 0.00 -500.00 0.00 -500.00 

3-hydroxybenzaldehyde 1000 196.79 -273.09 -196.79 -570.28 

4-hydroxy-2-methoxybenzaldehyde 1000 466.67 -400.00 -266.67 133.33 

4-hydroxybenzaldehyde 1000 208.33 -261.90 -184.52 -675.60 

2-hydroxy-4-methoxybenzaldehyde 5000 -1000.00 -1500.00 -1500.00 -1500.00 

1,2-dihydroxybenzene   1000 400.00 -300.00 -200.00 -700.00 

1,3-dihydroxybenzene     1000 307.69 -384.62 -230.77 -615.38 

2-hydroxy-1,3-dimethoxybenzene 1000 0.00 0.00 0.00 -800.00 

2-hydroxy-4-methoxybenzoic acid 500 -18.04 -172.68 -123.71 -188.14 

4-hydroxybenzoic acid 500 46.12 -133.50 -111.65 -378.64 

2,4-dihydroxybenzoic acid 500 0.00 -139.34 -98.36 -303.28 

3-methoxybenzoic acid-4-O-

glucuronide 500 290.32 -48.39 -32.26 -403.23 

4-methoxybenzoic acid-3-O-

glucuronide 500 240.74 -120.37 -92.59 -398.15 

2-methoxybenzoic acid 500 26.79 -165.18 -133.93 -22.32 

4-hydroxy-3,5-dimethoxybenzoic 

acid 500 51.95 -155.84 -129.87 -259.74 

2,6-dimethoxybenzoic acid 1000 500.00 -333.33 -166.67 -833.33 

3,4,5-trimethoxybenzoic acid     1000 552.00 -304.00 -240.00 -656.00 

3,4-dihydroxybenzoic acid 1000 433.33 -291.67 -225.00 -666.67 

3-methoxybenzoic-acid-4-sulfate 1000 774.19 -282.26 -209.68 -939.52 

4-hydroxy-3-methoxybenzoic acid  1000 481.48 1185.19 1148.15 -666.67 

4-methoxybenzoic acid-3-sulfate 1000 N.Q. N.Q. N.Q. N.Q. 

benzoic acid 1000 -185.84 -185.84 -150.44 -690.27 

3,5-dimethoxybenzoic acid 1000 276.92 -369.23 -215.38 -446.15 

2,5-dihydroxybenzoic acid 1000 241.94 -274.19 -161.29 -612.90 

2-hydroxy-6-methoxybenzoic acid 1000 277.78 -250.00 -250.00 -694.44 

2-hydroxybenzoic acid 1000 34.80 208.79 252.75 -760.07 

3,5-dihydroxybenzoic acid 1000 613.33 -400.00 -226.67 -80.00 

3-methoxybenzoic acid 1000 313.43 -477.61 -343.28 -238.81 

3,4-dimethoxybenzoic acid    2500 7832.28 -1946.20 -1693.04 -1661.39 

3-hydroxy-4-methoxybenzoic acid  2500 208.33 -729.17 -729.17 -1718.75 

3-hydroxybenzoic acid 2500 -291.35 -874.06 -770.68 -1842.11 

2,4-dimethoxybenzoic acid 2500 -271.74 -1576.09 -815.22 -1847.83 
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Table 3.1 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3,4-dihydroxybenzoic acid methyl 

ester 500 -30.08 -54.51 -35.71 -302.63 

3,5-dihydroxybenzoic acid methyl 

ester 500 -60.61 9.09 36.36 -275.76 

3-hydroxybenzoic acid methyl ester 500 -5.81 -139.53 -93.02 -331.40 

4-hydroxybenzoic acid methyl ester    500 0.00 -127.66 -93.09 -303.19 

3,4-dimethoxybenzoic acid methyl 

ester 500 8.56 -133.56 -87.33 -145.55 

4-hydroxy-3-methoxybenzoic acid 

methyl ester 2500 0.00 -500.00 -500.00 -500.00 

3,5-dimethoxybenzyl alcohol 500 18.52 -166.67 -134.26 -50.93 

3,5-dihydroxybenzyl alcohol 1000 800.00 -266.67 -200.00 -733.33 

4-hydroxybenzyl alcohol 2500 0.00 0.00 0.00 -1750.00 

3,4-dimethoxybenzyl alcohol 2500 -310.13 -227.85 -120.25 -1759.49 

3-hydroxybenzyl alcohol    2500 0.00 -1250.00 -1250.00 -1250.00 

2-hydroxycinnamic acid 500 26.79 -187.50 -178.57 -498.21 

3-hydroxy-4-methoxycinnamic acid 500 41.67 -166.67 -166.67 -416.67 

4-hydroxycinnamic acid 500 -67.20 -193.55 -201.61 -373.66 

trans-3-hydroxycinnamic acid 500 59.32 -144.07 -118.64 -381.36 

trans-4-hydroxy-3-methoxycinnamic 

acid 1000 370.37 -407.41 -370.37 -814.81 

3-methoxycinnamic acid 2500 -238.10 -873.02 -873.02 -1865.08 

3,4-dihydroxycinnamic acid 1000 115.65 -455.78 -380.95 -748.30 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 1000 266.67 -400.00 -400.00 -866.67 

trans-cinnamic acid 2500 -1250.00 -1250.00 -1250.00 -1250.00 

4-methoxycinnamic acid 2500 -89.29 -803.57 -803.57 -1964.29 

myricetin 3-O-galactoside 250 -27.78 -97.22 -83.33 -180.56 

myricetin 1000 266.06 -382.26 -305.81 -513.76 

kaempferol 1000 35.71 -285.71 -267.86 -678.57 

n-benzoylglutamic acid 1000 683.76 -358.97 -264.96 -794.87 

alpha-hydroxyhippuric acid 500 0.00 -500.00 -500.00 N.Q. 

4-hydroxyhippuric acid 500 153.85 -96.15 -76.92 -365.38 

methyl hippurate 500 52.63 -122.81 -70.18 -166.67 

3-methylhippuric acid 1000 390.91 -227.27 -104.55 -772.73 

3-hydroxyhippuric acid 1000 535.21 -302.82 -169.01 -838.03 

4-methylhippuric acid 1000 473.84 -380.81 -299.42 -752.91 

hippuric acid 1000 533.90 -271.19 -161.02 -686.44 

1,2-dihydroxy-4-methylbenzene 1000 500.00 -437.50 -250.00 -62.50 

phenylacetic acid 500 -35.71 -71.43 -35.71 -250.00 
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Table 3.1 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

2,3,4-trimethoxyphenylacetic acid 500 250.00 -250.00 0.00 -425.00 

3-methoxyphenylacetic acid 500 0.00 -166.67 -166.67 -333.33 

4-hydroxy-3,5-

dimethoxyphenylacetic acid 500 22.73 -159.09 -123.38 -324.68 

4-methoxyphenylacetic acid 500 14.71 -181.37 -156.86 -352.94 

3-hydroxy-4-methoxyphenylacetic 

acid 2500 357.14 -785.71 -785.71 -2214.29 

3,4-dimethoxyphenylacetic acid 1000 833.33 -333.33 -166.67 -666.67 

3-hydroxyphenylacetic acid 1000 687.50 -250.00 -187.50 -875.00 

(2)-hydroxy(4-hydroxyphenyl)acetic 

acid 2500 750.00 -750.00 -750.00 -2000.00 

4-hydroxy-3-methoxyphenylacetic 

acid 2500 176.77 -757.58 -555.56 -1287.88 

4-hydroxyphenylacetic acid 2500 -833.33 -833.33 -833.33 -1666.67 

3-(4-hydroxy-3-

methoxyphenyl)propanoic acid 500 121.21 -136.36 -106.06 -424.24 

3-(3-methoxyphenyl)propanoic acid 1000 428.57 -428.57 -285.71 -714.29 

3-(3,4,5-trimethoxyphenyl)propanoic 

acid 1000 636.36 -363.64 -272.73 -818.18 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 1000 583.33 -416.67 -250.00 -833.33 

3-(4-methoxyphenyl)propanoic acid-

3-sulfate 1000 837.89 N.Q. -291.44 -777.78 

3-(4-hydroxyphenyl)propanoic acid 2500 -43.67 -895.20 -840.61 -1948.69 

3-phenylpropanoic acid 2500 -1250.00 -1250.00 -1250.00 -1250.00 

3-(3,4-dihydroxyphenyl)propanoic 

acid 2500 846.94 -969.39 -979.59 -1969.39 

3-(3-hydroxyphenyl)propanoic acid 2500 156.95 -807.17 -829.60 -2085.20 

rosmarinic acid 1000 451.46 -415.05 -364.08 -742.72 

resveratrol 1000 -23.10 -421.20 -417.12 -739.13 

Values represent difference between mean concentration (nM) at each cycle and baseline (n=3). 

Negative values indicate concentration reduction compared to baseline, and any zero values 

represent no difference from baseline. MQC: middle quality control concentration; N.Q.: not 

quantified because peak area ratio was below the limit of quantitation. 

3.4.2 Freeze-thaw stability at the lowest concentrations 

Six out of 99 compounds investigated at the lowest concentrations (LQC) displayed significant 

loss in concentration from baseline across one freeze-thaw cycle (p<0.0001; Supplementary Table 

3.3 and Table 3.2). The analyte 3-(4-hydroxyphenyl)propanoic acid, for instance, displayed a 
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baseline concentration of 0.500 µM, and after one freeze–thaw cycle its concentration reduced by 

49.4% to 0.253 µM. 

 Fifty-one compounds displayed significant decrease in concentration after two freeze-thaw 

cycles (relative to the previous cycle, cycle 1; p≤0.0006). The compound 3-methoxybenzoic acid, 

for example, displayed a concentration of 0.246 µM after the first freeze-thaw, which was reduced 

by 40.2% to 0.147 µM by the second freeze thaw cycle.  

Among 99 compounds, 4 analytes, 4-hydroxybenzaldehyde, 3,4-dihydroxybenzaldehyde, 

2-hydroxy-6-methoxybenzoic acid, and myricetin (Figure 3.3), remained stable across two freeze-

thaw cycles at the lowest concentrations. Only 2-hydroxybenzoic acid, displayed significant loss 

in concentration at the third freeze-thaw cycle relative to the second (p=0.00002), reflecting a 

20.2% decrease in concentration (0.057 µM decrease from 0.282 µM). 

 
Figure 3. 3 Example freeze-thaw stability of (poly)phenolics at the LQC over four freeze-thaw 

cycles (n=3). LQC: low quality control concentration. Different letters between bars of the same 

graph denote significant variance between cycles (p≤0.001).  
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  Eighteen of the 99 compounds at the lowest concentration were stable between baseline 

and three freeze-thaw cycles, including six benzoic acids, four benzaldehydes, two benzenediols, 

two benzyl alcohols, one cinnamic acid, one hippuric acid, one phenylacetic acid and one 

phenylpropanoic acid. By the final freeze-thaw cycle, sixty-two out of the 99 compounds displayed 

significant loss in concentration from baseline at the lowest concentrations tested (p≤0.0003). 

Myricetin, for example, displayed a baseline concentration of 0.250 µM, and after four freeze–

thaw cycles its concentration was reduced by 0.134 µM.  

Table 3. 2 Difference in blueberry-derived (poly)phenols concentration (nM) from baseline 

across freeze-thaw cycles at the LQC 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cyanidin-3-O-galactoside 5 3.76 -0.98 -0.70 2.17 

peonidin-3-O-galactoside 5 1.54 -1.34 -1.21 4.87 

malvidin-3-O-galactoside 25 N.Q. N.Q. N.Q. N.Q. 

petunidin-3-O-glucoside 50 15.97 -15.69 -17.80 15.22 

delphinidin-3-O-glucoside 50 -1.15 -20.38 -20.77 -50.00 

3,4,5-trimethoxybenzaldehyde 25 -0.22 -8.41 -7.33 -0.43 

3,4-dimethoxybenzaldehyde 50 21.78 -16.40 -16.30 -1.85 

3,5-dimethoxybenzaldehyde 50 14.18 -10.20 -9.95 -1.24 

2,4-dihydroxybenzaldehyde 100 -46.08 -38.00 -30.40 -63.66 

3,4,5-trihydroxybenzaldehyde 100 -4.08 -14.29 -16.33 -63.27 

3,4-dihydroxybenzaldehyde 100 -13.85 10.82 18.61 -45.89 

3,5-dihydroxybenzaldehyde 100 0.00 -13.79 -6.90 -70.69 

3-hydroxy-4-

methoxybenzaldehyde 100 25.00 75.00 125.00 -25.00 

3-hydroxybenzaldehyde 100 -6.86 -12.22 -9.48 -53.74 

4-hydroxy-2-

methoxybenzaldehyde 100 -4.65 -30.23 -32.56 23.26 

4-hydroxybenzaldehyde 250 -12.66 -34.26 -60.19 -174.14 

2-hydroxy-4-

methoxybenzaldehyde 250 -19.23 -57.69 -76.92 -115.38 

1,2-dihydroxybenzene   100 7.14 -32.14 -14.29 -67.86 

1,3-dihydroxybenzene     250 -57.69 -91.88 -115.38 -179.49 

2-hydroxy-1,3-

dimethoxybenzene 250 0.00 -83.33 -41.67 -208.33 

2-hydroxy-4-methoxybenzoic 

acid 25 -4.51 -9.46 -8.33 -10.76 

4-hydroxybenzoic acid 25 -2.64 -7.58 -6.65 -19.73 
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Table 3.2 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

2,4-dihydroxybenzoic acid 50 39.95 -11.03 1.47 -25.49 

3-methoxybenzoic acid-4-O-

glucuronide 50 42.61 -1.70 -1.70 -38.64 

4-methoxybenzoic acid-3-O-

glucuronide 50 46.21 -8.62 -10.34 -39.31 

2-methoxybenzoic acid 50 19.16 -15.42 -14.64 11.99 

4-hydroxy-3,5-dimethoxybenzoic 

acid 50 18.53 -14.44 -14.66 -19.83 

2,6-dimethoxybenzoic acid 100 23.53 -17.65 -5.88 -82.35 

3,4,5-trimethoxybenzoic acid     100 19.69 -22.50 -16.88 -64.69 

3,4-dihydroxybenzoic acid 100 49.46 22.94 32.97 -51.25 

3-methoxybenzoic-acid-4-sulfate 100 40.62 -14.95 -8.04 -93.10 

4-hydroxy-3-methoxybenzoic 

acid  100 6.85 154.79 164.38 -65.75 

4-methoxybenzoic acid-3-sulfate 100 37.29 -98.69 -100.00 -92.84 

benzoic acid 100 -34.76 9.46 7.40 -62.29 

3,5-dimethoxybenzoic acid 250 -60.23 -91.65 -93.59 -130.18 

2,5-dihydroxybenzoic acid 250 22.11 -30.71 -61.43 -154.79 

2-hydroxy-6-methoxybenzoic 

acid 250 15.33 -32.57 -60.34 -166.67 

2-hydroxybenzoic acid 250 -84.51 82.52 24.65 -202.34 

3,5-dihydroxybenzoic acid 250 18.97 -108.80 -132.24 -92.47 

3-methoxybenzoic acid 250 -3.92 -102.94 -116.18 -71.08 

3,4-dimethoxybenzoic acid    500 2742.10 -394.51 -390.68 -465.37 

3-hydroxy-4-methoxybenzoic 

acid  500 405.66 44.81 68.40 -275.94 

3-hydroxybenzoic acid 500 -23.76 -144.60 -124.24 -337.75 

2,4-dimethoxybenzoic acid 1000 188.32 -738.23 -410.55 -743.88 

3,4-dihydroxybenzoic acid 

methyl ester 25 -3.12 -7.57 -6.17 -15.71 

3,5-dihydroxybenzoic acid 

methyl ester 25 -5.86 -5.40 -5.40 -14.93 

3-hydroxybenzoic acid methyl 

ester 50 11.75 -12.87 -13.43 -32.09 

4-hydroxybenzoic acid methyl 

ester    50 8.26 -13.29 -10.73 -29.39 

3,4-dimethoxybenzoic acid 

methyl ester 50 19.96 -11.13 -11.75 -2.36 

4-hydroxy-3-methoxybenzoic 

acid methyl ester 500 750.00 1062.50 1375.00 750.00 

3,5-dimethoxybenzyl alcohol 50 34.46 -17.60 -16.86 5.43 

3,5-dihydroxybenzyl alcohol 250 122.69 -37.04 -69.44 -196.76 
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Table 3.2 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

4-hydroxybenzyl alcohol 500 0.00 -250.00 -166.67 -250.00 

3,4-dimethoxybenzyl alcohol 500 -104.77 -26.13 4.77 -319.60 

3-hydroxybenzyl alcohol    
1000 0.00 -333.33 0.00 

-

1000.00 

2-hydroxycinnamic acid 50 21.00 -13.67 -16.33 -49.67 

3-hydroxy-4-methoxycinnamic 

acid 50 13.64 -19.70 -18.18 -43.94 

4-hydroxycinnamic acid 50 -0.10 -20.15 -21.29 -37.26 

trans-3-hydroxycinnamic acid 50 24.39 -11.28 -13.11 -41.46 

trans-4-hydroxy-3-

methoxycinnamic acid 100 10.14 -30.43 -36.23 -81.16 

3-methoxycinnamic acid 100 7.41 -18.52 -5.56 -66.67 

3,4-dihydroxycinnamic acid 250 -52.03 -99.87 -121.69 -193.78 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 250 -32.41 -90.28 -127.31 -224.54 

trans-cinnamic acid 1000 45.45 -409.09 -409.09 -500.00 

4-methoxycinnamic acid 1000 312.85 -284.92 -175.98 -837.99 

myricetin 3-O-galactoside 100 29.95 -37.97 -28.88 -72.19 

myricetin 250 2.88 -52.09 -84.04 -134.31 

kaempferol 250 -87.10 -90.77 -93.22 -220.97 

n-benzoylglutamic acid 100 35.05 -16.15 -11.34 -80.07 

alpha-hydroxyhippuric acid 50 -50.00 -25.00 -50.00 -25.00 

4-hydroxyhippuric acid 50 29.33 -6.00 -8.00 -34.00 

methyl hippurate 50 25.48 -10.00 -9.03 -4.52 

3-methylhippuric acid 100 46.64 60.49 60.49 -77.50 

3-hydroxyhippuric acid 100 20.42 -16.23 -8.38 -81.41 

4-methylhippuric acid 250 24.46 12.37 -72.01 -198.58 

hippuric acid 250 56.66 -37.38 -56.66 -171.73 

1,2-dihydroxy-4-methylbenzene 250 2.10 -100.84 -107.14 -58.82 

phenylacetic acid 50 -18.75 1.04 -15.63 -10.42 

2,3,4-trimethoxyphenylacetic 

acid 50 25.00 -16.67 0.00 -50.00 

3-methoxyphenylacetic acid 50 21.43 -7.14 -7.14 -28.57 

4-hydroxy-3,5-

dimethoxyphenylacetic acid 50 20.18 -16.63 -14.97 -26.72 

4-methoxyphenylacetic acid 50 15.77 -14.60 -16.95 -36.91 

3-hydroxy-4-

methoxyphenylacetic acid 50 23.53 -11.76 -8.82 -41.18 

3,4-dimethoxyphenylacetic acid 100 11.11 -27.78 -11.11 -66.67 

3-hydroxyphenylacetic acid 250 94.91 -20.83 -67.13 -212.96 
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Table 3.2 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

(2)-hydroxy(4-

hydroxyphenyl)acetic acid 1000 577.59 -301.72 -206.90 -758.62 

4-hydroxy-3-

methoxyphenylacetic acid 1000 711.40 -250.92 -76.29 333.64 

4-hydroxyphenylacetic acid 1000 533.33 -433.33 -300.00 -800.00 

3-(4-hydroxy-3-

methoxyphenyl)propanoic acid 25 2.55 -6.12 -5.61 -20.41 

3-(3-methoxyphenyl)propanoic 

acid 100 22.22 -16.67 -22.22 -66.67 

3-(3,4,5-

trimethoxyphenyl)propanoic acid 100 16.67 -23.33 -30.00 -80.00 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 100 29.03 -25.81 -19.35 -83.87 

3-(4-methoxyphenyl)propanoic 

acid-3-sulfate 250 108.35 N.Q. -133.64 -196.26 

3-(4-hydroxyphenyl)propanoic 

acid 500 -247.20 -324.13 -295.47 -417.98 

3-phenylpropanoic acid 500 -346.15 192.31 423.08 807.69 

3-(3,4-

dihydroxyphenyl)propanoic acid 1000 1287.76 -367.40 -327.75 -746.75 

3-(3-hydroxyphenyl)propanoic 

acid 1000 358.93 -400.49 -346.60 -839.73 

rosmarinic acid 100 12.94 -32.24 -30.15 -72.64 

resveratrol 100 -31.98 -34.01 -39.99 -73.22 

Values represent difference between mean concentration (nM) at each cycle and baseline (n=3). 

Negative values indicate concentration reduction compared to baseline, and any zero values 

represent no difference from baseline. LQC: low quality control concentration; N.Q.: not 

quantified because peak area ratio was below the limit of detection. 
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3.4.3 Freeze-thaw stability at the highest concentrations 

Eighty-one out of 99 compounds investigated at the highest concentrations were stable across one 

freeze-thaw cycle (Supplementary Table 3.4). Conversely, ten compounds showed significant loss 

in concentration from baseline across the first freeze-thaw cycle (p<0.0005; Table 3.3). 

Phenylacetic acid, for example, displayed a baseline concentration of 5.000 µM, and after one 

freeze–thaw cycle its concentration reduced by 25% to 3.74 µM.  

Following two freeze-thaw cycles, 86 out of 99 compounds at the highest concentrations 

tested displayed significant loss in concentration from baseline (p<0.0009; HQC). Delphinidin-3-

O-glucoside, for instance, displayed a baseline concentration of 5.000 µM, and after two freeze–

thaw cycles its concentration reduced by 44.1% to 2.80 µM.  

Interestingly, no compound displayed significant losses in concentration between the 

second and third freeze-thaw cycle (i.e., third freeze-thaw cycle relative to the previous cycle). 

However, only three compounds at the highest concentrations tested remained stable at the third 

freeze-thaw cycle relative to baseline: 3,4-dihydroxybenzaldehyde, 3,5-dihydroxybenzoic acid 

methyl ester, and 3,4-dimethoxybenzyl alcohol (Figure 3.4). 

 
Figure 3.4 Example freeze-thaw stability of phenolics at the HQC over four freeze-thaw cycles 

(n=3). HQC: high quality control concentration. Different letters between bars of the same graph 

denote significant variance between cycles (p≤0.001).  

Among 99 compounds investigated at the highest concentrations, 67 compounds displayed 

significant loss in concentration after the fourth freeze-thaw cycle relative to the previous cycle 

(p<0.0003). The compound 3-methylhippuric acid, for example, displayed a concentration of 
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3.752 µM at the third freeze-thaw cycle, and after four cycles its concentration was reduced by 

2.523 µM.  

Table 3. 3 Difference in blueberry-derived (poly)phenols concentration (nM) from baseline 

across freeze-thaw cycles at the HQC 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cyanidin-3-O-galactoside 5000 -183.82 -2213.40 -2178.31 -600.77 

peonidin-3-O-galactoside 5000 -443.04 -2095.10 -1964.73 1159.80 

malvidin-3-O-galactoside 5000 0.00 N.Q. N.Q. N.Q. 

petunidin-3-O-glucoside 5000 -588.34 -2219.72 -2316.90 1338.94 

delphinidin-3-O-glucoside 5000 -511.18 -2204.47 -2188.50 1246.01 

3,4,5-trimethoxybenzaldehyde 5000 -314.31 -2069.63 -1900.39 -454.55 

3,4-dimethoxybenzaldehyde 5000 -251.84 -2016.06 -1901.72 -555.40 

3,5-dimethoxybenzaldehyde 5000 -946.48 -2082.25 -1912.53 -483.03 

2,4-dihydroxybenzaldehyde 5000 -1021.07 -1118.31 -972.45 -3549.43 

3,4,5-trihydroxybenzaldehyde 5000 -801.89 -1556.60 -1556.60 -3160.38 

3,4-dihydroxybenzaldehyde 5000 -919.54 -1015.33 -1053.64 -2298.85 

3,5-dihydroxybenzaldehyde 5000 -99.01 -1386.14 -1188.12 -3118.81 

3-hydroxy-4-

methoxybenzaldehyde 5000 -1111.11 -1666.67 -1666.67 -2222.22 

3-hydroxybenzaldehyde 5000 -775.86 -1551.72 -1529.24 -2728.64 

4-hydroxy-2-

methoxybenzaldehyde 5000 -365.85 -2134.15 -2073.17 1768.29 

4-hydroxybenzaldehyde 5000 -797.78 -1526.32 -1501.39 -3387.81 

2-hydroxy-4-

methoxybenzaldehyde 50000 -11200.00 -19600.00 -16800.00 -25200.00 

1,2-dihydroxybenzene   5000 0.00 -1415.09 -1415.09 -3301.89 

1,3-dihydroxybenzene     5000 -298.51 -1716.42 -1641.79 -3059.70 

2-hydroxy-1,3-dimethoxybenzene 5000 -1000.00 -2000.00 -2000.00 -4000.00 

2-hydroxy-4-methoxybenzoic 

acid 5000 -834.79 -1496.49 -1303.68 -2574.50 

4-hydroxybenzoic acid 5000 2.31 -1583.45 -1481.74 -3788.72 

2,4-dihydroxybenzoic acid 5000 -424.33 -1690.24 -1612.45 -3217.82 

3-methoxybenzoic acid-4-O-

glucuronide 5000 1434.78 -413.04 -717.39 -3630.43 

4-methoxybenzoic acid-3-O-

glucuronide 5000 1056.07 -1532.71 -2009.35 -3990.65 

2-methoxybenzoic acid 5000 -61.07 -1942.18 -1763.03 614.82 

4-hydroxy-3,5-dimethoxybenzoic 

acid 5000 5.73 -2029.82 -1961.01 -2213.30 

2,6-dimethoxybenzoic acid 5000 483.87 -1612.90 -1451.61 -4032.26 

3,4,5-trimethoxybenzoic acid     5000 402.05 -1622.81 -1571.64 -3369.88 

3,4-dihydroxybenzoic acid 5000 7.99 -1653.35 -1653.35 -3546.33 
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Table 3.3 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3-methoxybenzoic-acid-4-sulfate 5000 1188.23 -1395.35 -1360.83 -4722.02 

4-hydroxy-3-methoxybenzoic 

acid  5000 96.15 5288.46 5673.08 -3333.33 

4-methoxybenzoic acid-3-sulfate 5000 589.24 -4998.29 N.Q. -4708.80 

benzoic acid 5000 -1818.18 -1045.45 -954.55 -3272.73 

3,5-dimethoxybenzoic acid 5000 -735.79 -1772.58 -1655.52 -2759.20 

2,5-dihydroxybenzoic acid 5000 -1228.32 -1921.97 -1748.55 -2846.82 

2-hydroxy-6-methoxybenzoic 

acid 5000 -904.26 -1329.79 -1808.51 -3377.66 

2-hydroxybenzoic acid 5000 -861.15 616.38 409.43 -3642.63 

3,5-dihydroxybenzoic acid 5000 -228.49 -2083.33 -1962.37 -725.81 

3-methoxybenzoic acid 5000 -716.29 -2457.87 -2317.42 -266.85 

3,4-dimethoxybenzoic acid    5000 12591.62 -3324.61 -2905.76 -3795.81 

3-hydroxy-4-methoxybenzoic 

acid  5000 326.09 -1467.39 -1413.04 -3423.91 

3-hydroxybenzoic acid 5000 -340.26 -1710.78 -1427.22 -3582.23 

2,4-dimethoxybenzoic acid 5000 -316.46 -2531.65 -1645.57 -3354.43 

3,4-dihydroxybenzoic acid 

methyl ester 5000 -492.58 -1112.22 -1043.69 -3503.71 

3,5-dihydroxybenzoic acid 

methyl ester 5000 -852.35 -811.45 -757.64 -3334.05 

3-hydroxybenzoic acid methyl 

ester 5000 -597.32 -1452.11 -1390.32 -3434.60 

4-hydroxybenzoic acid methyl 

ester    5000 -631.07 -1592.70 -1537.22 -3229.31 

3,4-dimethoxybenzoic acid 

methyl ester 5000 -426.39 -1501.30 -1319.71 -799.29 

4-hydroxy-3-methoxybenzoic 

acid methyl ester 5000 -833.33 -1666.67 -1666.67 -1666.67 

3,5-dimethoxybenzyl alcohol 5000 -224.72 -1940.36 -1767.50 544.51 

3,5-dihydroxybenzyl alcohol 5000 2803.03 -1439.39 -757.58 -3787.88 

4-hydroxybenzyl alcohol 5000 0.00 -2500.00 -1666.67 -3500.00 

3,4-dimethoxybenzyl alcohol 5000 -560.80 -737.90 -566.71 -3518.30 

3-hydroxybenzyl alcohol    5000 0.00 -2500.00 -2500.00 -3750.00 

2-hydroxycinnamic acid 5000 -7.75 -1790.70 -1821.71 -4992.25 

3-hydroxy-4-methoxycinnamic 

acid 5000 0.00 -1944.44 -1875.00 -4583.33 

4-hydroxycinnamic acid 5000 -848.50 -1972.25 -2008.64 -3614.65 

trans-3-hydroxycinnamic acid 5000 82.71 -1759.40 -1699.25 -3917.29 

trans-4-hydroxy-3-

methoxycinnamic acid 5000 98.04 -1895.42 -1830.07 -3954.25 
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Table 3.3 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3-methoxycinnamic acid 50000 -35000.00 N.Q. N.Q. N.Q. 

3,4-dihydroxycinnamic acid 5000 -896.34 -2140.24 -2091.46 -3621.95 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 5000 -430.11 -2043.01 -2043.01 -4086.02 

trans-cinnamic acid 5000 -1250.00 -2500.00 -2500.00 -2500.00 

4-methoxycinnamic acid 5000 -272.73 -1727.27 -1636.36 -3818.18 

myricetin 3-O-galactoside 500 -67.57 -189.19 -175.68 -364.86 

myricetin 5000 -515.19 -1825.49 -1813.58 -2412.15 

kaempferol 5000 -533.33 -1000.00 -300.00 -2833.33 

n-benzoylglutamic acid 5000 964.51 -1967.59 -1790.12 -3973.77 

alpha-hydroxyhippuric acid 5000 0.00 -3333.33 -1666.67 -4666.67 

4-hydroxyhippuric acid 5000 761.25 -1453.29 -1349.48 -3650.52 

methyl hippurate 5000 -179.10 -1820.90 -1589.55 -1156.72 

3-methylhippuric acid 5000 357.14 -1321.89 -1247.68 -3770.87 

3-hydroxyhippuric acid 5000 526.65 -1503.81 -1364.21 -4118.02 

4-methylhippuric acid 5000 298.55 -1672.46 -1437.68 -3823.19 

hippuric acid 5000 208.33 -1241.67 -1016.67 -3366.67 

1,2-dihydroxy-4-methylbenzene 5000 -107.53 -2150.54 -2043.01 913.98 

phenylacetic acid 5000 -1257.67 -1411.04 -1196.32 -2944.79 

2,3,4-trimethoxyphenylacetic acid 5000 200.00 -2000.00 -1800.00 -4200.00 

3-methoxyphenylacetic acid 5000 535.71 -1607.14 -1607.14 -3571.43 

4-hydroxy-3,5-

dimethoxyphenylacetic acid 5000 110.66 -1884.10 -1753.06 -3162.49 

4-methoxyphenylacetic acid 5000 -543.29 -2234.98 -2168.73 -3361.31 

3-hydroxy-4-

methoxyphenylacetic acid 50000 9920.24 -20189.43 -16999.00 -44366.90 

3,4-dimethoxyphenylacetic acid 5000 416.67 -1666.67 -1666.67 -3333.33 

3-hydroxyphenylacetic acid 5000 340.91 -1704.55 -1534.09 -4375.00 

(2)-hydroxy(4-

hydroxyphenyl)acetic acid 5000 952.38 -1666.67 -1428.57 -4047.62 

4-hydroxy-3-

methoxyphenylacetic acid 5000 531.91 -1356.38 -1303.19 -3723.40 

4-hydroxyphenylacetic acid 5000 -833.33 -2500.00 -2500.00 -4166.67 

3-(4-hydroxy-3-

methoxyphenyl)propanoic acid 5000 81.52 -1766.30 -1766.30 -4211.96 

3-(3-methoxyphenyl)propanoic 

acid 5000 -128.21 -2051.28 -2051.28 -3589.74 

3-(3,4,5-

trimethoxyphenyl)propanoic acid 5000 403.23 -1774.19 -1532.26 -3951.61 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 5000 454.55 -2045.45 -1969.70 -4393.94 
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Table 3.3 (continued) 

Compound Name  

Initial 

concentration 

(nM) Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3-(4-methoxyphenyl)propanoic 

acid-3-sulfate 5000 1234.27 -4999.95 -1769.93 -4022.27 

3-(4-hydroxyphenyl)propanoic 

acid 5000 162.92 -1662.92 -1578.65 -3831.46 

3-phenylpropanoic acid 5000 -1875.00 -1875.00 -1875.00 -3125.00 

3-(3,4-

dihydroxyphenyl)propanoic acid 5000 1497.70 -1520.74 -1589.86 -3986.18 

3-(3-hydroxyphenyl)propanoic 

acid 5000 403.59 -1614.35 -1558.30 -4159.19 

rosmarinic acid 5000 87.09 -2085.75 -2099.15 -3715.94 

resveratrol 5000 -1111.11 -1697.74 -1774.79 -3288.59 

Values represent difference between mean concentration (nM) at each cycle and baseline (n=3). 

Negative values indicate concentration reduction compared to baseline, and any zero values 

represent no difference from baseline. HQC: high quality control concentration; N.Q.: not 

quantified because peak area ratio was below the limit of detection. 

 

3.5 Discussion 

Several clinical nutrition studies have investigated blueberry (poly)phenols to date, reporting on 

their health benefits (Curtis, et al., 2019; Riso, Klimis-Zacas, Del Bo, Martini, Campolo, 

Vendrame, et al., 2013; Rodriguez-Mateos, Rendeiro, Bergillos-Meca, Tabatabaee, George, Heiss, 

et al., 2013; Krikorian, Shidler, Nash, Kalt, Vinqvist-Tymchuk, Shukitt-Hale, et al., 2010), 

metabolism and pharmacokinetics (Feliciano, Istas, Heiss, & Rodriguez-Mateos, 2016; Rodriguez-

Mateos, Feliciano, Cifuentes-Gomez, & Spencer, 2016; Kay, Mazza, & Holub, 2005). The use of 

broad-spectrum quantitative analysis in dietary phytochemical research is becoming more 

commonly applied as it affords the characterization of a greater number of analytes compared to 

more targeted analysis, although it generally presents lower sensitivity due to its optimization for 

greatest numbers and diversity of analytes. Assays of this type, requiring scanning for high 

numbers of analytes use more of the available cycle time per peak, reducing the number of 

datapoints captured for a given peak width. Further, scanning a high diversity of structures, 

particularly in complex matrices, increases the propensity for reduced ionization efficiency. In 
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light of increasing interest in blueberry (poly)phenol research and the constraints of analyzing a 

comprehensive number of compounds, it is necessary to evaluate the limitations of any assay; in 

this case stability of 99 metabolites reported in blueberry intervention studies (Curtis, et al., 2019; 

D.C. Nieman, et al., 2018; Rodriguez-Mateos, Cifuentes-Gomez, George, & Spencer, 2014) was 

explored. In the present study, analytes were “spiked” in “post-extracted” (i.e., using SPE) 

biological tissue across four freeze-thaw cycles and at three concentrations (low, middle and high) 

to elucidate the feasibility of freezing and thawing previously extracted biological samples for 

accurate quantitation in repeat analysis. The initial biological material analyzed in this study was 

brain tissue, however, post-SPE extracted biological matrices including plasma and urine are likely 

to behave similarly, primarily as interfering background matrix components have been removed 

and provided the concentrations of the analytes present are similar. Therefore, it is highly likely 

these findings can be applied more broadly to other biological matrices following SPE, provided 

their dilutions are comparable. 

In the present study, compound abundance was established using the internal standard 

adjusted peak area ratio methodology, where peak areas were normalized using the ratio between 

the peak area of the reference standard and the peak area of the internal standard. Internal standards 

were added to each thawed sample prior to analysis to eliminate any effect of freeze-thaw on 

internal standard integrity. Notwithstanding, internal standards were stable, ensuring system 

suitability and accuracy of the freeze-thaw analysis. Additionally, the change in compound 

abundance from baseline was converted to concentration based on reference standard curves 

utilized previously in this thesis [Chapter 2 (Characterizing Blueberry (Poly)phenol metabolites in 

Human Blood Serum – Validation of Broad-Spectrum Quantitative UPLC-ESI-MS/MS 
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Methodology) and David C. Nieman, et al. (2020)] to obtain more tangible interpretation of the 

data (i.e., relative concentration data).  

It is noteworthy that the most physiologically significant concentration of (poly)phenols, 

as reported in previous studies was utilized as the middle concentration in the present analysis, 

followed by the lowest concentration, reflecting the lower liner range of the reference standard 

cure, while (poly)phenols are not often reported at the highest concentrations studied herein 

(Huang, et al., 2021; Curtis, et al., 2019; Rodriguez-Mateos, Feliciano, Cifuentes-Gomez, & 

Spencer, 2016; Rodriguez-Mateos, Del Pino-Garcia, George, Vidal-Diez, Heiss, & Spencer, 2014; 

Kay, Mazza, & Holub, 2005; Kay, Mazza, Holub, & Wang, 2004). Therefore, the present study of 

freeze-thaw stability was reported in the order of middle, followed by lowest, and finally highest 

concentrations; with middle and lowest best reflecting levels one would expect to encounter in 

blood or urine derived from a nutrition intervention studies.  

In the present study, more compounds were stable at the middle concentrations (ranging 

from 250-5000 nM) for the first freeze-thaw cycle and then they significantly degraded at similar 

rates for two and three freeze-thaw cycles, while the highest degradation rates were observed after 

four cycles. Potential variables that can affect analyte concentration across freeze-thaw cycles 

include evaporation, precipitation, and reactivity or binding. Each one of these variables would 

require further investigation to tease out true analyte degradation, such as by using a control sample 

per cycle that would not go through the same thawing as the freeze-thaw samples, assessing freeze-

thaw stability for defined mixtures of analytes of distinct structures, or comparing neat vs 

biological matrices in parallel. Similarly, at the lowest concentrations (ranging from 5-1000 nM), 

there was a similar number of compounds that were unstable across the first, second and third 

freeze-thaw cycles, and instability increased to the greatest extent at the fourth freeze-thaw cycle 



   

151 

 

compared to baseline. Fewer compounds were unstable at the highest tested concentrations 

(ranging from 500-50000 nM) across one freeze-thaw cycle compared to other concentrations, and 

they significantly degraded, similarly to above, at a similar rate across the second and third cycles 

while the highest degradation rate was observed after the fourth cycle. This may be related to less 

variability of the analysis (i.e., experimental or measurement error) at the higher end of a regression 

curve.  

Evidence suggests that an increasing degree of methoxylation in a molecule is inversely 

proportional to reactivity because of greater steric hindrance in this molecule, which reduces 

electron delocalization at the carbon atom where the methyl group is attached (Wang, Li, & Bi, 

2018; Çelik & Koşar, 2012). Alternatively, increasing the degree of hydroxylation at the aromatic 

ring increases the negative charge density on the carbon atom of the ring where the hydroxyl group 

is attached, which favors reactivity by electrophilic attack (Wang, Li, & Bi, 2018; Çelik & Koşar, 

2012; Rice-Evans, Miller, & Paganga, 1996; Lee & Lee, 2009; Oliveira, Pereira, Geraldo, & 

Bento, 2013). However, in the present study, there was no apparent structural activity relationship 

which predicted instability with regards to the degree of methoxylation and hydroxylation. For 

instance, the following compounds were stable across three freeze-thaw cycles at any given 

concentration: 3,4-dimethoxybenzyl alcohol; 2-hydroxy-6-methoxybenzoic acid; 2,3,4-

trimethoxyphenylacetic acid; 3,5-dimethoxybenzoic acid; 3,4-dimethoxybenzyl alcohol; 3,4,5-

trihydroxybenzaldehyde; 2-hydroxybenzoic acid; alpha-hydroxyhippuric acid; 2,4-

dihydroxybenzoic acid; 2-hydroxybenzoic acid, and 3,4-dihydroxybenzaldehyde. 

We initially hypothesized that the majority of the compounds would be stable across three 

freeze-thaw cycles, based on previous freeze-thaw studies looking at smaller number of 

(poly)phenols (Samanidou & Nazyropoulou, 2015; Magiera, Baranowska, & Kusa, 2012; 
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Woodward, Kroon, Cassidy, & Kay, 2009). However, most compounds were only stable for one 

freeze-thaw cycle. This may reflect the type of matrix used in the present study (i.e., post-

extracted) relative to other non-extracted matrices or neat solutions as previously reported (Kasote, 

Duncan, Neacsu, & Russell, 2019; Woodward, Kroon, Cassidy, & Kay, 2009). Also the analysis 

of a comprehensive number of analytes in the same method and sample may have also played a 

role, while previous studies have looked at the freeze-thaw effects on up to 13 (poly)phenols in 

plasma and urine. Woodward, Kroon, Cassidy, and Kay (2009) analyzed the freeze-thaw stability 

of 6 anthocyanins and anthocyanidins, individually, at a single concentration in acidified buffer 

across six cycles and observed that anthocyanin glucosides and delphinidin aglycone were stable 

across all six freeze-thaw cycles while pelargonidin and cyanidin showed significant loss at four 

and six cycles, respectively. On the other hand, Kasote, Duncan, Neacsu, and Russell (2019) 

analyzed the stability of 13 anthocyanins and anthocyanidins at a single concentration in plasma 

and urine, and after three freeze-thaw cycles they observed degradation of the majority of the 

compounds, although the authors considered it non-significant as %CV of analyte concentration 

across cycles was lower than 15%. The findings from these studies, which used either neat matrix 

or non-extracted matrix, and those from the present study, which used post-extracted biological 

matrix, suggest that there is potential matrix effect on freeze-thaw stability of (poly)phenols. 

Comparison between the anthocyanin species that were reported across the three studies show that 

they were most stable in acidified buffer solutions, followed by non-extracted matrix, and lastly 

by post-extracted biological matrix. However, comparison among the freeze-thaw stability of 

compounds in neat, non-extracted and post-extracted matrices would require further investigation 

in the same study design where these matrices would be evaluated under the same conditions. 

Lastly, the findings of the present study suggest that the least degradation of analytes is observed 
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following one freeze-thaw cycle for a comprehensive number of (poly)phenol metabolites in post-

extracted biological matrix. 

 A limitation of the present study was the absence of control samples at each individual 

freezing cycle which would allow for the account of potential evaporation during freeze-thaw 

cycles. Evaporation or condensation is probable as (poly)phenols extracted using SPE are eluted 

using organic solvents such as methanol. Making up new reference standards for each freeze-thaw 

analysis is however problematic, due to the time constraints and costs involved with preparing 

mixed reference standards containing such high numbers of analytes (i.e., 99 in the present study). 

Notwithstanding these limitations, the present study revealed that when a variety of (poly)phenol 

metabolites are present in a biological matrix and subjected to freeze-thaw cycling, stability is 

greatest between the initial extraction and first freeze-thaw cycle, suggesting one reanalysis of a 

pre-extracted biological sample is appropriate. 
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3.8 Supplementary material 

Supplementary Table 3. 1 Reference Standard list and number of qualitative MS transitions utilized 

Full name CAS Transitions InChI Key 
Monoisotopic 

Mass 

cyanidin-3-O-galactoside 27661-36-5 1 YTMNONATNXDQJF-QSLGVYCOSA-N  449.1084 

peonidin-3-O-galactoside 28148-89-2 1 VDTNZDSOEFSAIZ-HVOKISQTSA-N 463.1240 

malvidin-3-O-galactoside 30113-37-2 1 YDIKCZBMBPOGFT-IEQOHONMSA-N 493.1346 

petunidin-3-O-glucoside 6988-81-4 1 HBKZHMZCXXQMOX-YATQZQGFSA-N 479.1190 

delphinidin-3-O-glucoside 6906-38-3 1 ZJWIIMLSNZOCBP-BTTVDUMLSA-N 465.1033 

3,4,5-trimethoxybenzaldehyde 86-81-7 4 OPHQOIGEOHXOGX-UHFFFAOYSA-N 196.0736 

3,4-dimethoxybenzaldehyde 120-14-9 5 WJUFSDZVCOTFON-UHFFFAOYSA-N 166.0630 

3,5-dimethoxybenzaldehyde 7311-34-4 3 VFZRZRDOXPRTSC-UHFFFAOYSA-N 166.0630 

2,4-dihydroxybenzaldehyde 95-01-2 4 IUNJCFABHJZSKB-UHFFFAOYSA-N 138.0317 

3,4,5-trihydroxybenzaldehyde 13677-79-7 3 RGZHEOWNTDJLAQ-UHFFFAOYSA-N 154.0266 

3,4-dihydroxybenzaldehyde 139-85-5 3 IBGBGRVKPALMCQ-UHFFFAOYSA-N 138.0317 

3,5-dihydroxybenzaldehyde 26153-38-8 2 HAQLHRYUDBKTJG-UHFFFAOYSA-N 138.0317 

3-hydroxy-4-methoxybenzaldehyde 621-59-0 3 JVTZFYYHCGSXJV-UHFFFAOYSA-N 152.0473 

3-hydroxybenzaldehyde 100-83-4 3 IAVREABSGIHHMO-UHFFFAOYSA-N 122.0368 

4-hydroxy-2-methoxybenzaldehyde 18278-34-7 3 WBIZZNFQJPOKDK-UHFFFAOYSA-N 152.0473 

4-hydroxybenzaldehyde 123-08-0 3 RGHHSNMVTDWUBI-UHFFFAOYSA-N 122.0368 

2-hydroxy-4-methoxybenzaldehyde 673-22-3 3 WZUODJNEIXSNEU-UHFFFAOYSA-N 152.0473 

1,2-dihydroxybenzene   120-80-9 3 YCIMNLLNPGFGHC-UHFFFAOYSA-N 110.0368 

1,3-dihydroxybenzene     108-46-3 3 GHMLBKRAJCXXBS-UHFFFAOYSA-N 110.0368 

2,6-dimethoxyphenol 91-10-1 2 KLIDCXVFHGNTTM-UHFFFAOYSA-N 154.0630 

2-hydroxy-4-methoxybenzoic acid 2237-36-7 3 MRIXVKKOHPQOFK-UHFFFAOYSA-N 168.0423 

4-hydroxybenzoic acid 99-96-7 2 FJKROLUGYXJWQN-UHFFFAOYSA-N 138.0317 

2,4-dihydroxybenzoic acid 89-86-1 3 UIAFKZKHHVMJGS-UHFFFAOYSA-N 154.0266 

3-methoxybenzoic acid-4-O-glucuronide synthetic 3 MBNPZIKKKDDLLL-QGZCQISNSA-N 342.0951 

4-methoxybenzoic acid-3-O-glucuronide synthetic 3 HATMKBLUSXVYDS-JLERCCTOSA-N 344.0743 

2-methoxybenzoic acid 579-75-9 4 ILUJQPXNXACGAN-UHFFFAOYSA-N 152.0473 
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Supplementary Table 3.1 (continued) 

Full name CAS 
Transiti

ons 
InChI Key 

Monoisotopic 

Mass 

4-hydroxy-3,5-dimethoxybenzoic acid 530-57-4 3 WBIZZNFQJPOKDK-UHFFFAOYSA-N 198.0528 

2,6-dimethoxybenzoic acid 1466-76-8 3 MBIZFBDREVRUHY-UHFFFAOYSA-N 182.0579 

3,4,5-trimethoxybenzoic acid     118-41-2 3 SJSOFNCYXJUNBT-UHFFFAOYSA-N 212.06854 

3,4-dihydroxybenzoic acid 99-50-3 3 YQUVCSBJEUQKSH-UHFFFAOYSA-N 154.0266 

3-methoxybenzoic-acid-4-sulfate synthetic 3 TXRKUXPAEPOCIX-UHFFFAOYSA-N 247.9991 

4-hydroxy-3-methoxybenzoic acid  121-34-6 5 WKOLLVMJNQIZCI-UHFFFAOYSA-N 168.0423 

4-methoxybenzoic acid-3-sulfate synthetic 3 N/A 247.9991 

benzoic acid 65-85-0 1 WPYMKLBDIGXBTP-UHFFFAOYSA-N 122.0368 

3,5-dimethoxybenzoic acid 1132-21-4 3 IWPZKOJSYQZABD-UHFFFAOYSA-N 182.0579 

2,5-dihydroxybenzoic acid 490-79-9 3 WXTMDXOMEHJXQO-UHFFFAOYSA-N 154.0266 

2-hydroxy-6-methoxybenzoic acid 3147-64-6 2 AAUQLHHARJUJEH-UHFFFAOYSA-N   168.0423 

2-hydroxybenzoic acid 69-72-7 3 YGSDEFSMJLZEOE-UHFFFAOYSA-N 138.0317 

3,5-dihydroxybenzoic acid 99-10-5 3 UYEMGAFJOZZIFP-UHFFFAOYSA-N 154.0266 

3-methoxybenzoic acid 586-38-9 4 XHQZJYCNDZAGLW-UHFFFAOYSA-N 152.0473 

3,4-dimethoxybenzoic acid    93-07-2 1 DAUAQNGYDSHRET-UHFFFAOYSA-N 182.0579 

3-hydroxy-4-methoxybenzoic acid  645-08-9 3 LBKFGYZQBSGRHY-UHFFFAOYSA-N 168.0423 

3-hydroxybenzoic acid 99-06-9 3 IJFXRHURBJZNAO-UHFFFAOYSA-N 138.0317 

2,4-dimethoxybenzoic acid 91-52-1 1 GPVDHNVGGIAOQT-UHFFFAOYSA-N 182.0579 

3,4-dihydroxybenzoic acid methyl ester 2150-43-8 4 CUFLZUDASVUNOE-UHFFFAOYSA-N 168.0423 

3,5-dihydroxybenzoic acid methyl ester 2150-44-9 4 RNVFYQUEEMZKLR-UHFFFAOYSA-N  168.0423 

3-hydroxybenzoic acid methyl ester 19438-10-9 3 YKUCHDXIBAQWSF-UHFFFAOYSA-N 152.0473 

4-hydroxybenzoic acid methyl ester    99-76-3 3 LXCFILQKKLGQFO-UHFFFAOYSA-N 152.0473 

3,4-dimethoxybenzoic acid methyl ester 2150-38-1 3 BIGQPYZPEWAPBG-UHFFFAOYSA-N 196.0736 

4-hydroxy-3-methoxybenzoic acid methyl ester 3943-74-6 4 BVWTXUYLKBHMOX-UHFFFAOYSA-N 182.0579 

3,5-dimethoxybenzyl alcohol 705-76-0 4 AUDBREYGQOXIFT-UHFFFAOYSA-N 168.0786 

3,5-dihydroxybenzyl alcohol 29654-55-5 4  NGYYFWGABVVEPL-UHFFFAOYSA-N 140.0473 

4-hydroxybenzyl alcohol 623-05-2 2 BVJSUAQZOZWCKN-UHFFFAOYSA-N 124.0524 
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Supplementary Table 3.1 (continued) 

Full name CAS 
Transiti

ons 
InChI Key 

Monoisotopic 

Mass 

3,4-dimethoxybenzyl alcohol 93-03-8 3 OEGPRYNGFWGMMV-UHFFFAOYSA-N 168.0786 

3-hydroxybenzyl alcohol    620-24-6 3 OKVJCVWFVRATSG-UHFFFAOYSA-N 124.0524 

2-hydroxycinnamic acid 614-60-8 3 PMOWTIHVNWZYFI-AATRIKPKSA-N 164.0473 

3-hydroxy-4-methoxycinnamic acid 537-73-5 3 QURCVMIEKCOAJU-HWKANZROSA-N 194.0579 

4-hydroxycinnamic acid 7400-08-0 3 NGSWKAQJJWESNS-ZZXKWVIFSA-N 164.0473 

trans-3-hydroxycinnamic acid 14755-02-3 3 KKSDGJDHHZEWEP-SNAWJCMRSA-N 164.0473 

trans-4-hydroxy-3-methoxycinnamic acid 537-98-4 3 KSEBMYQBYZTDHS-HWKANZROSA-N 194.0579 

3-methoxycinnamic acid 6099-04-3 3 LZPNXAULYJPXEH-AATRIKPKSA-N 178.0630 

3,4-dihydroxycinnamic acid 331-39-5 3 QAIPRVGONGVQAS-DUXPYHPUSA-N 180.0423 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 530-59-6 2 PCMORTLOPMLEFB-ONEGZZNKSA-N 224.0685 

trans-cinnamic acid 140-10-3 1 WBYWAXJHAXSJNI-VOTSOKGWSA-N 148.0524 

4-methoxycinnamic acid 830-09-1 4 AFDXODALSZRGIH-UHFFFAOYSA-N 178.0630 

myricetin 3-O-galactoside 15648-86-9 1 FOHXFLPXBUAOJM-OPAWWROQSA-N 480.0904 

myricetin 529-44-2 4 IKMDFBPHZNJCSN-UHFFFAOYSA-N 318.0376 

kaempferol 520-18-3 5 IYRMWMYZSQPJKC-UHFFFAOYSA-N 286.0477 

n-benzoylglutamic acid 6094-36-6 4 LPJXPACOXRZCCP-VIFPVBQESA-N 251.0794 

alpha-hydroxyhippuric acid 16555-77-4 4 GCWCVCCEIQXUQU-UHFFFAOYSA-N 195.0532 

4-hydroxyhippuric acid 2482-25-9 3 ZMHLUFWWWPBTIU-UHFFFAOYSA-N 195.0532 

methyl hippurate 1205-08-9 5 XTKVNQKOTKPCKM-UHFFFAOYSA-N 193.0739 

3-methylhippuric acid 27115-49-7 3 YKAKNMHEIJUKEX-UHFFFAOYSA-N 193.0739 

3-hydroxyhippuric acid 1637-75-8 4 XDOFWFNMYJRHEW-UHFFFAOYSA-N 195.0532 

4-methylhippuric acid 27115-50-0 5 NRSCPTLHWVWLLH-UHFFFAOYSA-N 193.0739 

hippuric acid 495-69-2 3 QIAFMBKCNZACKA-UHFFFAOYSA-N 179.0582 

1,2-dihydroxy-4-methylbenzene 452-86-8 3 ZBCATMYQYDCTIZ-UHFFFAOYSA-N 124.0524 

phenylacetic acid 103-82-2 1 WLJVXDMOQOGPHL-UHFFFAOYSA-N 136.0524 

2,3,4-trimethoxyphenylacetic acid 22480-91-7 4 ZMWCKCLDAQWIDA-UHFFFAOYSA-N   226.0841 
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Supplementary Table 3.1 (continued) 

Full name CAS Transitions InChI Key 
Monoisotopic 

Mass 

3-methoxyphenylacetic acid 1798-09-0 2 LEGPZHPSIPPYIO-UHFFFAOYSA-N 166.0630 

4-hydroxy-3,5-dimethoxyphenylacetic acid 4385-56-2 5 BQBQKSSTFGCRQL-UHFFFAOYSA-N   212.0685 

4-methoxyphenylacetic acid 104-01-8 3 NRPFNQUDKRYCNX-UHFFFAOYSA-N 166.0630 

3-hydroxy-4-methoxyphenylacetic acid 1131-94-8 2 BWXLCOBSWMQCGP-UHFFFAOYSA-N 182.0579 

3,4-dimethoxyphenylacetic acid 93-40-3 4 WUAXWQRULBZETB-UHFFFAOYSA-N 196.0736 

3-hydroxyphenylacetic acid 621-37-4 3 FVMDYYGIDFPZAX-UHFFFAOYSA-N 152.0473 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 1198-84-1 3 YHXHKYRQLYQUIH-UHFFFAOYSA-N 168.0423 

4-hydroxy-3-methoxyphenylacetic acid 306-08-1 1 QRMZSPFSDQBLIX-UHFFFAOYSA-N 182.0579 

4-hydroxyphenylacetic acid 156-38-7 2 XQXPVVBIMDBYFF-UHFFFAOYSA-N 152.0473 

3-(4-hydroxy-3-methoxyphenyl)propanoic 

acid 
1135-23-5 5 BOLQJTPHPSDZHR-UHFFFAOYSA-N 196.0736 

3-(3-methoxyphenyl)propanoic acid 10516-71-9 4 BJJQJLOZWBZEGA-UHFFFAOYSA-N 180.0786 

3-(3,4,5-trimethoxyphenyl)propanoic acid 25173-72-2 6 ZCYXGVJUZBKJAI-UHFFFAOYSA-N  240.0998 

3-(3-hydroxy-4-methoxyphenyl)propanoic 

acid 
1135-15-5 3 ZVIJTQFTLXXGJA-UHFFFAOYSA-N 196.0736 

3-(4-methoxyphenyl)propanoic acid-3-

sulfate 
synthetic 3 N/A 319.9943 

3-(4-hydroxyphenyl)propanoic acid 501-97-3 3 NMHMNPHRMNGLLB-UHFFFAOYSA-N 166.0630 

3-phenylpropanoic acid 501-52-0 1 XMIIGOLPHOKFCH-UHFFFAOYSA-N 150.0681 

3-(3,4-dihydroxyphenyl)propanoic acid 1078-61-1 3 DZAUWHJDUNRCTF-UHFFFAOYSA-N 182.0579 

3-(3-hydroxyphenyl)propanoic acid 621-54-5 2 QVWAEZJXDYOKEH-UHFFFAOYSA-N   166.0630 

rosmarinic acid 20283-92-5 3 DOUMFZQKYFQNTF-WUTVXBCWSA-N 360.0845 

resveratrol 501-36-0 5 LUKBXSAWLPMMSZ-OWOJBTEDSA-N 228.0786 
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Supplementary Table 3. 2 Freeze-thaw stability of blueberry-derived (poly)phenols at the MQC 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cyanidin-3-O-galactoside 250 0.466±0.011a 0.397±0.017b 0.263±0.001c 0.263±0.002c 0.464±0.014a 

peonidin-3-O-galactoside 250 0.646±0.011a 0.536±0.005b 0.394±0.008c 0.410±0.005c 0.948±0.014d 

malvidin-3-O-galactoside 250 N.Q. N.Q. N.Q. N.Q. N.Q. 

petunidin-3-O-glucoside 500 0.515±0.027a 0.500±0.008a 0.321±0.016b 0.332±0.021b 0.581±0.019a 

delphinidin-3-O-glucoside 500 0.045±0.001a 0.038±0.001ab 0.024±0.001b 0.024±0.001b 0.063±0.007c 

3,4,5-trimethoxybenzaldehyde 500 0.090±0.001a 0.094±0.003a 0.058±0.002b 0.065±0.002b 0.066±0.002b 

3,4-dimethoxybenzaldehyde 500 0.332±0.003a 0.351±0.011a 0.221±0.004b 0.241±0.009b 0.247±0.001b 

3,5-dimethoxybenzaldehyde 500 0.065±0.005a 0.063±0.001a 0.044±0.001b 0.049±0.001b 0.049±0.001b 

2,4-dihydroxybenzaldehyde 1000 0.115±0.007ab 0.137±0.012a 0.091±0.005b 0.104±0.003ab 0.037±0.008c 

3,4,5-trihydroxybenzaldehyde 1000 0.019±0.001ab 0.023±0.002a 0.014±0.001b 0.014±0.001b 0.007±0.001c 

3,4-dihydroxybenzaldehyde 1000 0.096±0.001a 0.109±0.008a 0.086±0.008a 0.095±0.004a  0.044±0.009b 

3,5-dihydroxybenzaldehyde 1000 0.020±0.001a 0.028±0.002b 0.014±0.001a 0.016±0.001a 0.006±0.002c 

3-hydroxy-4-methoxybenzaldehyde 1000 0.002±0.001a 0.002±0.001a 0.001±0.001ab 0.002±0.001ab 0.001±0.001b 

3-hydroxybenzaldehyde 1000 0.249±0.005ab 0.298±0.025a 0.181±0.011bc 0.200±0.005b 0.107±0.025c 

4-hydroxy-2-methoxybenzaldehyde 1000 0.015±0.001a 0.022±0.001b 0.009±0.001c 0.011±0.001d 0.017±0.001e 

4-hydroxybenzaldehyde 1000 0.336±0.013ab 0.406±0.033a 0.248±0.017b 0.274±0.008b 0.109±0.025c 

2-hydroxy-4-methoxybenzaldehyde 5000 0.010±0.001a 0.008±0.001b 0.007±0.001b 0.007±0.001b 0.007±0.001b 

1,2-dihydroxybenzene   1000 0.010±0.001ab 0.014±0.001a 0.007±0.001bc 0.008±0.001b 0.003±0.001c 

1,3-dihydroxybenzene     1000 0.013±0.002ab 0.017±0.002a 0.008±0.001bc 0.010±0.001bc 0.005±0.001c 

2,6-dimethoxyphenol 1000 0.001±0.001ab 0.001±0.001a 0.001±0.001c 0.001±0.001bc 0.0002±0.001d 

2-hydroxy-4-methoxybenzoic acid 500 0.194±0.005a 0.187±0.012a 0.127±0.006b 0.146±0.019ab 0.121±0.009b 

4-hydroxybenzoic acid 500 0.206±0.013a 0.225±0.012a 0.151±0.006b 0.160±0.008b 0.050±0.003c 

2,4-dihydroxybenzoic acid 500 0.061±0.006a 0.061±0.004a 0.044±0.003a 0.049±0.003a 0.024±0.002b 

3-methoxybenzoic acid-4-O-glucuronide 500 0.031±0.002a 0.049±0.003b 0.028±0.001a 0.029±0.002a 0.006±0.001c 

4-methoxybenzoic acid-3-O-glucuronide 500 0.054±0.002a 0.080±0.003b 0.041±0.001c 0.044±0.002ac 0.011±0.001d 

2-methoxybenzoic acid 500 0.112±0.002a 0.118±0.003a 0.075±0.002b 0.082±0.004b 0.107±0.002a 
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Supplementary Table 3.2 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

4-hydroxy-3,5-dimethoxybenzoic acid 500 0.077±0.002a 0.085±0.002b 0.053±0.001c 0.057±0.001c 0.037±0.001d 

2,6-dimethoxybenzoic acid 1000 0.006±0.001a 0.009±0.001b 0.004±0.001ac 0.005±0.001a 0.001±0.0002c 

3,4,5-trimethoxybenzoic acid     1000 0.125±0.003a 0.194±0.017b 0.087±0.005ac 0.095±0.005a 0.043±0.009c 

3,4-dihydroxybenzoic acid 1000 0.120±0.007a 0.172±0.013b 0.085±0.006a 0.093±0.005a 0.040±0.011c 

3-methoxybenzoic-acid-4-sulfate 1000 0.496±0.014a 0.880±0.065b 0.356±0.018a 0.392±0.012a 0.030±0.007c 

4-hydroxy-3-methoxybenzoic acid  1000 0.027±0.001a 0.040±0.003b 0.059±0.004c 0.058±0.001c 0.009±0.002d 

4-methoxybenzoic acid-3-sulfate 1000 N.Q. N.Q. N.Q. N.Q. N.Q. 

benzoic acid 1000 0.113±0.008a 0.092±0.006a 0.092±0.007a 0.096±0.001a 0.035±0.009b 

3,5-dimethoxybenzoic acid 1000 0.065±0.001ab 0.083±0.005a 0.041±0.005bc 0.051±0.004bc 0.036±0.008c 

2,5-dihydroxybenzoic acid 1000 0.062±0.002ab 0.077±0.006a 0.045±0.002bc 0.052±0.006b 0.024±0.006c 

2-hydroxy-6-methoxybenzoic acid 1000 0.036±0.001ab 0.046±0.005a 0.027±0.002b 0.027±0.001b 0.011±0.003c 

2-hydroxybenzoic acid 1000 0.546±0.017a 0.565±0.043a 0.660±0.044a 0.684±0.026a 0.131±0.032b 

3,5-dihydroxybenzoic acid 1000 0.075±0.002a 0.121±0.007b 0.045±0.002c 0.058±0.002ac 0.069±0.002a 

3-methoxybenzoic acid 1000 0.067±0.001a 0.088±0.003b 0.035±0.001c 0.044±0.001d 0.051±0.002d 

3,4-dimethoxybenzoic acid    2500 0.158±0.021a 0.653±0.051b 0.035±0.030a 0.051±0.010a 0.053±0.033a 

3-hydroxy-4-methoxybenzoic acid  2500 0.048±0.004a 0.052±0.002a 0.034±0.001b 0.034±0.002b 0.015±0.002c 

3-hydroxybenzoic acid 2500 0.266±0.013a 0.235±0.010a 0.173±0.006b 0.184±0.007b 0.070±0.007c 

2,4-dimethoxybenzoic acid 2500 0.046±0.004a 0.041±0.003ab 0.017±0.001c 0.031±0.001b 0.012±0.003c 

3,4-dihydroxybenzoic acid methyl ester 500 0.266±0.014a 0.250±0.007a 0.237±0.010a 0.247±0.019a 0.105±0.006b 

3,5-dihydroxybenzoic acid methyl ester 500 0.165±0.009a 0.145±0.01a 0.168±0.008a 0.177±0.014a 0.074±0.004b 

3-hydroxybenzoic acid methyl ester 500 0.086±0.003a 0.085±0.006a 0.062±0.002b 0.070±0.003ab 0.029±0.002c 

4-hydroxybenzoic acid methyl ester    500 0.188±0.005a 0.188±0.009a 0.140±0.008b 0.153±0.008b 0.074±0.004c 

3,4-dimethoxybenzoic acid methyl ester 500 0.292±0.009a 0.297±0.008a 0.214±0.005bc 0.241±0.002b 0.207±0.004c 

4-hydroxy-3-methoxybenzoic acid 

methyl ester 2500 0.005±0.001a 0.005±0.001ab 0.004±0.001b 0.004±0.001ab 0.004±0.001b 

3,5-dimethoxybenzyl alcohol 500 0.108±0.004ab 0.112±0.002a 0.072±0.001c 0.079±0.002c 0.097±0.002b 
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Supplementary Table 3.2 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3,5-dihydroxybenzyl alcohol 1000 0.015±0.001a 0.027±0.002b 0.011±0.001a 0.012±0.001a 0.004±0.001c 

4-hydroxybenzyl alcohol 2500 0.001±0.001a 0.001±0.001a 0.001±0.001b 0.001±0.001b 0.0003±0.001c 

3,4-dimethoxybenzyl alcohol 2500 0.395±0.023a 0.346±0.013a 0.359±0.006a 0.376±0.005a 0.117±0.014b 

3-hydroxybenzyl alcohol    2500 0.0002±0.001a 0.0002±0.001a 0.0001±0.001b 0.0001±0.001b 0.0001±0.001b 

2-hydroxycinnamic acid 500 0.056±0.001a 0.059±0.004a 0.035±0.002b 0.036±0.003b 0.0002±0.001c 

3-hydroxy-4-methoxycinnamic acid 500 0.012±0.001a 0.013±0.001a 0.008±0.001b 0.008±0.001b 0.002±0.001c 

4-hydroxycinnamic acid 500 0.186±0.006a 0.161±0.010a 0.114±0.006b 0.111±0.003b 0.047±0.002c 

trans-3-hydroxycinnamic acid 500 0.059±0.003ab 0.066±0.004a 0.042±0.003c 0.045±0.003bc 0.014±0.001d 

trans-4-hydroxy-3-methoxycinnamic 

acid 1000 0.027±0.001a 0.037±0.003b 0.016±0.001c 0.017±0.001c 0.005±0.001d 

3-methoxycinnamic acid 2500 0.063±0.004a 0.057±0.004a 0.041±0.002b 0.041±0.001b 0.016±0.003c 

3,4-dihydroxycinnamic acid 1000 0.147±0.002a 0.164±0.002a 0.080±0.006b 0.091±0.004b 0.037±0.009c 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 1000 0.015±0.001a 0.019±0.001b 0.009±0.001c 0.009±0.001c 0.002±0.001d 

trans-cinnamic acid 2500 0.002±0.001a 0.001±0.001ab 0.001±0.001b 0.001±0.001b 0.001±0.001b 

4-methoxycinnamic acid 2500 0.028±0.001a 0.027±0.002a 0.019±0.001b 0.019±0.001b 0.006±0.001c 

myricetin 3-O-galactoside 250 0.018±0.001a 0.016±0.001ab 0.011±0.001b 0.012±0.001b 0.005±0.001c 

myricetin 1000 0.327±0.011ab 0.414±0.039a 0.202±0.011c 0.227±0.004bc 0.159±0.031c 

kaempferol 1000 0.056±0.005a 0.058±0.008a 0.040±0.005a 0.041±0.006a 0.018±0.014a 

n-benzoylglutamic acid 1000 0.117±0.003a 0.197±0.014b 0.075±0.004c 0.086±0.004ac 0.024±0.005d 

alpha-hydroxyhippuric acid 500 0.0003±0.001a 0.0003±0.001a 0.0001±0.001a 0.0001±0.001a N.Q. 

4-hydroxyhippuric acid 500 0.026±0.002a 0.034±0.003b 0.021±0.001a 0.022±0.001a 0.007±0.001c 

methyl hippurate 500 0.057±0.001a 0.063±0.002b 0.043±0.001c 0.049±0.001d 0.038±0.001c 

3-methylhippuric acid 1000 0.220±0.007a 0.306±0.024b 0.170±0.012a 0.197±0.007a 0.050±0.010c 

3-hydroxyhippuric acid 1000 0.142±0.003a 0.218±0.016b 0.099±0.006c 0.118±0.004ac 0.023±0.004d 

4-methylhippuric acid 1000 0.344±0.008a 0.507±0.062b 0.213±0.010ac 0.241±0.008a 0.085±0.013c 

hippuric acid 1000 0.118±0.003a 0.181±0.015b 0.086±0.006a 0.099±0.004a 0.037±0.008c 

1,2-dihydroxy-4-methylbenzene 1000 0.016±0.001a 0.024±0.001b 0.009±0.001c 0.012±0.001d 0.015±0.001a 

phenylacetic acid 500 0.014±0.001a 0.013±0.001ab 0.012±0.001b 0.013±0.001ab 0.007±0.001c 
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Supplementary Table 3.2 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

2,3,4-trimethoxyphenylacetic acid 500 0.002±0.001a 0.003±0.001a 0.001±0.001b 0.002±0.001b 0.0003±0.001c 

3-methoxyphenylacetic acid 500 0.003±0.001a 0.003±0.001a 0.002±0.001b 0.002±0.001b 0.001±0.001c 

4-hydroxy-3,5-dimethoxyphenylacetic 

acid 500 0.154±0.002a 0.161±0.004a 0.105±0.002b 0.116±0.004b 0.054±0.004c 

4-methoxyphenylacetic acid 500 0.102±0.003a 0.105±0.004a 0.065±0.001b 0.070±0.002b 0.030±0.001c 

3-hydroxy-4-methoxyphenylacetic acid 2500 0.035±0.002a 0.040±0.002a 0.024±0.001b 0.024±0.001b 0.004±0.001c 

3,4-dimethoxyphenylacetic acid 1000 0.006±0.001a 0.011±0.001b 0.004±0.001ac 0.005±0.001ac 0.002±0.001c 

3-hydroxyphenylacetic acid 1000 0.016±0.001a 0.027±0.003b 0.012±0.001a 0.013±0.001a 0.002±0.001c 

(2)-hydroxy(4-hydroxyphenyl)acetic 

acid 2500 0.010±0.001a 0.013±0.001a 0.007±0.001b 0.007±0.001b 0.002±0.001c 

4-hydroxy-3-methoxyphenylacetic acid 2500 0.099±0.003ab 0.106±0.005a 0.069±0.003cd 0.077±0.003bc 0.048±0.009d 

4-hydroxyphenylacetic acid 2500 0.003±0.001a 0.002±0.001b 0.002±0.001c 0.002±0.001c 0.001±0.001d 

3-(4-hydroxy-3-

methoxyphenyl)propanoic acid 500 0.033±0.002ab 0.041±0.003a 0.024±0.001c 0.026±0.001bc 0.005±0.001d 

3-(3-methoxyphenyl)propanoic acid 1000 0.007±0.001a 0.010±0.001b 0.004±0.001cd 0.005±0.001ac 0.002±0.001d 

3-(3,4,5-trimethoxyphenyl)propanoic 

acid 1000 0.011±0.001a 0.018±0.002b 0.007±0.001a 0.008±0.001a 0.002±0.001c 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 1000 0.012±0.001a 0.019±0.002b 0.007±0.001c 0.009±0.001ac 0.002±0.001d 

3-(4-methoxyphenyl)propanoic acid-3-

sulfate 1000 0.549±0.016a 1.009±0.094b N.Q. 0.389±0.010a 0.122±0.024c 

3-(4-hydroxyphenyl)propanoic acid 2500 0.458±0.017a 0.450±0.024a 0.294±0.008b 0.304±0.013b 0.101±0.010c 

3-phenylpropanoic acid 2500 0.004±0.001a 0.002±0.001a 0.002±0.001a 0.002±0.001a 0.002±0.001a 

3-(3,4-dihydroxyphenyl)propanoic acid 2500 0.245±0.024a 0.328±0.021b 0.150±0.005c 0.149±0.001c 0.052±0.004d 

3-(3-hydroxyphenyl)propanoic acid 2500 0.223±0.010a 0.237±0.011a 0.151±0.004b 0.149±0.004b 0.037±0.005c 

rosmarinic acid 1000 0.412±0.014a 0.598±0.043b 0.241±0.013c 0.262±0.007c 0.106±0.025d 

resveratrol 1000 0.736±0.030a 0.719±0.060a 0.426±0.031b 0.429±0.017b 0.192±0.039c 

Mean peak area ratio±standard deviation (n=3); MQC: middle quality control concentration; N.Q.: not quantified because peak area 

ratio was below the limit of detection; means with different letters in the same row are significantly different (p≤0.001). 
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Supplementary Table 3. 3 Freeze-thaw stability of blueberry-derived (poly)phenols at the LQC 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cyanidin-3-O-galactoside 5 0.007±0.001a 0.013±0.001b 0.006±0.001a 0.006±0.001a 0.010±0.001ab 

peonidin-3-O-galactoside 5 0.010±0.001a 0.013±0.001b 0.008±0.001a 0.008±0.001a 0.020±0.001c 

malvidin-3-O-galactoside 25 N.Q. N.Q. N.Q. N.Q. N.Q. 

petunidin-3-O-glucoside 50 0.053±0.002a 0.070±0.003b 0.036±0.002c 0.034±0.001c 0.069±0.005b 

delphinidin-3-O-glucoside 50 0.004±0.001a 0.004±0.001a 0.003±0.001b 0.003±0.001b N.Q. 

3,4,5-trimethoxybenzaldehyde 25 0.004±0.001a 0.004±0.001a 0.003±0.001a 0.003±0.001a 0.004±0.001a  

3,4-dimethoxybenzaldehyde 50 0.032±0.001a 0.045±0.002b 0.021±0.001c 0.021±0.001c 0.030±0.001a 

3,5-dimethoxybenzaldehyde 50 0.007±0.001ab 0.009±0.001a 0.005±0.001b 0.005±0.001b 0.007±0.001ab 

2,4-dihydroxybenzaldehyde 100 0.014±0.003a 0.008±0.001ab 0.009±0.001ab 0.010±0.002ab 0.005±0.001b 

3,4,5-trihydroxybenzaldehyde 100 0.002±0.001a 0.002±0.001a 0.001±0.001a 0.001±0.001a 0.001±0.001b 

3,4-dihydroxybenzaldehyde 100 0.008±0.001ab 0.007±0.001a 0.009±0.001ab 0.009±0.001b 0.004±0.001c 

3,5-dihydroxybenzaldehyde 100 0.002±0.001a 0.002±0.001a 0.002±0.001a 0.002±0.001a 0.001±0.001b 

3-hydroxy-4-methoxybenzaldehyde 100 0.0001±0.001a 0.0002±0.001a 0.0002±0.001a 0.0003±0.001a 0.0001±0.001a 

3-hydroxybenzaldehyde 100 0.027±0.001a 0.025±0.002a 0.023±0.001a 0.024±0.001a 0.012±0.001b 

4-hydroxy-2-methoxybenzaldehyde 100 0.001±0.001a 0.001±0.001a 0.001±0.001b 0.001±0.001b 0.002±0.001c 

4-hydroxybenzaldehyde 250 0.083±0.003a 0.079±0.002a 0.072±0.001ab 0.063±0.003b 0.025±0.003c 

2-hydroxy-4-methoxybenzaldehyde 250 0.0004±0.001a 0.0004±0.001a 0.0003±0.001a 0.0003±0.001a 0.0002±0.001a 

1,2-dihydroxybenzene   100 0.001±0.001a 0.001±0.001a 0.001±0.001ab 0.001±0.001a 0.0003±0.001b 

1,3-dihydroxybenzene     250 0.004±0.001a 0.003±0.001ab 0.002±0.001ab 0.002±0.001ab 0.001±0.001b 

2-hydroxy-1,3-dimethoxybenzene 250 0.0002±0.001a 0.0002±0.001a 0.0001±0.001a 0.0002±0.001a 0.00003±0.001a 

2-hydroxy-4-methoxybenzoic acid 25 0.010±0.001a 0.008±0.001ab 0.006±0.001bc 0.006±0.001bc 0.005±0.001c 

4-hydroxybenzoic acid 25 0.015±0.001a 0.014±0.002a 0.011±0.001a 0.011±0.001a 0.003±0.001b 

2,4-dihydroxybenzoic acid 50 0.007±0.001ab 0.012±0.002a 0.005±0.002ab 0.007±0.001ab 0.003±0.001b 

3-methoxybenzoic acid-4-O-

glucuronide 50 0.003±0.001a 0.005±0.001b 0.003±0.001a 0.003±0.001a 0.001±0.001c 

4-methoxybenzoic acid-3-O-

glucuronide 50 0.005±0.001a 0.009±0.001b 0.004±0.001a 0.004±0.001a 0.001±0.001c 
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Supplementary Table 3.3 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

2-methoxybenzoic acid 50 0.011±0.001a 0.015±0.001b 0.007±0.001c 0.008±0.001c 0.013±0.001b 

4-hydroxy-3,5-dimethoxybenzoic 

acid 50 0.008±0.001a 0.011±0.001b 0.006±0.001c 0.005±0.001c 0.005±0.001c 

2,6-dimethoxybenzoic acid 100 0.001±0.001ab 0.001±0.001a 0.0005±0.001ab 0.001±0.001ab 0.0001±0.001b 

3,4,5-trimethoxybenzoic acid     100 0.011±0.001ab 0.013±0.001a 0.008±0.001b 0.009±0.001b 0.004±0.001c 

3,4-dihydroxybenzoic acid 100 0.009±0.001ab 0.014±0.002a 0.011±0.001a 0.012±0.002a 0.005±0.001b 

3-methoxybenzoic-acid-4-sulfate 100 0.041±0.002a 0.058±0.004b 0.035±0.001a 0.038±0.001a 0.003±0.001c 

4-hydroxy-3-methoxybenzoic acid  100 0.002±0.001a 0.003±0.001a 0.006±0.001b 0.006±0.001b 0.001±0.001c 

4-methoxybenzoic acid-3-sulfate 100 0.043±0.002a 0.059±0.004b 0.001±0.001c N.Q. 0.003±0.001c 

benzoic acid 100 0.094±0.003a 0.061±0.004b 0.103±0.009a 0.101±0.003a 0.035±0.001c 

3,5-dimethoxybenzoic acid 250 0.026±0.008a 0.020±0.008a 0.016±0.005a 0.016±0.001a 0.012±0.008a 

2,5-dihydroxybenzoic acid 250 0.014±0.001a 0.015±0.001a 0.012±0.001a 0.010±0.001a 0.005±0.001b 

2-hydroxy-6-methoxybenzoic acid 250 0.009±0.001ab 0.009±0.001a 0.008±0.001ab 0.007±0.001b 0.003±0.001c 

2-hydroxybenzoic acid 250 0.167±0.005a 0.111±0.003b 0.223±0.001c 0.184±0.009a 0.032±0.004d 

3,5-dihydroxybenzoic acid 250 0.032±0.001a 0.034±0.003a 0.018±0.001b 0.015±0.001b 0.020±0.001b 

3-methoxybenzoic acid 250 0.017±0.001a 0.017±0.001a 0.010±0.001b 0.009±0.001b 0.012±0.001c 

3,4-dimethoxybenzoic acid    500 0.104±0.021a 0.677±0.024b 0.022±0.018ac 0.023±0.008ac 0.007±0.007c 

3-hydroxy-4-methoxybenzoic acid  500 0.007±0.001ab 0.013±0.001c 0.008±0.001a 0.008±0.001a 0.003±0.001b 

3-hydroxybenzoic acid 500 0.049±0.003a 0.047±0.004ab 0.035±0.002b 0.037±0.002ab 0.016±0.004c 

2,4-dimethoxybenzoic acid 1000 0.018±0.004ab 0.021±0.003a 0.005±0.001b 0.010±0.001b 0.005±0.004b 

3,4-dihydroxybenzoic acid methyl 

ester 25 0.013±0.001a 0.011±0.001ab 0.009±0.001b 0.010±0.001ab 0.005±0.001c 

3,5-dihydroxybenzoic acid methyl 

ester 25 0.009±0.001a 0.007±0.001b 0.007±0.001b 0.007±0.001b 0.004±0.001c 

3-hydroxybenzoic acid methyl ester 50 0.009±0.001ab 0.011±0.001a 0.007±0.001b 0.007±0.001b 0.003±0.001c 

4-hydroxybenzoic acid methyl ester    50 0.020±0.002ab 0.023±0.001a 0.014±0.001bc 0.015±0.001b 0.008±0.001c 

3,4-dimethoxybenzoic acid methyl 

ester 50 0.027±0.001a 0.038±0.002b 0.021±0.001c 0.021±0.001c 0.026±0.001a 
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Supplementary Table 3.3 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

4-hydroxy-3-methoxybenzoic acid 

methyl ester 500 0.0003±0.001a 0.001±0.001b 0.001±0.001b 0.001±0.001b 0.001±0.001b 

3,5-dimethoxybenzyl alcohol 50 0.011±0.001a 0.019±0.003b 0.007±0.001a 0.008±0.001a 0.013±0.001ab 

3,5-dihydroxybenzyl alcohol 250 0.004±0.001a 0.005±0.001b 0.003±0.001a 0.003±0.001a 0.001±0.001c 

4-hydroxybenzyl alcohol 500 0.0002±0.001a 0.0002±0.001a 0.0001±0.001a 0.0001±0.001a 0.0001±0.001a 

3,4-dimethoxybenzyl alcohol 500 0.066±0.002a 0.052±0.004a 0.063±0.003a 0.067±0.008a 0.024±0.002b 

3-hydroxybenzyl alcohol    1000 0.0001±0.001a 0.0001±0.001a 0.0001±0.001a 0.0001±0.001a N.Q. 

2-hydroxycinnamic acid 50 0.005±0.001ab 0.007±0.001a 0.004±0.001b 0.003±0.001b 0.00003±0.001c 

3-hydroxy-4-methoxycinnamic 

acid 50 0.001±0.001a 0.001±0.001a 0.001±0.001b 0.001±0.001b 0.0001±0.001c 

4-hydroxycinnamic acid 50 0.018±0.001a 0.018±0.001a 0.010±0.001b 0.010±0.001b 0.004±0.001c 

trans-3-hydroxycinnamic acid 50 0.005±0.001a 0.008±0.001b 0.004±0.001a 0.004±0.001a 0.001±0.001c 

trans-4-hydroxy-3-

methoxycinnamic acid 100 0.002±0.001ab 0.003±0.001a 0.002±0.001bc 0.001±0.001c 0.00043±0.001d 

3-methoxycinnamic acid 100 0.002±0.001a 0.002±0.001a 0.001±0.001a 0.002±0.001a 0.001±0.001b 

3,4-dihydroxycinnamic acid 250 0.038±0.002a 0.030±0.004ab 0.023±0.002b 0.019±0.001bc 0.009±0.002c 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 250 0.004±0.001a 0.003±0.001a 0.002±0.001b 0.002±0.001b 0.0004±0.001c 

trans-cinnamic acid 1000 0.001±0.001a 0.001±0.001a 0.0004±0.001a 0.0004±0.001a 0.0004±0.001a 

4-methoxycinnamic acid 1000 0.012±0.001ab 0.016±0.001a 0.009±0.001b 0.010±0.001b 0.002±0.001c 

myricetin 3-O-galactoside 100 0.006±0.001ab 0.008±0.001a 0.004±0.001c 0.004±0.001bc 0.002±0.001d 

myricetin 250 0.055±0.004a 0.056±0.001a 0.044±0.002ab 0.037±0.001bc 0.025±0.003c 

kaempferol 250 0.027±0.001a 0.018±0.002b 0.017±0.001b 0.017±0.001b 0.003±0.002c 

n-benzoylglutamic acid 100 0.010±0.001a 0.013±0.001b 0.008±0.001a 0.009±0.001a 0.002±0.001c 

alpha-hydroxyhippuric acid 50 0.0001±0.001a N.Q. 0.00003±0.001a N.Q. 0.00003±0.001a 

4-hydroxyhippuric acid 50 0.003±0.001a 0.004±0.001b 0.002±0.001a 0.002±0.001a 0.001±0.001c 

methyl hippurate 50 0.005±0.001a 0.008±0.001b 0.004±0.001a 0.004±0.001a 0.005±0.001a 

3-methylhippuric acid 100 0.024±0.001a 0.036±0.002b 0.039±0.003b 0.039±0.002b 0.005±0.001c 

3-hydroxyhippuric acid 100 0.013±0.001ab 0.015±0.001a 0.011±0.001b 0.012±0.001b 0.002±0.001c 
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Supplementary Table 3.3 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

4-methylhippuric acid 250 0.117±0.012a 0.128±0.028a 0.122±0.005a 0.083±0.008ab 0.024±0.005b 

hippuric acid 250 0.029±0.001a 0.035±0.001b 0.024±0.001c 0.022±0.001c 0.009±0.001d 

1,2-dihydroxy-4-methylbenzene 250 0.004±0.001a 0.004±0.001a 0.002±0.001b 0.002±0.001b 0.003±0.001ab 

phenylacetic acid 50 0.002±0.001a 0.001±0.001a 0.002±0.001a 0.001±0.001a 0.001±0.001a 

2,3,4-trimethoxyphenylacetic acid 50 0.0002±0.001ab 0.0003±0.001a 0.0001±0.001b 0.0002±0.001ab N.Q. 

3-methoxyphenylacetic acid 50 0.0002±0.001ab 0.0003±0.001a 0.0002±0.001ab 0.0002±0.001ab 0.0001±0.001b 

4-hydroxy-3,5-

dimethoxyphenylacetic acid 50 0.015±0.001a 0.021±0.001b 0.010±0.001c 0.011±0.001c 0.007±0.001d 

4-methoxyphenylacetic acid 50 0.010±0.001ab 0.013±0.001a 0.007±0.001bc 0.007±0.001bc 0.003±0.002c 

3-hydroxy-4-methoxyphenylacetic 

acid 50 0.001±0.001a 0.001±0.001b 0.0004±0.001a 0.0005±0.001a 0.0001±0.001c 

3,4-dimethoxyphenylacetic acid 100 0.001±0.001a 0.001±0.001a 0.0004±0.001a 0.001±0.001a 0.0002±0.001a 

3-hydroxyphenylacetic acid 250 0.004±0.001ab 0.005±0.001a 0.003±0.001b 0.003±0.001b 0.001±0.001c 

(2)-hydroxy(4-hydroxyphenyl)acetic 

acid 1000 0.004±0.001a 0.006±0.001b 0.003±0.001c 0.003±0.001ac 0.001±0.001d 

4-hydroxy-3-methoxyphenylacetic 

acid 1000 0.036±0.002ab 0.062±0.001c 0.027±0.005a 0.034±0.001ab 0.048±0.006bc 

4-hydroxyphenylacetic acid 1000 0.001±0.001a 0.002±0.001b 0.001±0.001c 0.001±0.001c 0.0002±0.001d 

3-(4-hydroxy-3-

methoxyphenyl)propanoic acid 25 0.002±0.001ab 0.002±0.001a 0.001±0.001b 0.001±0.001b 0.0003±0.001c 

3-(3-methoxyphenyl)propanoic acid 100 0.001±0.001ab 0.001±0.001a 0.001±0.001b 0.0005±0.001b 0.0002±0.001c 

3-(3,4,5-trimethoxyphenyl)propanoic 

acid 100 0.001±0.001ab 0.001±0.001a 0.001±0.001ab 0.001±0.001ab 0.0002±0.001b 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 100 0.001±0.001ab 0.001±0.001a 0.001±0.001b 0.001±0.001b 0.0002±0.001c 

3-(4-methoxyphenyl)propanoic acid-

3-sulfate 250 0.124±0.008ab 0.178±0.006a N.Q. 0.058±0.050bc 0.027±0.003bc 

3-(4-hydroxyphenyl)propanoic acid 500 0.161±0.016a 0.081±0.006b 0.056±0.002bc 0.066±0.009bc 0.026±0.001c 

3-phenylpropanoic acid 500 0.0004±0.001a 0.0001±0.001a 0.001±0.001a 0.001±0.001a 0.001±0.001a 
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Supplementary Table 3.3 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3-(3,4-dihydroxyphenyl)propanoic acid 1000 0.098±0.011a 0.223±0.036b 0.062±0.007a 0.066±0.002a 0.025±0.004a 

3-(3-hydroxyphenyl)propanoic acid 1000 0.095±0.005a 0.129±0.009b 0.057±0.004c 0.062±0.001c 0.015±0.003d 

rosmarinic acid 100 0.034±0.001a 0.038±0.004b 0.023±0.002c 0.023±0.001c 0.009±0.001d 

resveratrol 100 0.064±0.003a 0.044±0.004b 0.042±0.001b 0.038±0.001b 0.017±0.001c 

Mean peak area ratio±standard deviation (n=3); LQC: low quality control concentration; N.Q.: not quantified because peak area ratio 

was below the limit of detection; means with different letters in the same row are significantly different (p≤0.001). 
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Supplementary Table 3. 4 Freeze-thaw stability of blueberry-derived (poly)phenols at the HQC 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

cyanidin-3-O-galactoside 5000 5.984±0.160a 5.764±0.378a 3.335±0.065b 3.377±0.085b 5.265±0.078a 

peonidin-3-O-galactoside 5000 9.243±0.028a 8.424±0.130a 5.37±0.133b 5.611±0.123b 11.387±0.476c 

malvidin-3-O-galactoside 5000 0.0001±0.001a 0.0001±0.001a N.Q. N.Q. N.Q. 

petunidin-3-O-glucoside 5000 5.762±0.154a 5.084±0.063a 3.204±0.131b 3.092±0.156b 7.305±0.506c 

delphinidin-3-O-glucoside 5000 0.313±0.006a 0.281±0.015ab 0.175±0.002b 0.176±0.004b 0.391±0.060a 

3,4,5-trimethoxybenzaldehyde 5000 1.034±0.020a 0.969±0.013a 0.606±0.003b 0.641±0.005b 0.940±0.097a 

3,4-dimethoxybenzaldehyde 5000 3.673±0.068a 3.488±0.019a 2.192±0.015b 2.276±0.023b 3.265±0.328a 

3,5-dimethoxybenzaldehyde 5000 0.766±0.004a 0.621±0.001a 0.447±0.004b 0.473±0.002b 0.692±0.068a 

2,4-dihydroxybenzaldehyde 5000 0.617±0.030a 0.491±0.015b 0.479±0.017b 0.497±0.017b 0.179±0.016c 

3,4,5-trihydroxybenzaldehyde 5000 0.106±0.005a 0.089±0.003ab 0.073±0.004b 0.073±0.003b 0.039±0.004c 

3,4-dihydroxybenzaldehyde 5000 0.522±0.022a 0.426±0.003a 0.416±0.034ab 0.412±0.004ab 0.282±0.049b 

3,5-dihydroxybenzaldehyde 5000 0.101±0.005a 0.099±0.001a 0.073±0.004b 0.077±0.003b 0.038±0.007c 

3-hydroxy-4-methoxybenzaldehyde 5000 0.009±0.001a 0.007±0.001b 0.006±0.001bc 0.006±0.001bc 0.005±0.001c 

3-hydroxybenzaldehyde 5000 1.334±0.053a 1.127±0.032ab 0.920±0.032b 0.926±0.031b 0.606±0.082c 

4-hydroxy-2-methoxybenzaldehyde 5000 0.082±0.001a 0.076±0.001a 0.047±0.001b 0.048±0.001b 0.111±0.010c 

4-hydroxybenzaldehyde 5000 1.805±0.078a 1.517±0.057b 1.254±0.032b 1.263±0.052b 0.582±0.039c 

2-hydroxy-4-methoxybenzaldehyde 50000 0.125±0.012a 0.097±0.001ab 0.076±0.005bc 0.083±0.006bc 0.062±0.003c 

1,2-dihydroxybenzene   5000 0.053±0.001a 0.053±0.003a 0.038±0.001b 0.038±0.002b 0.018±0.002c 

1,3-dihydroxybenzene     5000 0.067±0.004a 0.063±0.003a 0.044±0.002b 0.045±0.002b 0.026±0.003c 

2,6-dimethoxyphenol 5000 0.005±0.001a 0.004±0.001a 0.003±0.001b 0.003±0.001b 0.001±0.001c 

2-hydroxy-4-methoxybenzoic acid 5000 2.282±0.082a 1.901±0.039ab 1.599±0.251bc 1.687±0.052ac 1.107±0.114c 

4-hydroxybenzoic acid 5000 2.163±0.081a 2.164±0.051a 1.478±0.059b 1.522±0.065b 0.524±0.033c 

2,4-dihydroxybenzoic acid 5000 0.707±0.029a 0.647±0.018a 0.468±0.015b 0.479±0.014b 0.252±0.032c 

3-methoxybenzoic acid-4-O-

glucuronide 5000 0.230±0.010a 0.296±0.013b 0.211±0.004a  0.197±0.016a 0.063±0.011c 

4-methoxybenzoic acid-3-O-

glucuronide 5000 0.535±0.039a 0.648±0.043a 0.371±0.001b 0.320±0.026b 0.108±0.021c 
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Supplementary Table 3.4 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

2-methoxybenzoic acid 5000 1.228±0.017a 1.213±0.029a 0.751±0.030b 0.795±0.032b 1.379±0.136a 

4-hydroxy-3,5-dimethoxybenzoic acid 5000 0.872±0.008a 0.873±0.017a 0.518±0.012b 0.530±0.013b 0.486±0.043b 

2,6-dimethoxybenzoic acid 5000 0.031±0.001a 0.034±0.002a 0.021±0.001b 0.022±0.001b 0.006±0.001c 

3,4,5-trimethoxybenzoic acid     5000 0.684±0.034a 0.739±0.031a 0.462±0.009b 0.469±0.020b 0.223±0.010c 

3,4-dihydroxybenzoic acid 5000 0.626±0.016a 0.627±0.008a 0.419±0.021b 0.419±0.022b 0.182±0.005c 

3-methoxybenzoic-acid-4-sulfate 5000 2.752±0.096a 3.406±0.078b 1.984±0.059c 2.003±0.067c 0.153±0.014d 

4-hydroxy-3-methoxybenzoic acid  5000 0.156±0.006a 0.159±0.006a 0.321±0.009b 0.333±0.013b 0.052±0.007c 

4-methoxybenzoic acid-3-sulfate 5000 2.919±0.089a 3.263±0.446a 0.001±0.001b N.Q. 0.170±0.019b 

benzoic acid 5000 0.110±0.011a 0.070±0.003b 0.087±0.002ab 0.089±0.002ab 0.038±0.003c 

3,5-dimethoxybenzoic acid 5000 0.299±0.009a 0.255±0.006ab 0.193±0.004c 0.200±0.008bc 0.134±0.022d 

2,5-dihydroxybenzoic acid 5000 0.346±0.021a 0.261±0.008ab 0.213±0.012bc 0.225±0.008bc 0.149±0.029c 

2-hydroxy-6-methoxybenzoic acid 5000 0.188±0.011a 0.154±0.008ab 0.138±0.010b 0.120±0.002b 0.061±0.008c 

2-hydroxybenzoic acid 5000 2.247±0.111ab 1.860±0.063a 2.524±0.114b 2.431±0.055b 0.610±0.056c 

3,5-dihydroxybenzoic acid 5000 0.372±0.005a 0.355±0.009ab 0.217±0.001c 0.226±0.007c 0.318±0.013b 

3-methoxybenzoic acid 5000 0.356±0.003a 0.305±0.014a 0.181±0.008b 0.191±0.005b 0.337±0.026a 

3,4-dimethoxybenzoic acid    5000 0.191±0.012a 0.672±0.050b 0.064±0.056a 0.080±0.012a 0.046±0.003a 

3-hydroxy-4-methoxybenzoic acid  5000 0.092±0.006a 0.098±0.006a 0.065±0.002b 0.066±0.002b 0.029±0.003c 

3-hydroxybenzoic acid 5000 0.529±0.021a 0.493±0.027a 0.348±0.008b 0.378±0.020b 0.150±0.022c 

2,4-dimethoxybenzoic acid 5000 0.079±0.007a 0.074±0.009a 0.039±0.001b 0.053±0.006ab 0.026±0.005b 

3,4-dihydroxybenzoic acid methyl 

ester 5000 3.502±0.159a 3.157±0.123ab 2.723±0.079b 2.771±0.089b 1.048±0.094c 

3,5-dihydroxybenzoic acid methyl 

ester 5000 2.323±0.164a 1.927±0.071a 1.946±0.044a 1.971±0.060a 0.774±0.077b 

3-hydroxybenzoic acid methyl ester 5000 0.971±0.027a 0.855±0.022a 0.689±0.017b 0.701±0.032b 0.304±0.038c 

4-hydroxybenzoic acid methyl ester    5000 2.163±0.084a 1.890±0.068a 1.474±0.019b 1.498±0.062b 0.766±0.103c 

3,4-dimethoxybenzoic acid methyl 

ester 5000 3.084±0.040a 2.821±0.017ab 2.158±0.057b 2.270±0.026b 2.591±0.308ab 
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Supplementary Table 3.4 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

4-hydroxy-3-methoxybenzoic acid 

methyl ester 5000 0.012±0.001a 0.010±0.001ab 0.008±0.001b 0.008±0.001b 0.008±0.001b 

3,5-dimethoxybenzyl alcohol 5000 1.157±0.017a 1.105±0.016a 0.708±0.015b 0.748±0.010b 1.283±0.137a 

3,5-dihydroxybenzyl alcohol 5000 0.066±0.004a 0.103±0.005b 0.047±0.008a 0.056±0.003a 0.016±0.001c 

4-hydroxybenzyl alcohol 5000 0.002±0.001a 0.002±0.001a 0.001±0.001b 0.001±0.001b 0.001±0.001c 

3,4-dimethoxybenzyl alcohol 5000 0.847±0.032a 0.752±0.020a 0.722±0.041a 0.751±0.014a 0.251±0.024b 

3-hydroxybenzyl alcohol    5000 0.0004±0.001ab 0.0004±0.001a 0.0002±0.001c 0.0002±0.001bc 0.0001±0.001c 

2-hydroxycinnamic acid 5000 0.645±0.026a 0.644±0.028a 0.414±0.004b 0.410±0.021b 0.001±0.0003c 

3-hydroxy-4-methoxycinnamic acid 5000 0.144±0.005a 0.144±0.005a 0.088±0.002b 0.090±0.004b 0.012±0.001c 

4-hydroxycinnamic acid 5000 2.198±0.083a 1.825±0.055b 1.331±0.034c 1.315±0.047c 0.609±0.065d 

trans-3-hydroxycinnamic acid 5000 0.665±0.020a 0.676±0.022a 0.431±0.011b 0.439±0.023b 0.144±0.018c 

trans-4-hydroxy-3-

methoxycinnamic acid 5000 0.153±0.006a 0.156±0.008a 0.095±0.003b 0.097±0.004b 0.032±0.005c 

3-methoxycinnamic acid 50000 0.0001±0.001a 0.00003±0.001a N.Q. N.Q. N.Q. 

3,4-dihydroxycinnamic acid 5000 0.820±0.047a 0.673±0.011b 0.469±0.016c 0.477±0.011c 0.226±0.026d 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 5000 0.093±0.004a 0.085±0.003a 0.055±0.002b 0.055±0.003b 0.017±0.002c 

trans-cinnamic acid 5000 0.004±0.001a 0.003±0.001b 0.002±0.001bc 0.002±0.001bc 0.002±0.001c 

4-methoxycinnamic acid 5000 0.055±0.001a 0.052±0.003a 0.036±0.001b 0.037±0.001b 0.013±0.002c 

myricetin 3-O-galactoside 500 0.037±0.001a 0.032±0.001a 0.023±0.001b 0.024±0.001b 0.010±0.002c 

myricetin 5000 1.679±0.050a 1.506±0.062a 1.066±0.027bc 1.070±0.045bc 0.869±0.135c 

kaempferol 5000 0.150±0.086a 0.134±0.044a 0.120±0.036a 0.141±0.018a 0.065±0.064a 

n-benzoylglutamic acid 5000 0.648±0.025a 0.773±0.024b 0.393±0.008c 0.416±0.017c 0.133±0.011d 

alpha-hydroxyhippuric acid 5000 0.003±0.001a 0.003±0.001a 0.001±0.001b 0.002±0.001b 0.0002±0.001c 

4-hydroxyhippuric acid 5000 0.289±0.011a 0.333±0.013a 0.205±0.005b 0.211±0.010b 0.078±0.007c 
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Supplementary Table 3.4 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

methyl hippurate 5000 0.670±0.011a 0.646±0.008a 0.426±0.016bc 0.457±0.011bc 0.515±0.050c 

3-methylhippuric acid 5000 1.078±0.045a 1.155±0.059a 0.793±0.014b 0.809±0.023b 0.265±0.024c 

3-hydroxyhippuric acid 5000 0.788±0.015a 0.871±0.028a 0.551±0.009b 0.573±0.028b 0.139±0.006c 

4-methylhippuric acid 5000 1.725±0.053a 1.828±0.075a 1.148±0.023b 1.229±0.045b 0.406±0.031c 

hippuric acid 5000 0.600±0.017a 0.625±0.015a 0.451±0.011b 0.478±0.024b 0.196±0.023c 

1,2-dihydroxy-4-methylbenzene 5000 0.093±0.003a 0.091±0.001a 0.053±0.002b 0.055±0.001b 0.110±0.011a 

phenylacetic acid 5000 0.163±0.010a 0.122±0.007b 0.117±0.008b 0.124±0.004b 0.067±0.006c 

2,3,4-trimethoxyphenylacetic acid 5000 0.025±0.001a 0.026±0.001a 0.015±0.001b 0.016±0.001b 0.004±0.001c 

3-methoxyphenylacetic acid 5000 0.028±0.001a 0.031±0.002a 0.019±0.001b 0.019±0.001b 0.008±0.001c 

4-hydroxy-3,5-dimethoxyphenylacetic 

acid 5000 1.717±0.024a 1.755±0.017a 1.070±0.010b 1.115±0.016b 0.631±0.036c 

4-methoxyphenylacetic acid 5000 1.132±0.009a 1.009±0.020b 0.626±0.015c 0.641±0.009c 0.371±0.039d 

3-hydroxy-4-methoxyphenylacetic acid 50000 1.003±0.070a 1.202±0.050a 0.598±0.050b 0.662±0.030b 0.113±0.001c 

3,4-dimethoxyphenylacetic acid 5000 0.036±0.001a 0.039±0.002a 0.024±0.001b 0.024±0.001b 0.012±0.001c 

3-hydroxyphenylacetic acid 5000 0.088±0.005a 0.094±0.007a 0.058±0.002b 0.061±0.002b 0.011±0.002c 

(2)-hydroxy(4-hydroxyphenyl)acetic 

acid 5000 0.021±0.001a 0.025±0.001b 0.014±0.001c 0.015±0.001c 0.004±0.001d 

4-hydroxy-3-methoxyphenylacetic acid 5000 0.188±0.006a 0.208±0.011a 0.137±0.005b 0.139±0.006b 0.048±0.014c 

4-hydroxyphenylacetic acid 5000 0.006±0.001a 0.005±0.001a 0.003±0.001b 0.003±0.001b 0.001±0.001c 

3-(4-hydroxy-3-

methoxyphenyl)propanoic acid 5000 0.368±0.014a 0.374±0.013a 0.238±0.008b 0.238±0.008b 0.058±0.005c 

3-(3-methoxyphenyl)propanoic acid 5000 0.039±0.001a 0.038±0.003a 0.023±0.001b 0.023±0.002b 0.011±0.002c 

3-(3,4,5-trimethoxyphenyl)propanoic 

acid 5000 0.062±0.001a 0.067±0.004a 0.040±0.001b 0.043±0.002b 0.013±0.002c 
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Supplementary Table 3.4 (continued) 

Compound Name  

Concentration 

(nM) Baseline  Cycle 1 Cycle 2 Cycle 3 Cycle 4 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 5000 0.066±0.001a 0.072±0.004a 0.039±0.001b 0.040±0.001b 0.008±0.001c 

3-(4-methoxyphenyl)propanoic acid-3-

sulfate 5000 3.099±0.140a 3.864±0.111b 0.00003±0.001c 2.002±0.067d 0.606±0.084e 

3-(4-hydroxyphenyl)propanoic acid 5000 0.890±0.040a 0.919±0.044a 0.594±0.010b 0.609±0.023b 0.208±0.030c 

3-phenylpropanoic acid 5000 0.008±0.001a 0.005±0.001a 0.005±0.001a 0.005±0.001a 0.003±0.002a 

3-(3,4-dihydroxyphenyl)propanoic 

acid 5000 0.434±0.013a 0.564±0.047b 0.302±0.016c 0.296±0.026c 0.088±0.004d 

3-(3-hydroxyphenyl)propanoic acid 5000 0.446±0.020a 0.482±0.017a 0.302±0.005b 0.307±0.013b 0.075±0.008c 

rosmarinic acid 5000 2.239±0.041a 2.278±0.062a 1.305±0.034b 1.299±0.055b 0.575±0.071c 

resveratrol 5000 4.023±0.105a 3.129±0.154b 2.657±0.108b 2.595±0.065b 1.377±0.202c 

Mean peak area ratio±standard deviation (n=3); HQC: high quality control concentration; N.Q.: not quantified because peak area ratio 

was below the limit of detection; means with different letters in the same row are significantly different (p≤0.001). 
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CHAPTER 4: THE USE OF SURROGATE ANALYTES FOR QUANTITATIVE 

ANALYSIS OF (POLY)PHENOLIC METABOLITES IN BIOLOGICAL SAMPLES3 

 

 

 

  

 

 

 

 

 
3 This chapter will be submitted as a manuscript for publication with Atul S. Rathore, PhD, Preeti Chandra, PhD, 

Jessica L. Everhart, BSc, Harry Schulz, BSc, Colin D Kay, PhD. 
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4.1 Abstract 

Plant (poly)phenols have been widely studied for their health benefits including reduction of risk 

factors for cardiovascular diseases, diabetes, high cholesterol, and improvement of memory and 

digestion. Accurate analysis of flavonoid metabolites after consumption of (poly)phenol-rich fruits 

and vegetables is essential for establishing correlations between consumption, absorption, and 

bioactivity. Unfortunately, quantitative analysis of (poly)phenol metabolites often require the use 

of reference standard curves derived using surrogate analytes, where authentic reference standards 

cannot be sourced commercially. However, the consequences of using surrogate analytes on 

quantitative accuracy is not fully realized. This study aimed to evaluate quantitative accuracy when 

using “response factors”, a technique which utilizes the regression equation derived for one 

surrogate (in the present case a (poly)phenolic) to calculate the concentration of another; generally, 

of similar structure or chemical subclass. The present study investigated the impact of 

instrumentation voltage, background matrix, regression weighting factors, and use of peak area 

versus peak area ratio, on response factors and subsequent effects on quantitative accuracy. Here 

we found response factors using the same matrix (i.e., serum), regression curve weighting factor 

(1/x or none), and use of peak area ratios yielded the highest accuracy. As expected, surrogates, 

regardless of class or structure, having similar reference standard curve slopes, provided similar 

response factors while applying response factors from analytes having dissimilar reference 

standard curves yielded higher inaccuracy. In the case of (poly)phenols, most applications of 

response factor analysis were highly inaccurate, with some of the explored response factors 

reflecting over a 200 fold under- or over-estimation. It is probable that the use of surrogate analytes 

in quantitative analysis is more suitable for coulometric assays than mass spectroscopic analysis. 

Based on these observations, the authors suggest that the application of response factors in mass 
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spectroscopy is most appropriate when the slopes of an analyte responses are known, i.e., when 

using response curves having similar linear range, and when accuracy is previously established for 

a given instrument, matrix, and assay condition, as provided herein. The present study is the first 

to evaluate the use of surrogate analytes across a diversity of subclasses of (poly)phenols and 

(poly)phenol metabolites (145 analytes), providing a list of analyte response factors which can be 

used as a tool in quantitative analysis.  

Keywords: response factor; surrogate; phenolic; (poly)phenol; quantitative accuracy; 

putative concentration  
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4.2 Introduction 

Dietary (poly)phenols are plant secondary metabolites found in abundance in berries, cocoa, and 

teas (1-3). Following consumption, (poly)phenols are metabolized by the gut microbiome 

throughout the gastrointestinal tract to a variety of small molecules that are distributed through the 

circulatory system, with eventual excretion in the urine and feces (4). Epidemiological and 

nutrition intervention studies have correlated (poly)phenols and their metabolites with many health 

benefits in humans (5, 6). Accurate identification and quantitation of (poly)phenolic metabolites 

is critical for interpreting studies of bioavailability, pharmacokinetics, and toxicology, and 

particularly with respect to safety and efficacy.  

Quantitation of (poly)phenols and their metabolites by liquid chromatography tandem mass 

spectrometry (LC-MS), like most analytical techniques, requires the generation of 

calibration/regression curves using authentic reference standards. However, the diversity of 

(poly)phenolic metabolites represents a challenge, as obtaining suitable authentic reference 

standards is not always possible, due to their limited commercial availability and high cost. 

Commonly, structurally analogous surrogate analytes are used to generate regression curves using 

serial dilution, which are then applied to the quantitation of analytes where reference standards 

cannot be sourced (7-10). Most often the choice of surrogate analyte is subjective, which is 

concerning, considering the accuracy of such methods are undetermined. With few surrogates 

being validated in phytochemical quantitation, a wider range of surrogate analytes may yield more 

accurate quantitation in future studies. Developing a library of suitable quantitation surrogates as 

a tool for (poly)phenol research has the potential for advancing the field while saving analytical 

costs.  
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In an attempt to evaluate inaccuracies incurred in the use of surrogate analytes for 

quantitation and potentially provide strategies to overcome these challenges, the current study 

aimed to assess the impact of various surrogate analytes on the accurate quantitation of 

(poly)phenolic precursors and metabolites (i.e., glycosylated, methylated, sulfated, and 

glucuronidated analytes). The impact of using various instrumentation settings (such as voltage), 

regression weighting factors, matrices, concentrations, and use of peak area and peak area ratio 

(i.e., the ratio between analyte area and internal standard area) was explored relative to response 

factor and calculated concentration. We hypothesized that using different regression weighting 

factors and analytes, and different matrices, would negatively impact quantitative performance.  

4.3 Material and methods 

4.3.1 Reference materials 

Reference standards used in the present study (Supplementary Table 4.1) were purchased from 

Sigma (St. Louis, MO, USA), Alfa Aesar by Thermo Fisher Scientific (Tewksbury, MA, USA), 

TCI America (Portland, Oregon, USA), Ark Pharm (Libertyville, IL, USA), Oxchem (Wood Dale, 

IL, USA), Fisher Scientific (Waltham, MA, USA), Matrix Scientific (Columbia, SC, USA), Acros 

Organics by Thermo Fisher Scientific (Waltham, MA, USA), Extrasynthese SA (Z.I Lyon Nord, 

France), Toronto Research Chemicals (Toronto, Canada), Biovision (San Francisco, CA, USA), 

Chromadex (Irvine, CA, USA), Chem-Impex (Wood Dale, IL, USA), PhytoLab GmbH & Co. KG 

(Vestenbergsgreuth, Germany), and Polyphenols AS (Sandnes, Norway). The synthetic standards 

were synthesized in a project sponsored by the Biotechnology and Biological Sciences Research 

Council (BBSRC) (BB/I0066028/1). The internal standards resveratrol-13C6 and phloridzin 

(negative mode), and L-tyrosine-13C9,
15N (positive mode) were spiked into each concentration 

point of the regression equations. The peak area of one of these internal standards was used to 
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obtain each analyte area ratio based on the ionization mode of the analyte and the stability of the 

internal standard (i.e., displaying a lower coefficient of variation of retention time, area, and 

height).  

4.3.2 Sample preparation 

Commercial human serum (pooled healthy donor Human AB Serum, #H4522-20ML; Sigma-

Aldrich, St. Louis, MO, USA), urine (Surine™ Negative Urine Control; Sigma-Aldrich, St. Louis, 

MO, USA), and rodent brain tissue (as kindly provided by Dr. Barbara Shukitt-Hale, Tufts 

University, MA)) were extracted via solid-phase extraction and used as blanks as previously 

described for serum and urine (11), which was modified for urine (loading volume of 50 µL), and 

rodent brain tissue (Chapter 4- Freeze-thaw Stability of Comprehensive Blueberry-derived 

(Poly)phenols in an Extracted Biological Matrix). Extracted matrices were used for the preparation 

of regression curves (0.001 to 10 µM; Supplementary Table 4.3).  

4.3.3 Liquid Chromatography-Tandem Mass Spectrometry 

The analysis and quantitation of phenolic metabolites were performed using ExionLCTM AD Ultra-

Performance Liquid Chromatography, coupled with a SCIEX Q-TRAP 6500+ Mass Spectrometer 

(UPLC-ESI-MS/MS; SCIEX, Framingham, MA, USA) as previously described (11). Briefly, a 

Kinetex PFP UPLC column (1.7 um, 100x2.1 mm, 100 Å; Phenomenex, Torrance, CA, USA) and 

SecurityGuardTM ULTRA cartridge (4.0x2.0 mm; Phenomenex, Torrance, CA, USA) were used 

for sample injection (4 uL injection volume). Acetonitrile and water were the solvents in a gradient 

(0.1% v/v formic acid) of 2% to 90% acetonitrile at a flow rate of 0.50-0.75mL/min over 37 min. 

The oven temperature was maintained at 37°C, curtain gas at 35 psi, and ion spray voltage of 

±4000V. Analytes were detected via advanced scheduled multiple reaction monitoring 

(ADsMRM) in Analyst® software (version 1.6.3; SCIEX, Framingham, MA, USA) using the 
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ADsMRM parameters described in Supplementary Table 4.2. The slope of the regression curve of 

each analyte was calculated using linear regression and either no weighting or 1/x weighting in 

SCIEX MultiquantTM software (version 3.0.2; SCIEX, Framingham, MA, USA). Analyte peak 

area, area ratio, and concentration were generated using authentic reference standards.  

4.3.4 Response Factor Calculation  

Response factor calculation consisted of three steps: 

1. Generation of peak areas, peak area ratios, regression curves, and calculated concentrations 

using authentic reference standards; 

2. Application of the area ratio obtained from the reference standard curve at a given 

concentration to the regression curve of a surrogate analyte to obtain the calculated 

concentration of that analyte using the curve of the surrogate analyte; 

3. Dividing the calculated concentration obtained from the authentic analyte regression curve 

by the calculated concentration obtained from the surrogate analyte regression curve 

(Equation 1). 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑢𝑠𝑖𝑛𝑔 𝑐𝑢𝑟𝑣𝑒 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑢𝑠𝑖𝑛𝑔 𝑐𝑢𝑟𝑣𝑒 𝑜𝑓 𝑠𝑢𝑟𝑟𝑜𝑔𝑎𝑡𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒
   (Equation 1) 

Response factors were calculated at the lower quality control (LQC), medium quality 

control (MQC), or high quality control (HQC) concentration, as observed in past nutrition 

intervention studies (12-15) for the given analytes, and calculated using the mean slope, intercept, 

and peak area ratio (n≥3; unless stated otherwise). For comparisons between the use of peak area 

and peak area ratio, and evaluation of response factors across concentrations, response factors were 

calculated using one regression curve and one variable (i.e., peak area or peak area ratio) in 

triplicate, and then mean response factors and standard deviations (n=3) were generated.   
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4.3.5 Application of Response Factors 

The use of response factors consists of multiplying the response factor by the calculated 

concentration obtained from the regression curve using a given surrogate; resulting in an adjusted 

analyte concentration, as illustrated in the example below: 

A user wants to quantify 2-hydroxybenzoic acid and no reference standard is available, and a 

suitable surrogate was sourced, in this example 2-methoxybenzoic acid.  

• If the established Area Ratio for 2-hydroxybenzoic acid is 8.29 (or y) 

• And if 2-methoxybenzoic acid has a regression curve formula y = 0.44493x + 0.00345 

(y=mx+b; or peak area=slope(x)+intercept) 

• If m is the slope or 0.44493, and b in the intercept or 0.00345, and  x = concentration 

(unknown); solve for x 

• x = (8.29-0.00345)/0.44493  

• x = 18.625 µM 

• Therefore, the concentration of 2-hydroxybenzoic acid established relative to the surrogate 

is 18.625 µM (putative concentration) 

• Supplementary Table 4.6 provides the concentration of 2-hydroxybenzoic acid established 

using a reference standard of 10.208 µM for an Area Ratio of 8.29 

• Therefore, applying equation 1 above: concentrations for 2-hydroxybenzoic acid 

standard/concentration for 2-methoxybenzoic acid surrogate is 10.208 µM/18.625 µM = 

0.548. Therefore, the response factor (RF) in this instance is 0.548 

• The adjusted concentration = 2-hydroxybenzoic acid putative concentration*RF 

• Therefore the response factor adjusted concentration for 2-hydroxybenzoic acid (where no 

reference standard was available) is 18.625*0.548=10.208 µM 
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Regression curves reflecting mean slope and intercept (n≥3) are reported in Supplementary 

Table 4.3. Mean peak area ratio of 145 analytes at the low concentration is reported in 

Supplementary Table 4.4, at the middle in Supplementary Table 4.5, and at the high concentration 

in Supplementary Table 4.6 (n≥3 replicates) across 28 subclasses of analytes (Figure 4.1) are 

provided as a resource for researchers who need to calculate concentrations within and across 

(poly)phenol subclasses in nutrition intervention studies. Supplementary Table 4.7 contains a 

response factor application tool where the user can calculate response factors and obtain the final 

concentration of (poly)phenols using regression curves provided. This tool contains two examples 

of analytes of interest - the user can add additional columns to the right of the table to calculate 

concentrations using surrogates and generate response factors for other analytes of interest. The 

calculation of response factors in the Supplementary Table 4.7 follows the equation described 

above and requires that the slope, intercept, and area ratio of the surrogate analyte are input into 

the calculation table. Subsequently, the final concentration of suitable (poly)phenols can be 

established by adding the calculated concentration that the user obtained for a given analyte of 

interest in their analysis using a specific surrogate into the column entitled “Concentration based 

on Surrogate Analyte” in the row corresponding to that surrogate analyte. Then, the final 

concentration of that analyte will be calculated in the column entitled “Final Concentration of 

Analyte of Interest”. Based on a previous analysis of epicatechin surrogates using percentage 

difference between the slopes of the analyte and surrogate (16), a response factor between 0.75-

1.25 was considered accurate while a response factor below 0.75 was considered an unacceptable 

underestimation of concentration, and above 1.25 was an overestimation of concentration. This 

classification was applied to the response factor discussion in the present study. 
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Figure 4. 1 The general structure of phenolic subclasses and conjugations  

4.3.6 Method Development 

To select the source of the regression curves used to calculate response factors and to establish the 

applicability of response factors, the impact of combining regression curves derived from various 

analysis time periods, matrices, and regression weighting factors was initially evaluated by 

calculating the coefficient of variation (%CV) of the slopes of reference standard regression curves 

of 15 analytes across 13 subclasses (i.e., anthocyanin, benzenediol, hydroxybenzaldehyde, 

hydroxybenzoic acid, hydroxycinnamic acid, glutamic acid, flavan-3-ol, flavonol, hippuric acid, 

hydroxyphenylacetic acid, hydroxyphenylpropanoic acid, stilbene, and valerolactone), and where 

acceptable %CV was considered at <20%. This analysis consisted of, in extracted serum 3 analytes 

each had 13 regression curves; 10 had between 7 and 11 regression curves and 2 analytes each had 

7 regression curves; 10 analytes each had 3 regression curves in extracted brain; and one analyte 

had 7 regression curves in urine while only one had 2 regression curves. In addition, three 

flavonols, three hydroxycinnamic acids, and three hippuric acids were evaluated for the impact of 

using area versus area ratio to calculate response factor at 1 µM (p<0.05; n=3), and for the impact 

of concentration on response factor using peak area ratio at 0.1, 1 and 10 µM (n=3) samples. The 

difference in response factor using area versus area ratio was analyzed via Student’s t-test (p<0.05; 

n=3), and the difference in response factor across concentrations (0.1, 1, and 10 µM) was analyzed 
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via analysis of variance and post-hoc Tukey’s test (p<0.05; n=3) using RStudio software [version 

1.2.5042, Vienna, Austria (17)].  

4.3.6.1 Impact of matrix and regression weighting on response factor calculation 

During initial method development (data not provided herein) the impact of using response factors 

derived from analyses performed in different matrices, and regression weighting factors was 

evaluated using at least one analyte surrogate per subclass of (poly)phenol applied to 15 analytes 

across 13 subclasses. The regression equations evaluated were derived in three different biological 

matrices using regression weighting factors of either none or 1/x. It was observed that the %CV of 

slopes increased by 27% when slopes were combined from different analyses time periods for a 

particular matrix, and by 50% when analyses were combined across matrices (i.e., serum, urine, 

brain). Slopes were more similar (i.e., having lower %CV) in serum: 74% of curves in extracted 

serum and 60% of curves in extracted brain tissue displayed slopes with ≤15%CV; however, in 

urine CV of slopes was more inconsistent (often having≥20%CV). In addition, variation in slope 

of regressions derived using different weighting factors was <20%CV, with a median of 2% 

decrease in %CV observed when combining curves with different weighting factors. Therefore, in 

the present study each analyte response factor was calculated based on response curves derived in 

a single biological matrix (i.e., serum), containing at least three curves (n=3), using weighting 

factors 1/x or none.  

4.3.6.2 Impact of using peak area versus peak area ratio on response factor calculation 

In initial method development, analyte concentrations were calculated (SCIEX MultiquantTM 

software) using regression curves generated from authentic reference standards (Supplementary 

Tables 4.1-4.6), established using analyte peak area and/or area ratio (the ratio between the analyte 

peak area and the internal standard peak area). The peak area ratio generated for an analyte using 
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its authentic reference standard at a given concentration was then applied to the regression curve 

of a surrogate analyte to obtain the calculated concentration using the surrogate analyte curve. 

Then, the calculated concentration obtained from the authentic analyte regression curve was 

divided by the calculated concentration obtained from the surrogate analyte regression curve to 

obtain the response factor for that given analyte when using a particular surrogate. The impact of 

using either area or area ratio to obtain response factors was evaluated within three flavonols, three 

hydroxycinnamic acids, and three hippuric acids at 1 µM (p<0.05; n=3 unless otherwise stated) 

via analysis of variance (Table 4.1). As there was no significant difference (p<0.05) when using 

area versus area ratio to calculate response factors, peak area ratios were used for the calculation 

of the response factors reported in the present work. As peak are ratios are adjusted for internal 

standards, they are generally considered most suitable for absolute quantitation. 
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Table 4. 1 Examples of various response factors established using flavonols, 

hydroxycinnamic acids, and hippuric acids developed using area ratio vs area and 

representative of a calculated concentration of 1 µM concentration 

Analyte Surrogate 
Response Factor 

using Area 

Response Factor 

using Area Ratio 

Kaempferol Myricetin 0.23±0.11 0.20±0.06 

 Quercetin-3-OGlcA 15.69±3.61 12.65±1.59 

Myricetin Quercetin-3-OGlcA 77.33±17.88 41.91±5.04 

 Kaempferol 5.28±0.59 5.43±0.77 

Quercetin-3-OGlcA Kaempferol 0.06±0.01 0.07±0.01 

 Myricetin 0.01±0.01 0.01±0.001 

2-hydroxycinnamic acid 4-methoxycinnamic acid 0.06±0.01 0.06±0.01 

 

trans-4-hydroxy-3-

methoxycinnamic acid 0.26±0.03 0.25±0.06 

4-methoxycinnamic acid 

trans-4-hydroxy-3-

methoxycinnamic acid 2.62±0.23 2.56±0.67 

 2-hydroxycinnamic acid 11.69±1.11 11.20±0.30 

trans-4-hydroxy-3-methoxycinnamic acid 2-hydroxycinnamic acid 4.14±0.42 4.19±0.02 

 4-methoxycinnamic acid 0.29±0.05 0.29±0.03 

Hippuric acid 3-methylhippuric acid 1.60±0.8 2.00±0.07 

 4-hydroxyhippuric acid 0.50±0.08 0.50±0.03 

3-methylhippuric acid 4-hydroxyhippuric acid 0.25±0.04 0.25±0.02 

 Hippuric acid* 0.44±0.16 0.48±0.02 

4-hydroxyhippuric acid Hippuric acid* 2.24±0.92 2.30±0.09 

  3-methylhippuric acid 3.25±1.62 3.98±0.13 

There were no statistical differences between response factors using area and area ratio via 

Student’s t-test p<0.05 (n=3, *n=2; Mean±standard deviation). GlcA: glucuronide. 

4.3.6.3 Impact of analyte concentration on response factor calculation 

During method development comparisons between response factors established at different 

concentrations, reflecting low, moderate and high (i.e., 0.1, 1, and 10 µM) were performed to 

establish if response factors acted similarly when applied to the lower and upper ends of the 

regression curve. Here we used three flavonols, three hydroxycinnamic acids, and three hippuric 

acids for a total of 18 analyte-surrogate pairings (Table 4.2). When comparing replicates (n=3) of 

response factors obtained at 0.1, 1, and 10 µM, analyte-surrogate pairings showed the most 

variance when the lowest concentration was compared to the other concentrations 

(p=0.012±0.033), and with increasing concentration there appeared to be no proportional change 
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in response factor (p=0.419±0.448 between middle and high concentrations). Thus, the response 

factor appeared most accurate for the majority of analytes at middle and high concentrations. For 

consistency we used analyte concentrations of 10 µM to derive response factors. 

Table 4. 2 Response Factor for flavonols, hydroxycinnamic acids and hippuric acids using 

area ratio vs area at 0.1, 1 and 10 µM concentrations 

Analyte Surrogate 

Response 

Factor at 0.1 

µM 

Response 

Factor at 1 

µM 

Response 

Factor at 10 

µM 

Kaempferol Myricetin 0.19±0.05a 0.20±0.06a 0.20±0.07a 

 Quercetin-3-OGlcA 4.92±0.60a 12.65±1.59b 14.98±1.96b 

Myricetin Quercetin-3-OGlcA 3.93±0.51a 41.91±5.04b 71.60±9.07c 

 Kaempferol -11.64±17.55a 5.43±0.77a 5.44±0.88a 

Quercetin-3-OGlcA Kaempferol 0.08±0.01a 0.07±0.01a 0.07±0.01a 

 Myricetin 0.02±0.01a 0.01±0.001a 0.01±0.001a 

2-hydroxycinnamic acid 4-methoxycinnamic acid 0.09±0.02a 0.06±0.01b 0.06±0.01b 

 

trans-4-hydroxy-3-

methoxycinnamic acid 0.23±0.06a 0.25±0.06a 0.25±0.05a 

4-methoxycinnamic acid 
trans-4-hydroxy-3-

methoxycinnamic acid 1.35±0.40a 2.56±0.67ab 3.92±0.88b 

 2-hydroxycinnamic acid 6.41±0.40a 11.20±0.30b 15.75±0.20c 

trans-4-hydroxy-3-

methoxycinnamic acid 
2-hydroxycinnamic acid 

6.58±1.12a 4.19±0.02b 3.97±0.07b 

 4-methoxycinnamic acid -1.01±0.70a 0.29±0.03b 0.24±0.02b 

Hippuric acid 3-methylhippuric acid 0.96±0.03a 2.00±0.07b 2.23±0.08c 

 4-hydroxyhippuric acid 0.24±0.02a 0.50±0.03b 0.56±0.04b 

3-methylhippuric acid 4-hydroxyhippuric acid 0.25±0.02a 0.25±0.02a 0.25±0.02a 

 Hippuric acid 0.98±0.06a 0.47±0.02b 0.44±0.02b 

4-hydroxyhippuric acid Hippuric acid -1.38±0.04a 2.27±0.09b 1.82±0.07c 

  3-methylhippuric acid 4.12±0.21a 3.98±0.13a 3.96±0.14a 

Mean±standard deviation (n=3). Different letters in the same row correspond to statistical 

differences across concentrations via analysis of variance and post-hoc Tukey’s test (p<0.05). 

GlcA: glucuronide. 

4.4 Results 

4.4.1 Structural Relationships 

The assumption with quantifying an analyte relative to a surrogate analyte regression equation is 

their ionization and response to dilution would be similar, thus yielding similar regression slopes. 

Such as observed in the present study when dividing the calculated concentration obtained from 

the authentic analyte by the calculated concentration obtained from the surrogate analyte 
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regression curve to yield a response factor value near 1.0. From a total of 145 analytes tested across 

28 subclasses reported in the present study, slopes ranged from 0.0002 to 2.58. The majority of the 

analytes reported in the present study belong to five subclasses: hydroxybenzoic acids, 

hydroxyphenylpropanoic acids, hydroxybenzaldehydes, hydroxycinnamic acids, and 

hydroxyphenylacetic acids, representing 35, 14, 12, 12, and 12 analytes, respectively. No 

predictive patterns were observed between slope and analyte structure (subclass, conjugation, or 

side chain). For example, six analytes, each representing one subclass among tyrosols and 

derivatives, hydroxybenzoic acids, hydroxyphenylpropanoic acids, benzyl alcohols, 

hydroxycinnamic acids, and hydroxyphenylacetic acids, presenting with one hydroxyl at C4 

displayed slopes from 0.001 to 0.5. Similarly, five analytes, each representing one subclass among 

hydroxybenzoic acids, hydroxyphenylpropanoic acids, benzyl alcohols, hydroxycinnamic acids, 

and hydroxyphenylacetic acids, presenting with one hydroxyl at C4 and one methoxyl at C3 

displayed slopes from 0.02 to 0.5. Also, sulfated analytes (7 in total) displayed slopes from 0.1 to 

1.3 while glucuronidated analytes (7 in total) displayed slopes from 0.02 to 0.6.  

Some of the analytes reported in the present study display distinctly different structures but 

had similar regression slopes. For instance, myricetin, trans-4-hydroxy-3,5-dimethoxycinnamic 

acid, which belong to the flavonol, and hydroxycinnamic acid subclasses, respectively, displayed 

slopes of 0.01. Similarly, 5-hydroxyindoleacetate, 4-hydroxyhippuric acid, and dopamine 3-

sulfate, which belong to the indole, hippuric acid, and catecholamine subclasses, respectively, 

displayed slopes of 0.12; and 4-pyridoxic acid, cyanidin-3-galactoside, and 4-methoxybenzoic 

acid-3-sulfate, which belong to the pyridinecarboxylic acid, anthocyanin, and hydroxybenzoic acid 

subclasses, respectively, displayed slopes of 1.1.  
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4.4.2 Within subclasses comparisons 

Within subclass comparisons are exemplified for hydroxyphenylpropanoic acids (Table 4.3), 

which represent a diversity of structures within the present assay, including 5-

hydroxyphenylpropanoic acid 3-O-glucuronide, 3-(3-methoxyphenyl)propanoic acid-4-O-

glucuronide, 3-(4-methoxyphenyl)propanoic acid-3-O-glucuronide, 3-(4-

methoxyphenyl)propanoic acid-3-sulfate, 3-(3-hydroxy-4-methoxyphenyl)propanoic acid, 3-(3-

methoxy-4-hydroxyphenyl)propanoic acid, 3-(3,4,5 trimethoxyphenyl)propanoic acid,  3-

methoxyphenylpropanoic acid, 3-(3,4-dihydroxyphenyl)propanoic acid, 3-(3-

hydroxyphenyl)propanoic acid, 3-(4-hydroxyphenyl)propanoic acid, 3-phenylpropanoic acid, 

indole-3-propionic acid. Here 21 analyte-surrogate pairings were possible, with accurate response 

factors (i.e., between 0.75 and 1.25), seen for pairing of various combinations of: glucuronide 

conjugated with unconjugated phenylpropanoic acids, hydroxylated with methoxylated, mono-

hydroxylated with di-hydroxylated, and isomers of unconjugated phenylpropanoic acids; 

reflecting multiple cases where surrogates can be used for accurate quantitation. However in some 

cases, for example when 3-(4-methoxyphenyl)propanoic acid-3-sulfate was the surrogate for 3-(3-

hydroxy-4-methoxyphenyl)propanoic acid, the resulting response factors were 6.83, which when 

applied would result in a  6-fold overestimation of concentration; Alternatively, when the inverse 

surrogate was applied, the response factor was established as 0.15, which when applied resulted in 

a  0.9-fold underestimation of concentration. 
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Table 4. 3 Response factor for quantitation of hydroxyphenylpropanoic acids 

Analyte Surrogate 
Response 

factor 

5-hydroxyphenylpropanoic acid 3-OGlcA 3-(3,4,5 trimethoxyphenyl)propanoic acid 1.10 

3-(4-methoxyphenyl)propanoic acid-3-OGlcA 3-(3-hydroxy-4-methoxyphenyl)propanoic acid 0.78 
 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid 0.84 
 

3-(3,4-dihydroxyphenyl)propanoic acid 0.86 
 

3-(3-hydroxyphenyl)propanoic acid 0.94 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 3-(3-methoxy-4-hydroxyphenyl)propanoic acid 1.08  
3-(3,4-dihydroxyphenyl)propanoic acid 1.11 

 
3-(3-hydroxyphenyl)propanoic acid 1.21 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid 3-(4-methoxyphenyl)propanoic acid-3-OGlcA 1.19 
 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 0.93 
 

3-(3,4-dihydroxyphenyl)propanoic acid 1.03 
 

3-(3-hydroxyphenyl)propanoic acid 1.12 

3-(3,4,5 trimethoxyphenyl)propanoic acid 5-hydroxyphenylpropanoic acid 3-OGlcA 0.91 

3-(3,4-dihydroxyphenyl)propanoic acid 3-(4-methoxyphenyl)propanoic acid-3-OGlcA 1.16 
 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 0.90 
 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid 0.97 
 

3-(3-hydroxyphenyl)propanoic acid 1.09 

3-(3-hydroxyphenyl)propanoic acid    3-(4-methoxyphenyl)propanoic acid-3-OGlcA 1.07 
 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 0.83 
 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid 0.89 

  3-(3,4-dihydroxyphenyl)propanoic acid 0.92 

Thirteen hydroxyphenylpropanoic acids were paired as a surrogate of each other for analysis of 

their response factor and twenty-one combinations of analytes and surrogates resulted in response 

factors from 0.75 to 1.25, which are listed in this figure. GlcA: glucuronide. 

Impact of conjugation. Regression curves of quercetin and quercetin glucuronide (unconjugated 

and conjugated flavonols) were highly correlated (Figure 4.2A), presenting a response factor of 

1.03 when the glucuronide was the surrogate for the aglycone, and a response factor of 0.97 when 

the inverse was applied. Alternatively, the regression curves for myricetin and myricetin-3-O-

galactoside were distant from each other (Figure 4.2B), displaying a response factor of 8.25 when 

myricetin-3-O-galactoside was the surrogate for myricetin, and a response factor of 0.12 when 

myricetin was used as the surrogate for myricetin-3-O-galactoside. In this instance, using 

myricetin-3-O-galactoside as a surrogate would lead to a 7-fold overestimation of concentration. 



   

194 

 

Comparisons between unconjugated and conjugated phenolic acids such as 3-(4-

methoxyphenyl)propanoic acid-3-O-glucuronide and 3-(3-hydroxy-4-methoxyphenyl)propanoic 

acid, were also highly correlated (Figure 4.2C), presenting a response factor of 0.78 when the 

unconjugated form was the surrogate, and a response factor of 1.28 when the glucuronide 

conjugate was the surrogate for the unconjugated form. Alternatively, regression curves of the 

glucuronide and sulfate conjugates of phenylpropanoic were poorly correlated, showing a response 

factor of 0.19 when the glucuronide conjugate was the surrogate for the sulfate conjugates, and a 

response factor of 5.31 when the inverse was performed. In this instance, using the sulfated 

surrogate would result in a 4-fold overestimation of concentration. The regression curves of 4-

hydroxy-3-methoxyphenylacetic acid and 3-methoxyphenylacetic acid-4-sulfate were also 

dissimilar from one another (Figure 4.2D), showing a response factor of 8.22 when the sulfate 

conjugate was the surrogate and a response factor of 0.12 inversely. Using the sulfate surrogate 

would result in a 7-fold overestimation of concentration. Similarly, regression curves such as 3-

methoxybenzoic acid-4-O-glucuronide and 4-hydroxy-3-methoxybenzoic acid were also poorly 

correlated (Figure 4.2E), showing a response factor of 0.12 when the unconjugated form was the 

surrogate of the glucuronidated form, and a response factor of 8.05 when the inverse was applied, 

resulting in a 7-fold overestimation of concentration. When comparing the unconjugated with a 

sulfated benzoic acid, regression curves were also dissimilar, showing a response factor of 0.02 

when the unconjugated form was the surrogate of the sulfated form, and a response factor of 50.74 

when the inverse was performed; resulting in a 50-fold overestimation of concentration using the 

sulfate conjugated surrogate. 
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Figure 4. 2 Examples of representative regression curves of unconjugated and conjugated 

(poly)phenolics within subclasses of analytes. (A) myricetin derivatives; (B) quercetin derivatives; 

(C) hydroxyphenylpropanoic acids; (D) hydroxyphenylacetic acids; (E) hydroxybenzoic acids. 

Analytes are conjugated with a galactoside, glucuronide, or sulfate. Curves were constructed using 

authentic standards as listed in Supplementary Tables 4.1-4.3, and represent unadjusted curves 

containing all datapoints across the concentration range (0.001-10 µM for most analytes; 0.001-1 

µM for myricetin-3-O-galactoside). 

Impact of structural isomers. Comparisons between isomers of phenolic acids often revealed 

highly correlated regression curves, for example, 3-methoxybenzoic acid-4-sulfate and 4-
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methoxybenzoic acid-3-sulfate (Figure 4.3A), providing response factors of 1 when either isomer 

was the surrogate for the other. The regression curves of 3-methoxyphenylacetic acid and 4-

methoxyphenylacetic acid on the other hand, were distinct (Figure 4.3B), showing response factors 

of 21.76 when the 4-methoxy isomer was the surrogate of the 3-methoxy isomer which reflected 

a 21-fold overestimation compared to using its actual regression, and a response factor of 0.05 

inversely, when the 3-methoxy isomer was the surrogate of the 4-methoxy isomer (representing a 

1-fold underestimation of concentration); of importance to note, these analytes were captured in 

two different ionization modes, potentially reflecting a method incompatibility which should be 

avoided when applying response factors. The regression curves of 2-hydroxycinnamic acid and 

trans-4-hydroxycinnamic acid were distant from each other (Figure 4.3C), showing a response 

factor of 2.41 when the 4-hydroxy isomer was the surrogate of the 2-hydroxy isomer, and a 

response factor of 0.42 inversely.  

Impact of methoxylation. Comparisons between different methoxylation positions in phenolic 

acids, such as 3-methoxycinnamic acid and 4-methoxycinnamic acid, showed that regression 

curves were relatively aligned (Figure 4.3D), presenting a response factor of 0.49 when the 4-

methoxy isomer was the surrogate for the 3-methoxy isomer, and a response factor of 2.00 when 

the inverse in applied, resulting in a 1-fold overestimation of concentration. As previously 

described, the regression curves of 3-methoxyphenylacetic acid and 4-methoxyphenylacetic acid 

were considerably more distinct (response factors 21.76 and 0.05; respectively; Figure 4.3B). 
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Figure 4. 3 Regression curves of isomers of phenolic acids within subclasses of analytes. (A) 

sulfated and methoxylated hydroxybenzoic acids; (B) methoxylated hydroxyphenylacetic acids; 

(C) hydroxycinnamic acids; (D) methoxylated hydroxycinnamic acids. Curves were constructed 

using authentic standards as listed in Supplementary Tables 4.1-4.3, and represent unadjusted 

curves containing all datapoints across the concentration range (0.001-10 µM). 

Impact of hydroxylation. Comparisons between different hydroxylation patterns within phenolic 

acids, for example 2-hydroxycinnamic acid and trans-3-hydroxycinnamic acid, which displayed 

similar regression curves (Figure 4.4A), providing a response factor of 0.83 when the 3-hydroxy 

form was the surrogate, and a response factor of 1.20 when the 2-hydroxy form was the surrogate. 

Conversely, the regression curves of trans-3-hydroxycinnamic acid and trans-4-hydroxycinnamic 

acid were more distant (Figure 4.4B), providing a response factor of 2.89 when the 4-hydroxy 

form was the surrogate of the 3-hydroxy form, and response factor of 0.35 inversely (representing 

a 0.7-fold underestimation of concentration). Similarly, 3-hydroxyphenylacetic acid and 4-

hydroxyphenylacetic acid (Figure 4.4B) provided a response factor of 0.02 when the 4-hydroxy 
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form was the surrogate of the 3-hydroxy form, and a response factor of 56.15 inversely (reflecting 

a 55-fold overestimation of concentration). In this case, the analytes were detected at different 

ionization modes, indicating this is likely not an advisable practice when establishing surrogate 

analytes for quantitation.  

Comparing mono- with di-hydroxy phenolic structures, for example trans-3-

hydroxycinnamic acid and trans-4-hydroxycinnamic acid, as previously described showed similar 

regression curves (Figure 4.4A); as did regression curves for trans-4-hydroxycinnamic acid and 

3,4-dihydroxycinnamic acid (Figure 4.4C), showing a response factor of 0.57 when the double 

hydroxylated form was the surrogate of the monohydride (i.e., 4-hydroxy form), and a response 

factor of 1.76 inversely. The regression curves of 4-hydroxybenzoic acid and 3,4-

dihydroxybenzoic acid were also similar, having a response factor of 1.43 when the double 

hydroxylated form was the surrogate for the 4-hydroxy form, and a response factor of 0.70 

inversely. Conversely, the regression curves of 3-hydroxybenzoic acid and 3,4-dihydroxybenzoic 

acid were distant from each other (Figure 4.4D), showing a response factor of 4.85 when the double 

hydroxylated form was the surrogate of the 3-hydroxy form (reflecting a 5-fold overestimation of 

concentration), and a response factor of 0.21 when the inverse was applied.  
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Figure 4. 4 Regression curves of hydroxylated phenolic acids within subclasses of analytes. (A,C) 

hydroxycinnamic acids; (B) hydroxyphenylacetic acids; (D) hydroxybenzoic acids. Curves were 

constructed using authentic standards as listed in Supplementary Tables 4.1-4.3, and represent 

unadjusted curves containing all datapoints across the concentration range (0.001-10 µM). 

Impact of hydroxy vs methoxy substitution. Comparisons between methoxylation and 

hydroxylation positions in phenolic acids, for example, 4-hydroxyphenylacetic acid and 3-

methoxyphenylacetic acid had dissimilar regression curves (Figure 4.5A), and provided a response 

factor of 10.68 when the 3-methoxy form was the surrogate for the 4-hydroxy derivative (reflecting 

a 9.7-fold overestimation of concentration), and a response factor of 0.09 inversely, when the 4-

hydroxy form was the surrogate of the 3-methoxy form (reflecting a 0.9 underestimation of 

concentration); In this case their analyte areas were captured using different ionization modes 

(positive vs negative), again suggesting this practice leads to greater inaccuracy. However, much 

higher response factors were derived for analyte pairing using the same ionization mode. For 
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example, the regression curves of 4-methoxyphenylacetic acid and 4-hydroxyphenylacetic acid 

were both established using positive ionization mode, and were even more distant, showing a 

response factor of 0.004 when the 4-hydroxy form was the surrogate of the 4-methoxy form, and 

a response factor of 235.38 inversely (reflecting a 234-fold overestimation of concentration). The 

regression curves of trans-4-hydroxycinnamic acid and 4-methoxycinnamic acid were also distant 

(Figure 4.5B), showing a response factor of 0.03 when the 4-methoxy form was the surrogate of 

the 4-hydroxy form, and a response factor of 35.85 inversely (reflecting a 35-fold overestimation 

of concentration).  

 
Figure 4. 5 Regression curves of methoxylated and hydroxylated phenolic acids within subclasses 

of analytes. (A) hydroxylated and methoxylated phenylacetic acids; (B) hydroxylated and 

methoxylated cinnamic acids. Curves were constructed using authentic standards as listed in 

Supplementary Tables 4.1-4.3, and represent unadjusted curves containing all datapoints across 

the concentration range (0.001-10 µM). 

4.4.3 Between subclasses comparisons 

Response factors for 56 phenolic acids (subclass: hydroxycinnamic acid, hydroxyphenylpropanoic 

acid, hydroxyphenylacetic acid, and hydroxybenzoic acid subclasses of analytes; Figure 4.6) were 

investigated for response factor comparisons, grouped based on their structural similarity and 

presence of hydroxy and methoxy isomers, and glucuronide and sulfate conjugates. Analytes were 

paired with one another for comparison of the response factors generated, where 37 analyte-
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surrogate pairings had response factors between 0.75 and 1.25 (Table 4.4). These pairings showed 

that sulfated hydroxy- and methoxy-phenolic acids often yielded accurate response factors (i.e., 

0.75-1.25) for three subclasses of phenolic acid (hydroxybenzoic acids, hydroxyphenylpropanoic 

acids, and hydroxyphenylacetic acids), and glucuronide conjugated phenolic acids often yielded 

accurate response factors relative to unconjugated acids. Alternatively, analyte-surrogate pairings 

between 3-methoxybenzoic acid-4-O-glucuronide and 3-(4-methoxyphenyl)propanoic acid-3-

sulfate (data not reported in Table 4.4) resulted in a response factor of 5.13, reflecting a 4-fold 

overestimation of concentration, and a response factor of 0.41 when the same analyte was 

quantified with trans-4-hydroxy-3-methoxycinnamic acid, which represents a 0.6-fold 

underestimation of concentration.  

 

 

 
Figure 4. 6 Structures of some conjugations of phenolics. GlcA: glucuronide 
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Table 4. 4 Response factor for quantitation of conjugated analytes across subclasses 

Analyte Surrogate 
Response 

factor 

cinnamic acid-4-OGlcA 4-hydroxy-3-methoxyphenylacetic acid 1.06 

  3-methoxybenzoic acid 1.08 

5-hydroxyphenylpropanoic acid 3-OGlcA 4-methoxycinnamic acid    1.04 

 3,4-dimethoxyphenylacetic acid    0.89 

 4-hydroxy-3-methoxybenzoic acid 1.05 

 2,6-dimethoxybenzoic acid    0.85 

3-(3-methoxyphenyl)propanoic acid-4-

OGlcA 3-methoxycinnamic acid    1.13 

 3-hydroxy-4-methoxyphenylacetic acid    0.89 

 phenylacetic acid    0.92 

 2,4-dimethoxybenzoic acid    0.79 

3-(4-methoxyphenyl)propanoic acid-3-

OGlcA 3-methoxybenzoic acid-4-OGlcA 1.04 

 3-hydroxybenzoic acid    0.86 

3-methoxybenzoic acid-4-OGlcA 3-(4-methoxyphenyl)propanoic acid-3-OGlcA 0.97 

 3-(3-hydroxy-4-methoxyphenyl)propanoic acid 0.75 

 3-(3-methoxy-4-hydroxyphenyl)propanoic acid    0.81 

 3-(3,4-dihydroxyphenyl)propanoic acid    0.83 

 3-(3-hydroxyphenyl)propanoic acid    0.91 

4-methoxybenzoic acid-3-OGlcA trans-3-hydroxycinnamic acid    1.07 

 4-methoxyphenylacetic acid 0.98 

3-(4-methoxyphenyl)propanoic acid-3-

sulfate trans-4-hydroxycinnamic acid 0.82 

 3-methoxyphenylacetic acid-4-sulfate 0.75 

 3-methoxybenzoic acid-4-sulfate 1.25 

 4-methoxybenzoic acid-3-sulfate   1.25 

 5-hydroxybenzoic acid-3-sulfate 0.86 

 2-hydroxy-4-methoxybenzoic acid   0.76 

 3,4-dihydroxybenzoic acid 0.79 

 2-hydroxybenzoic acid    0.89 

3-methoxyphenylacetic acid-4-sulfate trans-4-hydroxycinnamic acid 1.10 

 5-hydroxybenzoic acid-3-sulfate 1.14 

 2-hydroxy-4-methoxybenzoic acid   1.01 

 3,4-dihydroxybenzoic acid 1.05 

 2-hydroxybenzoic acid    1.18 

3-methoxybenzoic acid-4-sulfate 3-(4-methoxyphenyl)propanoic acid-3-sulfate 0.80 

4-methoxybenzoic acid-3-sulfate   3-(4-methoxyphenyl)propanoic acid-3-sulfate 0.80 
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Table 4.4 Response factor for quantitation of conjugated analytes across subclasses 

(continued) 

Analyte Surrogate 
Response 

factor 

5-hydroxybenzoic acid-3-sulfate trans-4-hydroxycinnamic acid 0.96 

 3-(4-methoxyphenyl)propanoic acid-3-sulfate 1.16 

  3-methoxyphenylacetic acid-4-sulfate 0.87 

Fifty-six phenolic acids were paired as a surrogate of each other for analysis of their response 

factor and thirty-seven combinations of conjugated phenolic acids as analytes and several phenolic 

acids as surrogates resulted in response factors from 0.75 to 1.25, which are listed in this table. 

GlcA: glucuronide. 

Impact of polyphenol structure. Comparisons between unconjugated flavonoids such as 

kaempferol and epicatechin revealed similar regression curves (Figure 4.7A), such as a response 

factor of 1.08 when epicatechin was the surrogate for kaempferol, and a response factor of 0.93 

inversely, when kaempferol was the surrogate of epicatechin. Alternatively, quercetin had a distant 

regression curve from myricetin, showing a response factor of 0.01 when myricetin was the 

surrogate of quercetin, and a response factor of 41.06 inversely (reflecting a 40-fold overestimation 

of concentration).  

Impact of conjugation. Unconjugated 3-(3-methoxy-4-hydroxyphenyl)propanoic acid and 3-

methoxybenzoic acid-4-O-glucuronide displayed regression curves which were correlated (Figure 

4.7B), providing a response factor of 1.24 when the glucuronide conjugate was the surrogate for 

the unconjugated form, and 0.81 inversely, when the unconjugated form was the surrogate of the 

glucuronidated form. The regression curves of 3-methoxybenzoic acid-4-sulfate and 4-hydroxy-3-

methoxybenzoic acid alternatively were dissimilar, revealing a response factor of 0.02 when the 

unconjugated form was the surrogate for the sulfate conjugate, and a response factor of 50.74 

inversely (reflecting a 50-fold overestimation of concentration).  
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Figure 4. 7 Regression curves of unconjugated and conjugated phenolics across subclasses of 

analytes. (A) three flavonols and one flavan-3-ol; (B) phenolic acids. Curves were constructed 

using authentic standards as listed in Supplementary Tables 4.1-4.3, and represent unadjusted 

curves containing all datapoints across the concentration range (0.001-10 µM). 

Impact of methoxylation. Comparisons between methoxylated phenolic acids such as 3-

methoxyphenylpropanoic acid and 3-methoxyphenylacetic acid (Figure 4.8A) were relatively 

correlated, providing a response factor of 0.74 when 3-methoxyphenylacetic acid was the surrogate 

for 3-methoxyphenylpropanoic acid, and a response factor of 1.36 when the inverse was applied. 

Alternatively, the regression curves of 4-methoxyphenylacetic acid and 4-methoxycinnamic acid 

were dissimilar (Figure 4.8B), showing a response factor of 0.08 when 4-methoxycinnamic acid 

was the surrogate of 4-methoxyphenylacetic acid, and a response factor of 11.51 inversely 

(reflecting an 11-fold overestimation of concentration); it should be noted that these analytes were 

measured using different ionization modes. Similarly, 3-methoxyphenylacetic acid and 3-

methoxybenzoic acid revealed dissimilar regression curves (Figure 4.8A), representing a response 

factor of 7.74 when 3-methoxybenzoic acid was the surrogate of 3-methoxyphenylacetic acid 

(reflecting a 7-fold overestimation of concentration), and a response factor of 0.13 inversely (these 

analytes were also detected using different ionization modes). 
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Figure 4. 8 Regression curves of methoxylated phenolic acids across subclasses of analytes. (A) 

phenolic acids methoxylated at the carbon 3 position; (B) phenolic acids methoxylated at the 

carbon 4 position. Curves were constructed using authentic standards as listed in Supplementary 

Tables 4.1-4.3, and represent unadjusted curves containing all datapoints across the concentration 

range (0.001-10 µM). 

Impact of acid chain length. Comparisons between different phenolic acids such as 3-(3-

hydroxyphenyl)propanoic acid and 3-hydroxybenzoic acid revealed similar regression curves 

(Figure 4.9A), showing a response factor of 0.92 when 3-hydroxybenzoic acid was the surrogate 

for 3-(3-hydroxyphenyl)propanoic acid, and a response factor of 1.09 when the inverse was 

applied. Similarly, Response factors were 0.59 and 1.68 for 3,4-dihydroxycinnamic acid as a 

surrogate for 3,4-dihydroxybenzoic acid (Figure 4.9B), and when the inverse was applied, 

respectively. Alternatively, the regression curves of 4-hydroxyphenylacetic acid and 4-

hydroxybenzoic acid (Figure 4.9A) were dissimilar, and were detected at different ionization 

modes, providing a response factor of -213.56 when 4-hydroxybenzoic acid was the surrogate for 

4-hydroxyphenylacetic acid (reflecting a 215-fold underestimation of concentration), and a 

response factor of 0.002 inversely. The regression curves of 3-(3,4-dihydroxyphenyl)propanoic 

acid and 3,4-dihydroxybenzoic acid (Figure 4.9B) were moderately dissimilar, showing a response 

factor of 4.85 when 3,4-dihydroxybenzoic acid was the surrogate for 3-(3,4-
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dihydroxyphenyl)propanoic acid (reflecting a 4-fold overestimation of concentration), and a 

response factor of 0.21 inversely. 

 
Figure 4. 9 Regression curves of hydroxylated phenolic acids across subclasses of analytes. (A) 

single hydroxylated phenolic acids; (B) double hydroxylated phenolic acids. Curves were 

constructed using authentic standards as listed in Supplementary Tables 4.1-4.3, and represent 

unadjusted curves containing all datapoints across the concentration range (0.001-10 µM). 

4.5 Discussion 

Quantitative metabolomics is becoming increasingly used in nutrition research to capture the 

complexity of diet-derived metabolites and establish their correlation with disease risk factors (5, 

6). However, phytochemical metabolism is poorly characterized, and developing quantitative 

methods which can capture such a diversity of metabolites is constrained by the availability of 

authentic reference standards, and costs associated with developing large reference standard 

libraries. The present study investigated the utility of using response factors for adjusting 

concentration data established from surrogate reference standard curves, which are often utilized 

when authentic reference standard cannot be sourced. To the best of the authors’ knowledge, this 

is the first study to assess the quantitative accuracy of using response factors generated from a 

diversity of distinct surrogate chemical structures.  

Initially, during the development of the analysis method, we evaluated the variation 

imposed when combining reference standard curves for analytes which were analyzed across 
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different analysis/assay time periods, matrices, or regression weighting factors, to establish a mean 

regression equation for use in determining response factor. In this initial method development 

phase (data not presented herein), we established it is not advisable to merge reference standard 

curves derived across matrices or different instrumentation settings (such as voltage), or sMRM 

assays comprising dissimilar numbers of analytes, as these led to increased coefficient of variation 

of slopes (>20%CV) and reduced quantitative accuracy. These differences in slope are likely the 

consequence of differences in matrix interactions and chromatography, and differing analyte 

number, which impacts ionization efficiency and cycle-time. Variation was not effected by 

combining curves established using different regression weighting factors, although the authors 

had initially hypothesized that it may. Therefore, in the present study, response factors were 

calculated based on curves established using the same sMRM assay, in a single matrix (i.e., serum), 

and having mean regression equations derived using at least three reference standard curves; where 

it was considered appropriate to combine curves provided the %CV of the combined slopes were 

less than 20%.  

Comparisons between response factors obtained using area versus area ratio were also 

initially assessed (i.e., during method development; data not shown) using three flavonols, 

hydroxycinnamic acids, and hippuric acids, to verify the impact on calculated response factors. 

These comparisons showed no significant difference; thus, area ratios were used for the subsequent 

response factor calculations in the present study. Even though the comparisons were made using 

only a subset of analytes (representing 9 out of 145 analytes), response factor calculation was most 

accurate at the middle and highest concentrations (p=0.419±0.448) for the analyte-surrogate 

pairings analyzed, suggesting the use of either one would be appropriate. Slight variation was 

observed (reaching significance, p=0.012±0.033) at the lowest concentrations of 11 out of 18 
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analyte-surrogate pairings (0.1 µM), likely as these fell at points on the curve closer to the LOD. 

This suggests when applying response factors to establish concentration, the greatest inaccuracies 

will be observed at the lower limits of quantitation, where there is a propensity to underestimate 

concentrations. Based on these early findings made during method development phases, the 

present study evaluated response factors using peak area ratios used to generate at least 3 

regression equations, established using no weighting factor or 1/x. Future studies are needed to 

evaluate response factor performance at extreme ends of linear regressions, such as at the lower 

and higher limits of quantitation, and further, establishing the effect of using differing quantitative 

MS/MS mass transitions on accuracy. 

Response factors are used to weigh a returned concentration when using a surrogate 

regression curve, to bring it in line with the expected concentration, similar to using a dilution or 

concentration factor. In the present study, response factors were calculated as the ratio between 

the concentration of an analyte using a surrogate and the concentration of an analyte using its 

authentic reference standard. The analyte concentration is a correlation between the analyte area 

ratio and the slope and intercept of that analyte’s regression equation, and is most greatly impacted 

by slope, as the intercept is subtracted from the area ratio and divided by the slope. In the present 

study, a relative response factor between 0.75-1.25 was considered accurate, below 0.75 was 

underestimated, and above 1.25 was overestimated, as based on previously reported assumptions 

(16). Analysis of the effect of conjugation, isomerization, hydroxylation, methoxylation and 

phenolic carboxylic acid chain length, within and between subclasses was performed. As expected, 

observations within and between subclasses showed that when regression curves of analyte and 

surrogates were correlated, the response factors between the paired analytes were accurate (i.e., 

between 0.75-1.25), as a result of curves having similar slopes. Further, as expected, under- or 
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overestimated response factors occurred when curves were distant from each of the paired 

analytes.  

Although quantitation of analytes without reference standards is common in studies 

exploring phytochemical metabolism, due to a lack of authentic reference standards for 

metabolites, it is important to question the absolute quantitative accuracy of such findings, unless 

you can apply response factors from curves which have been compared using authentic reference 

standards (as provided herein). However, few resources are available providing validated response 

factors. Generally, when researchers utilize response factors, they have limited choice of 

metabolite reference standards to apply. Consequently, they often assign a curve from one analyte 

to quantify another based on structural similarity between analytes (11, 12). For example, a 

glucuronide conjugated phenolic acid quantified using a glucuronidated phenolic acid from a 

different subclass of phenolic acid, or a sulfated phenolic acid quantified with another sulfated 

phenolic acid. More often there is no available conjugate, and a conjugated structure is compared 

to its unconjugated precursor. Unfortunately, in the present study, we observed no structural 

associations which were predictive of slopes or response factor, suggesting the application of 

surrogate analytes in quantitative analysis is at best a guess. 

Some analytes that were structurally similar such as isomers 2-hydroxycinnamic acid and 

trans-4-hydroxycinnamic acid resulted in overestimated concentrations, reflecting response factors 

of 2.41 when the 4-hydroxy form was the surrogate for the 2-hydroxy form. On the other hand, 

some analytes that were structurally different showed accurate response when using the regression 

equation from another analyte, such as 3-(3-methoxy-4-hydroxyphenyl)propanoic acid, when 

compared to the surrogate 3-methoxybenzoic acid-4-O-glucuronide, provided a response factor of 

0.81. Similarly, Ottaviani et al. (2018) observed a range of underestimated and overestimated 
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concentrations (94% underestimations to 113% overestimations) when using unmetabolized (-)-

epicatechin as the surrogate to quantify (-)-epicatechin metabolites. They showed a similar 

response for other phenolic phase II metabolites, when unmetabolized aglycones were used as the 

surrogate analyte.  

 There are multiple reasons why similarly structured chemicals do not share regression 

responses or slopes, for example, the recorded peak area of an analyte is a result of amount of 

analyte, number of coeluting analytes, number of mass transitions captured per time window, 

chromatographic conditions such as organic and inorganic solvent proportions and pressure, 

matrix effects, and ultimately ionization efficiency. Ionization efficiency is impacted primarily by 

the liquid atomization performance within the source and collision energy (or voltage) applied to 

that analyte within a given matrix. These conditions are highly variable when running a 

chromatographic gradient (which is common practice), as compounds of differing column 

retention will be present in differing compositions of organic and aqueous mobile phase, which 

impacts source parameters, such as declustering potential, which in turn impact ionization 

efficiency. In that manner, an analyte eluting with higher background organic may have greater 

ionization efficiency compared to those eluting with more aqueous solvents. Interestingly, in the 

preset study, when analyte retention times were compared with their corresponding mobile phase 

gradient and collision energies (Supplementary Table 4.2), no association with slope was observed, 

suggesting that ionization efficiency does not completely explain differences in the slopes of 

similarly structured compounds. Therefore, although we cannot account for all the variables which 

may cause this unpredictability, it is clear, there is limited predictability of (poly)phenol or 

(poly)phenol metabolites regression slopes based on structure or assay condition. 
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It should be acknowledged that in the present study the use of response factors had reduced 

accuracy at the lowest and highest limits of a regression curve, and therefore we recommend not 

extrapolating the accuracy of concentrations beyond the linear ranges of standard curves. For 

instance, the use of one single response factor across large dynamic concentration ranges (Table 

4.2), is likely to have reduced accuracy at the lower and higher ends of the regression curve.  Future 

studies should evaluate response factor performance at the limits of detection. It is also important 

to note the importance of using the same methodological conditions (such as matrix and number 

of mass transition) and instrumentation for the application of the response factors, as identified 

herein and also previously by Ottaviani et al. (2018) in the analysis of phenolic metabolites using 

unmetabolized aglycone analytes as a surrogate across different LC-MS systems. In the present 

study, both analyte and surrogate were analyzed in the same LC-MS system, however we 

compared analytes ionized in different modes to highlight this potential shortfall. Further, the 

present study evaluated response factors using a single m/z transition per analyte and assessing 

response factors across various transitions may yield different findings. Ideally, a prediction model 

could be generated and validated, based on assay condition and analyte structure, to predict 

response factors for phenolic analytes. However, based on the analytes and analytical conditions 

utilized in the present study, there is no obvious structural activity relationships available to build 

such a model. 

4.6 Conclusions 

Quantitative analysis of (poly)phenols using authentic reference standards is the gold standard 

analytical approach for accurate quantitation. Notwithstanding, using surrogate phenolic analytes 

to establish response factors, which can be used for quantitation is possible, provided they can 

initially be verified/validated using authentic or synthetic reference standards as provided herein. 
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However, in cases where validation is not possible, accurate quantitation based on applying 

response factors derived from structurally similar surrogates is improbable. Based on these 

observations the authors suggest a cautious interpretation of absolute quantitative findings when 

using response factors for quantitative analysis, where precision is reserved for quantifying relative 

change in concentration of a particular analyte over absolute quantitate concentration; and in the 

latter case, the term “putative concentration” should be reported. 
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4.9 Supplementary materials 

Supplementary Table 4. 1 Reference standards utilized for analysis of plant (poly)phenols via UPLC-ESI-MS/MS in serum 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

4-guanidinobutanoic acid Indole 463-00-3 145.09 

TUHVEAJXIMEOSA-

UHFFFAOYSA-N 500 

tyramine Phenethylamines 51-67-2 137.08 

DZGWFCGJZKJUFP-

UHFFFAOYSA-N 5610 

sesamolⱡ Benzodioxoles 533-31-3 138.03 

LUSZGTFNYDARNI-

UHFFFAOYSA-N 68289 

tyrosine Amino acid 60-18-4 181.07 

OUYCCCASQSFEME-

QMMMGPOBSA-N  6057 

norepinephrine Catecholamine 51-41-2 169.07 

SFLSHLFXELFNJZ-

QMMMGPOBSA-N 439260 

4-ethenylphenol Styrene 2628-17-3 120.06 

FUGYGGDSWSUORM

-UHFFFAOYSA-N 62453 

3,4-dihydroxy-L-phenylalanine Amino acid 59-92-7 197.07 

WTDRDQBEARUVNC-

LURJTMIESA-N 6047 

epinephrine Catecholamine 51-43-4 183.09 

UCTWMZQNUQWSLP

-VIFPVBQESA-N 5816 

(2)-hydroxy(4-

hydroxyphenyl)acetic acid Hydroxyphenylacetic acid 1198-84-1 168.04 

YHXHKYRQLYQUIH-

UHFFFAOYSA-N 328 

3-hydroxybenzyl alcoholᵻ    Benzyl alcohol 620-24-6 124.05 

OKVJCVWFVRATSG-

UHFFFAOYSA-N 102 

dopamine 3-sulfate Catecholamine 51317-41-0 233.04 

NZKRYJGNYPYXJZ-

UHFFFAOYSA-N 122136 

dopamine 4-sulfateⱡ Catecholamine 38339-02-5 233.04 

DEKNNWJXAQTLFA-

UHFFFAOYSA-N 123932 

hypoxanthine 

Purines and purine 

derivatives 68-94-0 136.04 

FDGQSTZJBFJUBT-

UHFFFAOYSA-N 135398638 

dopamine Catecholamine 51-61-6 153.08 

VYFYYTLLBUKUHU-

UHFFFAOYSA-N 681 

4-pyridoxic acid    Pyridinecarboxylic acid 82-82-6 183.05 

HXACOUQIXZGNBF-

UHFFFAOYSA-N 6723 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

3,5-dihydroxybenzyl alcohol    Benzyl alcohol 29654-55-5 140.05 

 NGYYFWGABVVEPL-

UHFFFAOYSA-N 34661 

3,4,5-trihydroxybenzoic acid Hydroxybenzoic acid 149-91-7 170.02 

LNTHITQWFMADLM-

UHFFFAOYSA-N 370 

3,4,5-trimethoxybenzoic acid Hydroxybenzoic acid 118-41-2 212.07 

SJSOFNCYXJUNBT-

UHFFFAOYSA-N 8357 

Serotonin Catecholamine 50-67-9 176.09 

QZAYGJVTTNCVMB-

UHFFFAOYSA-N 5202 

4-hydroxybenzyl alcohol    Benzyl alcohol 623-05-2 124.05 

BVJSUAQZOZWCKN-

UHFFFAOYSA-N 125 

alpha-hydroxyhippuric acid    Hippuric acid 16555-77-4 195.05 

GCWCVCCEIQXUQU-

UHFFFAOYSA-N 450272 

2-isopropylmalate Fatty acid 3237-44-3 176.07 

BITYXLXUCSKTJS-

UHFFFAOYSA-N 77 

4-Hydroxy-3-methoxybenzyl 

alcohol Benzyl alcohol 498-00-0 154.06 

ZENOXNGFMSCLLL-

UHFFFAOYSA-N 62348 

1,2-dihydroxybenzene     Benzenediol 120-80-9 110.04 

YCIMNLLNPGFGHC-

UHFFFAOYSA-N 289 

4-hydroxyhippuric acid    Hippuric acid 2482-25-9 195.05 

ZMHLUFWWWPBTIU-

UHFFFAOYSA-N 151012 

3,4-dihydroxybenzoic acid Hydroxybenzoic acid 99-50-3 154.03 

YQUVCSBJEUQKSH-

UHFFFAOYSA-N 72 

3,4,5-trihydroxybenzaldehyde    Hydroxybenzaldehyde 13677-79-7 154.03 

RGZHEOWNTDJLAQ-

UHFFFAOYSA-N 83651 

3,5-dihydroxybenzoic acid    Hydroxybenzoic acid 99-10-5 154.03 

UYEMGAFJOZZIFP-

UHFFFAOYSA-N 7424 

5-hydroxyphenylpropanoic 

acid 3-O-glucuronide Hydroxyphenylpropanoic acid 

356.69-

113-S 358.09 N/A N/A 

3-hydroxyhippuric acid    Hippuric acid 1637-75-8 195.05 

XDOFWFNMYJRHEW-

UHFFFAOYSA-N 450268 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

4-hydroxyphenyl alcohol Tyrosols and derivative 501-94-0 138.07 

YCCILVSKPBXVIP-

UHFFFAOYSA-N 10393 

3,5-dihydroxybenzoic acid 

sulfate Hydroxybenzoic acid 

232.8-

152.9-S 233.98 N/A N/A 

3,4-dihydroxybenzaldehyde    Hydroxybenzaldehyde 139-85-5 138.03 

IBGBGRVKPALMCQ-

UHFFFAOYSA-N 8768 

3-methoxybenzoic acid-4-O-

glucuronide   Hydroxybenzoic acid 18191-12-3 342.10 

MBNPZIKKKDDLLL-

QGZCQISNSA-N 124202104 

4-methoxybenzoic acid-3-O-

glucuronide Hydroxybenzoic acid 

343.1-

113.1-PQ 344.07 

HATMKBLUSXVYDS-

JLERCCTOSA-N 122402643 

3,5-dihydroxybenzaldehyde    Hydroxybenzaldehyde 26153-38-8 138.03 

HAQLHRYUDBKTJG-

UHFFFAOYSA-N 94365 

hydroxybenzoic acid-4-sulfate Hydroxybenzoic acid 92.9-92.9-S 217.99 N/A N/A 

3-hydroxybenzoic acid    Hydroxybenzoic acid 99-06-9 138.03 

IJFXRHURBJZNAO-

UHFFFAOYSA-N 7420 

4-hydroxybenzoic acid    Hydroxybenzoic acid 99-96-7 138.03 

FJKROLUGYXJWQN-

UHFFFAOYSA-N 135 

2,4-dihydroxybenzaldehyde    Hydroxybenzaldehyde 95-01-2 138.03 

IUNJCFABHJZSKB-

UHFFFAOYSA-N 7213 

4-hydroxyphenylacetic acid    Hydroxyphenylacetic acid 156-38-7 152.05 

XQXPVVBIMDBYFF-

UHFFFAOYSA-N 127 

hippuric acid    Hippuric acid 495-69-2 179.06 

QIAFMBKCNZACKA-

UHFFFAOYSA-N 464 

3-hydroxyphenylacetic acid    Hydroxyphenylacetic acid 621-37-4 152.05 

FVMDYYGIDFPZAX-

UHFFFAOYSA-N 12122 

2,6-dimethoxybenzoic acid    Hydroxybenzoic acid 1466-76-8 182.06 

MBIZFBDREVRUHY-

UHFFFAOYSA-N 15109 

4-hydroxybenzaldehyde    Hydroxybenzaldehyde 123-08-0 122.04 

RGHHSNMVTDWUBI-

UHFFFAOYSA-N 126 

2,5-dihydroxybenzoic acid    Hydroxybenzoic acid 490-79-9 154.03 

WXTMDXOMEHJXQO-

UHFFFAOYSA-N 3469 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

2,3-dihydroxybenzoic acid Hydroxybenzoic acid 303-38-8 154.03 

GLDQAMYCGOIJDV-

UHFFFAOYSA-N 19 

3-(3,4-

dihydroxyphenyl)propanoic 

acid    Hydroxyphenylpropanoic acid 1078-61-1 182.06 

DZAUWHJDUNRCTF-

UHFFFAOYSA-N 348154 

cinnamic acid-4-O-

glucuronide Hydroxycinnamic acid 

214689-30-

2 340.08 

SOKJXEKPKWKYKR-

KPGYTNHDSA-N 71314996 

5-hydroxyindoleacetate Indole 54-16-0 191.06 

DUUGKQCEGZLZNO-

UHFFFAOYSA-N 1826 

1,2-dihydroxy-4-

methylbenzene   Benzenediol 452-86-8 124.05 

ZBCATMYQYDCTIZ-

UHFFFAOYSA-N 9958 

3-methoxyphenylacetic acid-4-

sulfate Hydroxyphenylacetic acid 38339-06-9 262.01 

IACOAKYXFIWAQN-

UHFFFAOYSA-N 29981063 

3-hydroxybenzaldehyde    Hydroxybenzaldehyde 100-83-4 122.04 

IAVREABSGIHHMO-

UHFFFAOYSA-N 101 

4-methoxybenzoic acid-3-

sulfate   Hydroxybenzoic acid 

247.001-

167-S 248.00 

VSFFJSSUGMYRMP-

UHFFFAOYSA-N N/A 

3-methoxybenzoic acid-4-

sulfate Hydroxybenzoic acid N/A 248.00 

TXRKUXPAEPOCIX-

UHFFFAOYSA-N 382946 

biotin Biotin and derivatives 58-85-5 244.09 

YBJHBAHKTGYVGT-

ZKWXMUAHSA-N 171548 

1,3-dihydroxybenzene     Benzenediol 108-46-3 110.04 

GHMLBKRAJCXXBS-

UHFFFAOYSA-N 5054 

2,4-dihydroxybenzoic acid    Hydroxybenzoic acid 89-86-1 154.03 

UIAFKZKHHVMJGS-

UHFFFAOYSA-N 1491 

4-hydroxy-3-methoxybenzoic 

acid Hydroxybenzoic acid 121-34-6 168.04 

WKOLLVMJNQIZCI-

UHFFFAOYSA-N 8468 

N-benzoylglutamic acid Glutamic acid 6094-36-6 251.08 

LPJXPACOXRZCCP-

VIFPVBQESA-N 11345724 

N-acetylserotonin Catecholamine 1210-83-9 218.11 

MVAWJSIDNICKHF-

UHFFFAOYSA-N 903 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

4-hydroxy-3-

methoxyphenylacetic acid Hydroxyphenylacetic acid 306-08-1 182.06 

QRMZSPFSDQBLIX-

UHFFFAOYSA-N 1738 

delphinidin-3-glucoside   Anthocyanin 50986-17-9 465.10 

XENHPQQLDPAYIJ-

PEVLUNPASA-O 443650 

3,4-dihydroxycinnamic acid    Hydroxycinnamic acid 331-39-5 180.04 

QAIPRVGONGVQAS-

DUXPYHPUSA-N 689043 

3-hydroxy-4-

methoxyphenylacetic acid    Hydroxyphenylacetic acid 1131-94-8 182.06 

BWXLCOBSWMQCGP-

UHFFFAOYSA-N 160562 

cyanidin-3-galactoside    Anthocyanin N/A 449.11 

RKWHWFONKJEUEF-

WVXKDWSHSA-O 441699 

3-(3-

methoxyphenyl)propanoic 

acid-4-O-glucuronide Hydroxyphenylpropanoic acid 86321-28-0 372.11 

KYERCTIKYSSKPA-

JHZZJYKESA-N  190069 

3-(4-

methoxyphenyl)propanoic 

acid-3-O-glucuronide Hydroxyphenylpropanoic acid 

1187945-

72-7 372.11 

OSJGZCUHTGTJHT-

JHZZJYKESA-N 49844034 

hippuric acid methyl ester    Hippuric acid 1205-08-9 193.07 

XTKVNQKOTKPCKM-

UHFFFAOYSA-N 14566 

4-O caffeoylquinic acid    Caffeoylquinic acid 905-99-7 354.10 

GYFFKZTYYAFCTR-

AVXJPILUSA-N 9798666 

4-hydroxy-3,5-

dimethoxybenzoic acid    Hydroxybenzoic acid 530-57-4 198.05 

JMSVCTWVEWCHDZ-

UHFFFAOYSA-N  10742 

2-hydroxybenzoic acid Hydroxybenzoic acid 69-72-7 138.03 

YGSDEFSMJLZEOE-

UHFFFAOYSA-N 338 

phenylacetic acid    Hydroxyphenylacetic acid 103-82-2 136.05 

WLJVXDMOQOGPHL-

UHFFFAOYSA-N 999 

3-hydroxy-4-methoxybenzoic 

acid    Hydroxybenzoic acid 645-08-9 168.04 

LBKFGYZQBSGRHY-

UHFFFAOYSA-N 12575 

3-caffeoylquinic acid Caffeoylquinic acid 327-97-9 354.10 

CWVRJTMFETXNAD-

JUHZACGLSA-N 1794427 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

benzoic acid    Hydroxybenzoic acid 65-85-0 122.04 

WPYMKLBDIGXBTP-

UHFFFAOYSA-N 243 

3-(3-hydroxyphenyl)propanoic 

acid    Hydroxyphenylpropanoic acid 621-54-5 166.06 

QVWAEZJXDYOKEH-

UHFFFAOYSA-N   91 

3-(4-hydroxyphenyl)propanoic 

acid    Hydroxyphenylpropanoic acid 501-97-3 166.06 

NMHMNPHRMNGLLB-

UHFFFAOYSA-N 10394 

3-(4-

methoxyphenyl)propanoic 

acid-3-sulfate  Hydroxyphenylpropanoic acid 

1258842-

21-5 276.03 

QZIYZVFIROFZCV-

UHFFFAOYSA-N  49844179  

3,4-dihydroxybenzoic acid 

methyl ester    Hydroxybenzoic acid 2150-43-8 168.04 

CUFLZUDASVUNOE-

UHFFFAOYSA-N 287064 

3,5-dihydroxybenzoic acid 

methyl ester    Hydroxybenzoic acid 2150-44-9 168.04 

RNVFYQUEEMZKLR-

UHFFFAOYSA-N  75076 

4-hydroxy-3,5-

dimethoxyphenylacetic acid    Hydroxyphenylacetic acid 4385-56-2 212.07 

BQBQKSSTFGCRQL-

UHFFFAOYSA-N   78093 

3,4-dimethoxybenzyl alcohol    Benzyl alcohol 93-03-8 168.08 

OEGPRYNGFWGMMV-

UHFFFAOYSA-N 7118 

3-methylhippuric acid    Hippuric acid 27115-49-7 193.07 

YKAKNMHEIJUKEX-

UHFFFAOYSA-N 99223 

4-methylhippuric acid    Hippuric acid 27115-50-0 193.07 

NRSCPTLHWVWLLH-

UHFFFAOYSA-N 97479 

2-methoxybenzoic acid Hydroxybenzoic acid 579-75-9 152.05 

ILUJQPXNXACGAN-

UHFFFAOYSA-N 11370 

5-(3-hydroxyphenyl)-gamma-

valerolactone-4-sulfate Valerolactone N/A 288.03 

WAXYAOJFDCCESK-

UHFFFAOYSA-N 129626609 

4-hydroxy-2-

methoxybenzaldehyde    Hydroxybenzaldehyde 18278-34-7 152.05 

WBIZZNFQJPOKDK-

UHFFFAOYSA-N 519541 

catechin    Flavan-3-ol 154-23-4 290.08 

PFTAWBLQPZVEMU-

DZGCQCFKSA-N 9064 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    Hydroxyphenylpropanoic acid 1135-23-5 196.07 

BOLQJTPHPSDZHR-

UHFFFAOYSA-N 14340 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

4-ethylcatechol  Benzenediol 1124-39-6 138.07 

HFLGBNBLMBSXEM-

UHFFFAOYSA-N 70761 

petunidin-3-glucoside   Anthocyanin 71991-88-3 479.12 

CCQDWIRWKWIUKK-

QKYBYQKWSA-O 443651 

3,4-dimethoxyphenylacetic 

acid    Hydroxyphenylacetic acid 93-40-3 196.07 

WUAXWQRULBZETB-

UHFFFAOYSA-N 7139 

trans-4-hydroxycinnamic acid Hydroxycinnamic acid 

7400-08-0; 

501-98-4 164.05 

NGSWKAQJJWESNS-

ZZXKWVIFSA-N 637542 

epicatechin Flavan-3-ol 490-46-0 290.08 

PFTAWBLQPZVEMU-

UKRRQHHQSA-N 72276 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid Hydroxyphenylpropanoic acid 1135-15-5 196.07 

ZVIJTQFTLXXGJA-

UHFFFAOYSA-N 2752054 

peonidin-3-O-galactoside 

chloride Anthocyanin 

260256-26-

6 463.12 

ZZWPMFROUHHAKY-

VRRLNDPFSA-O 11454027 

2-hydroxy-1,3-

dimethoxybenzene    Benzenediol 91-10-1 154.06 

KLIDCXVFHGNTTM-

UHFFFAOYSA-N 7041 

3-hydroxybenzoic acid methyl 

ester    Hydroxybenzoic acid 19438-10-9 152.05 

YKUCHDXIBAQWSF-

UHFFFAOYSA-N 88068 

3-hydroxy-4-methoxycinnamic 

acid Hydroxycinnamic acid 

537-73-5 

or 25522-

33-2 194.06 

QURCVMIEKCOAJU-

HWKANZROSA-N 736186 

biochanin A Isoflavone 491-80-5 284.07 

WUADCCWRTIWANL-

UHFFFAOYSA-N 5280373 

4-methoxyphenylacetic acid Hydroxyphenylacetic acid 104-01-8  166.06 

NRPFNQUDKRYCNX-

UHFFFAOYSA-N 7690 

3,5-dimethoxybenzyl alcohol Benzyl alcohol 705-76-0 168.08 

AUDBREYGQOXIFT-

UHFFFAOYSA-N 69718 

2,6-dihydroxybenzoic acid Hydroxybenzoic acid 303-07-1 154.03 

AKEUNCKRJATALU-

UHFFFAOYSA-N 9338 

trans-3-hydroxycinnamic acid    Hydroxycinnamic acid 14755-02-3 164.05 

KKSDGJDHHZEWEP-

SNAWJCMRSA-N 637541 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

trans-4-hydroxy-3-

methoxycinnamic acid    Hydroxycinnamic acid 1135-24-6 194.06 

KSEBMYQBYZTDHS-

HWKANZROSA-N 445858 

4-hydroxy-3-methoxybenzoic 

acid methyl ester    Hydroxybenzoic acid 3943-74-6 182.06 

BVWTXUYLKBHMOX-

UHFFFAOYSA-N 19844 

3-phenylpropanoic acidᵻ Hydroxyphenylpropanoic acid 501-52-0  150.07 

XMIIGOLPHOKFCH-

UHFFFAOYSA-N 107 

3-hydroxy-4-

methoxybenzaldehyde    Hydroxybenzaldehyde 621-59-0 152.05 

JVTZFYYHCGSXJV-

UHFFFAOYSA-N 12127 

malvidin-3-galactoside Anthocyanin N/A 493.13 

PXUQTDZNOHRWLI-

XSEKTIEYSA-O 5484292 

3-methoxyphenylacetic acid    Hydroxyphenylacetic acid 1798-09-0  166.06 

LEGPZHPSIPPYIO-

UHFFFAOYSA-N 15719 

4-hydroxybenzoic acid methyl 

ester    Hydroxybenzoic acid 99-76-3 152.05 

LXCFILQKKLGQFO-

UHFFFAOYSA-N 7456 

indole-3-acetic acid Indole 87-51-4 175.06 

SEOVTRFCIGRIMH-

UHFFFAOYSA-N 802 

3,4-dimethoxybenzoic acid*    Hydroxybenzoic acid 93-07-2 182.06 

DAUAQNGYDSHRET-

UHFFFAOYSA-N 7121 

2,4-dimethoxybenzoic acid    Hydroxybenzoic acid 91-52-1 182.06 

GPVDHNVGGIAOQT-

UHFFFAOYSA-N 7052 

2-hydroxycinnamic acid    Hydroxycinnamic acid 614-60-8 164.05 

PMOWTIHVNWZYFI-

AATRIKPKSA-N 637540 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid Hydroxycinnamic acid 

530-59-6, 

7362-37-0 224.07 

PCMORTLOPMLEFB-

ONEGZZNKSA-N 637775 

cis-4-hydroxy-3,5-

dimethoxycinnamic acid Hydroxycinnamic acid 

530-59-6, 

7361-90-2 224.07 

PCMORTLOPMLEFB-

ARJAWSKDSA-N 1549091 

3,4-dimethoxybenzaldehyde Hydroxybenzaldehyde 120-14-9 166.06 

WJUFSDZVCOTFON-

UHFFFAOYSA-N 8419 

3-methoxybenzoic acid Hydroxybenzoic acid 586-38-9 152.05 

XHQZJYCNDZAGLW-

UHFFFAOYSA-N 11461 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

2-hydroxy-6-methoxybenzoic 

acid    Hydroxybenzoic acid 3147-64-6 168.04 

AAUQLHHARJUJEH-

UHFFFAOYSA-N   591524 

2-hydroxy-4-methoxybenzoic 

acid    Hydroxybenzoic acid 2237-36-7 168.04 

MRIXVKKOHPQOFK-

UHFFFAOYSA-N 75231 

2,3,4-trimethoxyphenylacetic 

acid Hydroxyphenylacetic acid 22480-91-7  226.08 

ZMWCKCLDAQWIDA-

UHFFFAOYSA-N   89727 

myricetin-3-O-galactoside Flavonol 15648-86-9 480.09 

FOHXFLPXBUAOJM-

OPAWWROQSA-N 53809877 

3-methoxyphenylpropanoic 

acid Hydroxyphenylpropanoic acid 10516-71-9 180.08 

BJJQJLOZWBZEGA-

UHFFFAOYSA-N 66336 

2-hydroxy-4-

methoxybenzaldehyde    Hydroxybenzaldehyde 673-22-3 152.05 

WZUODJNEIXSNEU-

UHFFFAOYSA-N 69600 

trans-cinnamic acid Hydroxycinnamic acid 140-10-3 148.05 

WBYWAXJHAXSJNI-

VOTSOKGWSA-N 444539 

3,4,5-trimethoxybenzaldehyde    Hydroxybenzaldehyde 86-81-7 196.07 

OPHQOIGEOHXOGX-

UHFFFAOYSA-N 6858 

3-(3,4,5 

trimethoxyphenyl)propanoic 

acid    Hydroxyphenylpropanoic acid 25173-72-2 240.10 

ZCYXGVJUZBKJAI-

UHFFFAOYSA-N  64860 

rutin Flavonol 153-18-4 610.15 

IKGXIBQEEMLURG-

NVPNHPEKSA-N 5280805 

3,5-dimethoxybenzoic acid    Hydroxybenzoic acid 1132-21-4 182.06 

IWPZKOJSYQZABD-

UHFFFAOYSA-N 14332 

naringin Flavonol 10236-47-2 580.18 

DFPMSGMNTNDNHN-

ZPHOTFPESA-N 442428 

indole-3-propionic acid Hydroxyphenylpropanoic acid 830-96-6 189.08 

GOLXRNDWAUTYKT-

UHFFFAOYSA-N 3744 

3,4-dimethoxybenzoic acid 

methyl ester    Hydroxybenzoic acid 2150-38-1 196.07 

BIGQPYZPEWAPBG-

UHFFFAOYSA-N 16522 

3,5-dimethoxybenzaldehyde    Hydroxybenzaldehyde 7311-34-4 166.06 

VFZRZRDOXPRTSC-

UHFFFAOYSA-N 81747 
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Supplementary Table 4.1 (continued) 

Analyte Subclass CAS 
Monoisotopic 

Mass (g/mol) 
InChiKey PUBCHEM 

rosmarinic acid    Hydroxyphenylpropanoic acid 20283-92-5 360.08 

DOUMFZQKYFQNTF-

WUTVXBCWSA-N 5281792 

myricetin     Flavonol 529-44-2 318.04 

IKMDFBPHZNJCSN-

UHFFFAOYSA-N 5281672 

resveratrol    Stilbene 501-36-0 228.08 

LUKBXSAWLPMMSZ-

OWOJBTEDSA-N 445154 

3-methoxycinnamic acid  Hydroxycinnamic acid 6099-04-3 178.06 

LZPNXAULYJPXEH-

AATRIKPKSA-N 637668 

indole-3-butyric acid Indole 133-32-4 203.09 

JTEDVYBZBROSJT-

UHFFFAOYSA-N 8617 

kaempferol    Flavonol 520-18-3 286.05 

IYRMWMYZSQPJKC-

UHFFFAOYSA-N 5280863 

quercetin  Flavonol 117-39-5 302.04 

REFJWTPEDVJJIY-

UHFFFAOYSA-N 5280343 

6-gingerol Gingerols 

23513-14-

6,  58253-

27-3 294.18 

NLDDIKRKFXEWBK-

AWEZNQCLSA-N 442793  

4-methoxycinnamic acid    Hydroxycinnamic acid 

830-09-1 

or 943-89-

5 178.06 

AFDXODALSZRGIH-

UHFFFAOYSA-N 699414 

quercetin glucuronide Flavonol 

477-301-

PQ 478.07 N/A N/A 
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Supplementary Table 4. 2 Optimized ADsMRM conditions for analysis of plant (poly)phenols via UPLC-ESI-MS/MS in serum 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

4-guanidinobutanoic acid 0.52 2.0 87 109 33000 1 30 8 20 10 

tyramine 0.57 2.0 120.100 109 22000 10 30 10 12 14 

sesamolⱡ 0.57 2.0 93.1 104 22000 10 33 10 21 11 

tyrosine 0.57 2.0 136 120 14000 1 45 10 20 23 

norepinephrine 0.61 2.0 152.1 89 56000 10 35 6 10 13 

4-ethenylphenol 0.63 2.0 93 156 44000 1 25 12 18 11 

3,4-dihydroxy-L-phenylalanine 0.81 2 152.1 110 17000 1 61 10 19 16 

epinephrine 0.85 2.0 166.2 120 28400 1 24 10 12 19 

(2)-hydroxy(4-

hydroxyphenyl)acetic acid 0.99 2.0 123.000 91 10000 10 -20 -10 -14 -11 

3-hydroxybenzyl alcoholᵻ    1 2.0 92.900 87 300 10 -45 -10 -22 -13 

dopamine 3-sulfate 1.05 2.0 217.2 240 5000 1 50 10 20 26 

dopamine 4-sulfateⱡ 1.08 2.0 217.3 240 5600 1 35 12 19 23 

hypoxanthine 1.20 2.0 91 126 303000 1 74 10 16 19 

dopamine 1.22 2 137 110 1500 1 25 10 15 10 

4-pyridoxic acid    1.47 2.0 138.1 147 9000 1 -15 -10 -20 -16 

3,5-dihydroxybenzyl alcohol    1.48 2.0 97.000 125 500 1 -34 -10 -20 -13 

3,4,5-trihydroxybenzoic acid 1.53 2.0 124.9 193 20000 10 45 11 15 15 

3,4,5-trimethoxybenzoic acid 1.53 2.0 125.1 114 5000 1 -25 -10 -27 -11 

Serotonin 1.9 2.0 105 166 3100 10 30 10 22 12 

4-hydroxybenzyl alcohol    2.15 2.0 104.900 90 450 10 -20 -10 -14 -11 

alpha-hydroxyhippuric acid    2.34 2.0 73 146 350 10 -10 -10 -10 -11 

2-isopropylmalate 2.47 2.0 113.2 180 2000 1 -60 -8 -16 -18 

4-Hydroxy-3-methoxybenzyl 

alcohol 2.5 2.0 109.200 150 82000 1 -28 -10 -14 -10 

1,2-dihydroxybenzene     2.51 2.0 80.8 133 1000 1 -58 -10 -20 -13 

4-hydroxyhippuric acid    2.94 2.0 100.2 117 800 1 -30 -10 -20 -15 

3,4-dihydroxybenzoic acid 3.01 2.0 109.05 150 120000 1 -29 -11 -16 -6 
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Supplementary Table 4.2 (continued) 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

3,4,5-trihydroxybenzaldehyde    3.02 2.0 108.95 150 74000 1 -33 -10 -11 -15 

3,5-dihydroxybenzoic acid    3.03 2.0 108.9 160 120000 1 -30 -10 -15 -10 

5-hydroxyphenylpropanoic acid 3-

O-glucuronide 3.07 2.0 113.000 191 3000 1 -15 -10 -24 -13 

3-hydroxyhippuric acid    3.42 2.0 150 120 2000 1 -30 -10 -18 -19 

4-hydroxyphenyl alcohol 3.63 2.0 93 100 13000 10 28 10 18 18 

3,5-dihydroxybenzoic acid sulfate 3.9 2.0 152.9 214 5000 1 -60 -10 -22 -13 

3,4-dihydroxybenzaldehyde    4.21 2.0 107.900 190 800 1 -50 -10 -30 -20 

3-methoxybenzoic acid-4-O-

glucuronide   4.38 2.0 167.2 180 2000 1 -45 -10 -25 -13 

4-methoxybenzoic acid-3-O-

glucuronide 4.38 2.0 113.1 180 3000 1 -45 -10 -22 -13 

3,5-dihydroxybenzaldehyde    4.41 2.0 95.000 230 800 1 -63 -10 -20 -13 

hydroxybenzoic acid-4-sulfate 4.41 2.00 92.900 150 42000 1 -10 -10 -18 -10 

3-hydroxybenzoic acid    4.53 2.0 92.9 150 26000 1 -10 -10 -10 -15 

4-hydroxybenzoic acid    4.53 2.0 92.900 115 50000 1 -10 -10 -18 -10 

2,4-dihydroxybenzaldehyde    4.54 2.0 92.900 191 31000 1 -36 -6 -23 -10 

4-hydroxyphenylacetic acid    4.58 2.0 107.900 86 2500 10 31 10 13 6 

hippuric acid    4.58 2.0 133.9 208 11000 1 -44 -10 -15 -13 

3-hydroxyphenylacetic acid    4.74 2.0 107.000 120 25000 1 -12 -10 -10 -9 

2,6-dimethoxybenzoic acid    5.1 2.0 107.000 117 800 1 -50 -10 -15 -13 

4-hydroxybenzaldehyde    5.14 2.0 92.100 165 3300 1 -15 -10 -32 -7 

2,5-dihydroxybenzoic acid    5.2 2.0 108.801 108 11000 1 -100 -10 -25 -20 

2,3-dihydroxybenzoic acid 5.2 2.0 109 135 100000 1 -35 -10 -19 -10 

3-(3,4-dihydroxyphenyl)propanoic 

acid    5.25 2.0 137.111 171 145000 1 -5 -10 -13 -7 

cinnamic acid-4-O-glucuronide 5.27 2.0 118.900 174 500 1 -120 -10 -47 -17 

5-hydroxyindoleacetate 5.6 2.0 146 128 59000 1 -25 -10 -12 -16 
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Supplementary Table 4.2 (continued) 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

1,2-dihydroxy-4-methylbenzene   5.62 2.0 77.3 300 4000 1 22 10 34 6 

3-methoxyphenylacetic acid-4-

sulfate 5.9 2 180.9 230 12000 1 -65 -10 -22 -19 

3-hydroxybenzaldehyde    5.94 2.0 92.2 124 1200 1 -60 -10 -27 -6 

4-methoxybenzoic acid-3-sulfate   6 2.0 167.000 190 2000 1 -45 -10 -21 -13 

3-methoxybenzoic acid-4-sulfate 6 2.0 167.100 190 1000 1 -45 -10 -21 -13 

biotin 6.14 2.0 208.9 138 200 10 -35 -10 -16 -16 

1,3-dihydroxybenzene     6.47 2.0 65 280 21000 1 -35 -10 -16 -7 

2,4-dihydroxybenzoic acid    6.47 2.0 109.15 180 105000 1 -45 -7 -15 -17 

4-hydroxy-3-methoxybenzoic acid 6.81 2.0 122.9 148 12000 10 -35 -10 -13 -11 

N-benzoylglutamic acid 6.89 2.0 206 150 3000 1 -23 -7 -19 -21 

N-acetylserotonin 6.96 2.0 158.1 180 500 10 -5 -10 -24 -17 

4-hydroxy-3-methoxyphenylacetic 

acid 6.97 2.0 137.000 120 20000 1 -23 -10 -10 -21 

delphinidin-3-glucoside   7.34 2.0 303.000 480 4100 1 29 10 26 6 

3,4-dihydroxycinnamic acid    7.55 2.0 135 180 20000 1 -30 -12 -16 -15 

3-hydroxy-4-methoxyphenylacetic 

acid    7.68 2.0 122.000 150 1000 10 -17 -10 -18 -19 

cyanidin-3-galactoside    8.02 7.5 287.200 417 18500 1 26 10 38 6 

3-(3-methoxyphenyl)propanoic 

acid-4-O-glucuronide 8.12 7.5 136.001 150 500 1 -45 -10 -42 -12 

3-(4-methoxyphenyl)propanoic 

acid-3-O-glucuronide 8.12 7.5 194.900 217 2000 1 -70 -10 -28 -9 

hippuric acid methyl ester    8.17 7.5 162 160 1400 1 37 10 11 2 

4-O caffeoylquinic acid    8.32 7.5 173.000 312 500 1 -75 -9 -20 -21 

4-hydroxy-3,5-dimethoxybenzoic 

acid    8.32 7.5 140 194 24500 1 35 10 17 16 

2-hydroxybenzoic acid 8.33 7.5 93 171 30000 1 -25 -10 -23 -6 
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Supplementary Table 4.2 (continued) 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

phenylacetic acid    8.37 7.5 91.000 250 25000 1 -30 -10 -12 -11 

3-hydroxy-4-methoxybenzoic acid    8.43 7.5 122.9 120 14000 1 -43 -8 -19 -6 

3-caffeoylquinic acid 8.5 7.5 191 312 8000 1 -25 -10 -24 -19 

benzoic acid    8.55 7.5 77.000 120 13000 10 -32 -7 -19 -10 

3-(3-hydroxyphenyl)propanoic acid    8.69 7.5 120.700 152 44000 1 -40 -10 -20 -20 

3-(4-hydroxyphenyl)propanoic acid    8.69 7.5 121.000 146 55000 1 -60 -10 -17 -13 

3-(4-methoxyphenyl)propanoic 

acid-3-sulfate  8.7 7.5 195.000 260 1000 1 -55 -10 -25 -13 

3,4-dihydroxybenzoic acid methyl 

ester    8.8 7.5 108 150 10000 1 -20 -10 -30 -23 

3,5-dihydroxybenzoic acid methyl 

ester    8.85 7.5 107.8 150 350 1 -30 -10 -20 -6 

4-hydroxy-3,5-

dimethoxyphenylacetic acid    8.86 7.5 167.000 176 11500 1 36 10 18 6 

3,4-dimethoxybenzyl alcohol    8.97 7.5 152.000 380 3000 1 -36 -10 -20 -20 

3-methylhippuric acid    9.06 7.5 148.100 160 52000 1 -15 -10 -20 -15 

4-methylhippuric acid    9.06 7.5 148.000 195 200000 1 -20 -10 -16 -13 

2-methoxybenzoic acid 9.17 7.5 135 200 52000 1 50 10 25 20 

5-(3-hydroxyphenyl)-gamma-

valerolactone-4-sulfate 9.4 7.5 207 340 500 1 -49 -10 -28 -14 

4-hydroxy-2-methoxybenzaldehyde    9.45 7.5 77.100 119 4000 1 30 10 27 16 

catechin    9.65 7.5 244.8 154 2200 10 -40 -10 -9 -20 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    9.70 7.5 135.900 115 350 1 -45 -10 -22 -17 

4-ethylcatechol  9.77 7.5 93.1 280 44000 1 -25 -10 -15 -10 

petunidin-3-glucoside   9.9 7.5 317.200 604 1000 1 13 10 27 6 

3,4-dimethoxyphenylacetic acid    10.23 7.5 121.000 150 300 1 -35 -10 -40 -13 

trans-4-hydroxycinnamic acid 10.35 7.5 119 153 105000 1 -35 -10 -18 -13 
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Supplementary Table 4.2 (continued) 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

epicatechin 10.5 7.5 245.2 129 1500 1 -110 -9 -19 -16 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 11.00 7.5 136.100 122 300 1 -25 -10 -18 -9 

peonidin-3-O-galactoside chloride 11.08 7.5 301.000 539 250 1 12 10 42 6 

2-hydroxy-1,3-dimethoxybenzene    11.1 7.5 137.900 146 300 10 -20 -10 -14 -15 

3-hydroxybenzoic acid methyl ester    11.1 7.5 135.900 145 2700 1 -42 -10 -18 -12 

3-hydroxy-4-methoxycinnamic acid 11.20 7.50 177.9 162 1500 10 -25 -10 -16 -26 

biochanin A 11.26 7.5 215 175 6700 10 -60 -10 -14 -15 

4-methoxyphenylacetic acid 11.46 7.5 121.000 161 38000 10 36 10 20 6 

3,5-dimethoxybenzyl alcohol 11.69 7.5 151 222 27000 1 60 10 20 31 

2,6-dihydroxybenzoic acid 11.77 7.5 109.1 330 140000 1 -30 -10 -17 -12 

trans-3-hydroxycinnamic acid    11.8 7.5 119.200 148 3200 1 -38 -3 -30 -5 

trans-4-hydroxy-3-

methoxycinnamic acid    11.97 7.5 178.1 217 700 1 -35 -10 -18 -13 

4-hydroxy-3-methoxybenzoic acid 

methyl ester    12.8 7.5 106.9 175 1000 10 -15 -6 -30 -13 

3-phenylpropanoic acidᵻ 12.85 7.5 105.000 120 11000 10 -20 -10 -14 -11 

3-hydroxy-4-methoxybenzaldehyde    13.00 7.5 92.000 178 700 10 -45 -10 -32 -6 

malvidin-3-galactoside 13.03 7.5 331.700 450 800 1 19 3 25 22 

3-methoxyphenylacetic acid    13.30 7.5 106.100 168 1000 10 -22 -10 -28 -6 

4-hydroxybenzoic acid methyl ester    13.37 7.5 92.000 180 2400 1 -43 -10 -25 -15 

indole-3-acetic acid 13.43 7.5 130 180 16500 1 35 10 19 15 

3,4-dimethoxybenzoic acid*    13.54 7.5 136.9 180 150000 1 -30 -10 -15 -15 

2,4-dimethoxybenzoic acid    14.2 7.5 136.800 100 95000 10 -10 -10 -10 -13 

2-hydroxycinnamic acid    14.3 7.5 119.000 170 11000 1 -30 -10 -27 -20 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 14.34 7.5 193 136 200 1 -25 -10 -30 -11 
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Supplementary Table 4.2 (continued) 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

cis-4-hydroxy-3,5-

dimethoxycinnamic acid 14.34 7.5 193 136 200 1 -25 -10 -30 -11 

3,4-dimethoxybenzaldehyde 14.38 7.5 139 180 68000 1 60 12 14 21 

3-methoxybenzoic acid 14.77 7.5 109 170 21000 1 28 10 22 6 

2-hydroxy-6-methoxybenzoic acid    15.6 7.6 123.000 206 450 1 -50 -10 -20 -20 

2-hydroxy-4-methoxybenzoic acid    15.6 7.6 108.100 183 450 1 -10 -10 -27 -7 

2,3,4-trimethoxyphenylacetic acid 17.3 7.6 165.900 163 500 10 -23 -10 -11 -20 

myricetin-3-O-galactoside 19.88 12.0 317.000 210 1000 1 -10 -10 -30 -45 

3-methoxyphenylpropanoic acid 20.21 12.0 119.900 152 300 1 -20 -10 -18 -13 

2-hydroxy-4-methoxybenzaldehyde    20.3 12.0 107.900 228 500 10 -30 -10 -24 -47 

trans-cinnamic acid 20.6 12.0 77 186 1000 10 -15 -10 -28 -9 

3,4,5-trimethoxybenzaldehyde    20.83 12.0 169.200 243 7000 1 70 10 25 14 

3-(3,4,5 

trimethoxyphenyl)propanoic acid    21.7 12.5 178.900 190 2300 1 -55 -10 -30 -19 

rutin 22.98 12.5 300 220 300 1 -40 -10 -50 -15 

3,5-dimethoxybenzoic acid    23.4 12.5 136.9 210 210000 1 -25 -10 -16 -15 

naringin 23.45 12.5 271 137 200 1 -40 -10 -45 -20 

indole-3-propionic acid 23.62 12.5 116 206 650 10 -25 -10 -25 -15 

3,4-dimethoxybenzoic acid methyl 

ester    23.8 12.5 165.100 89 100 1 15 10 15 13 

3,5-dimethoxybenzaldehyde    23.91 12.5 139.200 195 24000 1 60 10 20 31 

rosmarinic acid    24.16 12.5 161.100 149 60000 1 -30 -4 -25 -5 

myricetin     24.49 12.5 151.000 120 1000 10 -41 -10 -37 -13 

resveratrol    24.53 12.5 143.000 110 500 1 -100 -10 -34 -15 

3-methoxycinnamic acid  24.69 12.5 102.900 120 10000 1 -10 -10 -18 -13 

indole-3-butyric acid 25.03 30.0 158 130 10000 10 -18 -9 -11 -10 

kaempferol    25.25 30.0 184.900 180 10000 10 -100 -10 -42 -23 
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Supplementary Table 4.2 (continued) 

Analyte 

Retention 

time 

(min) 

Mobile 

phase 

B (%) 

Quantifier 

mass 

(g/mol) 

Window Threshold 
Dwell 

Weight 

DP 

(V) 

EP 

(V) 

CE 

(V) 

CXP 

(V) 

quercetin  25.67 30.0 150.9 180 5500 1 -50 -10 -28 -9 

6-gingerol 26.06 90.0 145.3 134 25000 1 16 10 28 12 

4-methoxycinnamic acid    26.08 90.0 132.9 400 30700 10 -5 -10 -16 -15 

quercetin glucuronide 26.18 90.0 301 280 400 10 -30 -11 -18 -9 

DP: Declustering potential; EP: Entrance potential; CE: Collision energy; CXP: Collision cell exit potential 
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Supplementary Table 4. 3 Regression equations of blueberry-derived (poly)phenols in serum 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

4-guanidinobutanoic acid 5 0.01-1 y = 1.04263x + 0.0239 1.0426±0.3618 0.0239±0.0178 0.9962±0.0008 

tyramine 5 0.01-5 y = 0.02904x + 0.01723 0.029±0.0051 0.0172±0.0019 0.9973±0.0014 

sesamolⱡ 5 0.001-5 y = 0.03213x + 0.00871 0.0321±0.0059 0.0087±0.002 0.9979±0.0011 

tyrosine 5 0.001-1 y = 0.43061x + 0.00806 0.4306±0.0136 0.0081±0.0014 0.9984±0.0006 

norepinephrine 5 0.001-5 y = 0.25374x + 0.01733 0.2537±0.0454 0.0173±0.0095 0.9969±0.0015 

4-ethenylphenol 5 0.01-5 y = 0.33411x + 0.00161 0.3341±0.0333 0.0016±0.0013 0.9987±0.0005 

3,4-dihydroxy-L-phenylalanine 5 0.001-2.5 y = 1.47217x + -0.00077 1.4722+0.3103 -0.0008±0.0222 0.9969±0.0015 

epinephrine 5 0.0025-10 y = 2.57709x + -0.03147 2.5771±0.3752 -0.0315±0.0608 0.9966±0.0022 

(2)-hydroxy(4-hydroxyphenyl)acetic 

acid 6 0.001-10 y = 0.00711x + 0.00117 0.0071±0.0013 0.0012±0.0006 0.998±0.0014 

3-hydroxybenzyl alcoholᵻ    5 0.025-10 y = 0.00018x + 0.00002 0.0002±0.00001 0.00002±0.000005 0.997±0.0015 

dopamine 3-sulfate 5 0.01-2.5 y = 0.12098x + -0.00003 0.121±0.0137 -0.00003±0.00004 0.9978±0.001 

dopamine 4-sulfateⱡ 5 

0.0001-

0.25 y = 1.30383x + 0.00019 1.3038±0.1311 0.0002±0.0002 0.998±0.0011 

hypoxanthine 5 0.025-5 y = 0.65135x + 0.31617 0.6514±0.1789 0.3162±0.0446 0.9963±0.001 

dopamine 5 0.001-5 y = 1.35851x + -0.00627 1.3585+0.3123 -0.0063±0.0119 0.9968±0.0024 

4-pyridoxic acid    5 0.01-2.5 y = 1.06344x + 0.10916 1.0634±0.2269 0.1092±0.0944 0.9943±0.0016 

3,5-dihydroxybenzyl alcohol    5 0.01-5 y = 0.03437x + -0.00005 0.0344±0.0012 -0.00005±0.0001 0.9982±0.0018 

3,4,5-trihydroxybenzoic acid 5 0.001-10 y = 0.01288x + 0.00225 0.0129±0.0018 0.0023±0.0008 0.9987±0.0009 

3,4,5-trimethoxybenzoic acid 5 0.001-10 y = 0.245x + -0.00198 0.245±0.0165 -0.002±0.0008 0.9992±0.0007 

Serotonin 5 0.01-2.5 y = 0.00501x + 0.00007 0.005±0.0004 0.0001±0.0001 0.9971±0.0012 

4-hydroxybenzyl alcohol    5 0.001-10 y = 0.00063x + 0.00001 0.0006±0.00005 0.00001±0.00001 0.9983±0.0004 

alpha-hydroxyhippuric acid    5 0.025-10 y = 0.00077x + -0.00003 0.0008±0.0001 -0.00003±0.00003 0.9983±0.0012 

2-isopropylmalate 5 0.01-10 y = 0.08239x + -0.00002 0.0824±0.0041 -0.00002±0.0002 0.9995±0.0003 

4-Hydroxy-3-methoxybenzyl alcohol 5 0.001-5 y = 0.49837x + 0.00143 0.4984±0.023 0.0014±0.0013 0.9995±0.0001 

1,2-dihydroxybenzene     5 0.01-5 y = 0.01232x + -0.00011 0.0123±0.0008 -0.0001±0.00002 0.9984±0.0004 
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Supplementary Table 4.3 (continued) 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

4-hydroxyhippuric acid    5 0.01-5 y = 0.12029x + 0.00098 0.1203±0.0058 0.001±0.0002 0.9986±0.0006 

3,4-dihydroxybenzoic acid 5 0.001-10 y = 0.71998x + 0.00293 0.72±0.0329 0.0029±0.0025 0.9992±0.0003 

3,4,5-trihydroxybenzaldehyde    5 0.01-10 y = 0.27958x + 0.00114 0.2796±0.0121 0.0011±0.0014 0.9994±0.0003 

3,5-dihydroxybenzoic acid    5 0.01-10 y = 0.64497x + 0.0026 0.645±0.025 0.0026±0.0025 0.9993±0.0003 

5-hydroxyphenylpropanoic acid 3-O-

glucuronide 5 0.01-5 y = 0.02106x + -0.000004 0.0211±0.0025 -0.000004±0.0001 0.9992±0.0004 

3-hydroxyhippuric acid    5 0.001-5 y = 0.26999x + 0.0028 0.27±0.0099 0.0028±0.0004 0.9993±0.0003 

4-hydroxyphenyl alcohol 5 0.01-5 y = 0.18095x + -0.00383 0.181±0.0267 -0.0038±0.0055 0.9973±0.0025 

3,5-dihydroxybenzoic acid sulfate 5 0.001-10 y = 0.88982x + -0.00297 0.8898±0.0842 -0.003±0.0021 0.9991±0.0003 

3,4-dihydroxybenzaldehyde    6 0.001-10 y = 0.08081x + 0.00864 0.0808±0.0143 0.0086±0.0069 0.9954±0.0066 

3-methoxybenzoic acid-4-O-

glucuronide   5 0.001-5 y = 0.17816x + 0.00031 0.1782±0.0124 0.0003±0.0004 0.9995±0.0004 

4-methoxybenzoic acid-3-O-

glucuronide 5 0.001-5 y = 0.24265x + -0.00005 0.2426±0.0184 -0.0001±0.0002 0.9994±0.0004 

3,5-dihydroxybenzaldehyde    5 0.01-10 y = 0.03424x + 0.00026 0.0342±0.0013 0.0003±0.0002 0.9992±0.0003 

hydroxybenzoic acid-4-sulfate 6 0.001-1 y = 4.91338x + 0.03401 4.9134+1.1304 0.034±0.0318 0.9985±0.0018 

3-hydroxybenzoic acid    5 0.01-10 y = 0.14846x + 0.00256 0.1485±0.013 0.0026±0.0024 0.9987±0.0006 

4-hydroxybenzoic acid    6 0.001-10 y = 0.50173x + 0.034 0.5017±0.0895 0.034±0.0287 0.9974±0.0031 

2,4-dihydroxybenzaldehyde    5 0.001-10 y = 0.14627x + 0.00044 0.1463±0.0148 0.0004±0.0002 0.9996±0.0003 

4-hydroxyphenylacetic acid    6 0.001-10 y = 0.00101x + 0.00007 0.001±0.0001 0.0001±0.00004 0.9991±0.0004 

hippuric acid    5 0.01-10 y = 0.2019x + 0.02973 0.2019±0.015 0.0297±0.0012 0.9988±0.0015 

3-hydroxyphenylacetic acid    5 0.001-5 y = 0.05567x + 0.0003 0.0557±0.0093 0.0003±0.0004 0.9975±0.0006 

2,6-dimethoxybenzoic acid    5 0.001-10 y = 0.01785x + 0.00004 0.0179±0.0012 0.00004±0.00003 0.9992±0.0003 

4-hydroxybenzaldehyde    5 0.001-10 y = 0.51293x + 0.00834 0.5129±0.0426 0.0083±0.0015 0.9986±0.0003 

2,5-dihydroxybenzoic acid    5 0.01-10 y = 0.17662x + -0.0008 0.1766±0.0179 -0.0008±0.0008 0.9992±0.0006 

2,3-dihydroxybenzoic acid 5 0.01-10 y = 0.47383x + 0.0107 0.4738±0.0342 0.0107±0.0058 0.9993±0.0005 
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Supplementary Table 4.3 (continued) 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

3-(3,4-dihydroxyphenyl)propanoic 

acid    5 0.025-10 y = 0.14867x + 0.00039 0.1487±0.013 0.0004±0.0064 0.9983±0.0004 

cinnamic acid-4-O-glucuronide 5 0.001-5 y = 0.07944x + -0.00142 0.0794±0.0058 -0.0014±0.0026 0.9987±0.0015 

5-hydroxyindoleacetate 5 0.001-10 y = 0.11729x + 0.00822 0.1173±0.0116 0.0082±0.0126 0.9984±0.0012 

1,2-dihydroxy-4-methylbenzene   6 0.001-10 y = 0.01698x + -0.00267 0.017±0.0009 -0.0027±0.0008 0.9986±0.0004 

3-methoxyphenylacetic acid-4-sulfate 5 0.01-10 y = 0.6894x + -0.00243 0.6894+0.0868 -0.0024±0.0021 0.9993±0.0002 

3-hydroxybenzaldehyde    5 0.01-10 y = 0.33696x + 0.0041 0.337±0.0287 0.0041±0.0008 0.9987±0.0005 

4-methoxybenzoic acid-3-sulfate   5 0.001-5 y = 1.1455x + -0.00589 1.1455±0.1022 -0.0059±0.0066 0.9986±0.0013 

3-methoxybenzoic acid-4-sulfate 5 0.001-10 y = 1.14576x + -0.004 1.1458±0.1082 -0.004±0.0072 0.9992±0.0006 

biotin 5 0.0001-1 y = 0.0125x + 0.00015 0.0125±0.0017 0.0002±0.0003 0.9987±0.0006 

1,3-dihydroxybenzene     5 0.001-10 y = 0.0345x + 0.00135 0.0345±0.0028 0.0013±0.0009 0.9965±0.0025 

2,4-dihydroxybenzoic acid    5 0.01-10 y = 0.23452x + 0.00489 0.2345±0.0207 0.0049±0.0057 0.9987±0.0011 

4-hydroxy-3-methoxybenzoic acid 5 0.001-5 y = 0.02217x + -0.00002 0.0222±0.0042 -0.00002±0.0001 0.9971±0.0016 

N-benzoylglutamic acid 5 0.001-10 y = 0.22079x + 0.00014 0.2208±0.0166 0.0001±0.0001 0.9996±0.0003 

N-acetylserotonin 5 0.001-10 y = 0.04608x + -0.00003 0.0461±0.0027 -0.00003±0.00001 0.9997±0.0001 

4-hydroxy-3-methoxyphenylacetic 

acid 5 0.01-10 y = 0.0836x + 0.00032 0.0836±0.0066 0.0003±0.0007 0.9982±0.0015 

delphinidin-3-glucoside   6 0.001-10 y = 0.05508x + -0.00007 0.0551±0.0046 -0.0001±0.0002 0.9989±0.0013 

3,4-dihydroxycinnamic acid    5 0.01-10 y = 0.42859x + -0.00408 0.4286±0.0402 -0.0041±0.0031 0.9987±0.0003 

3-hydroxy-4-methoxyphenylacetic 

acid    5 0.01-10 y = 0.03292x + -0.00026 0.0329±0.0032 -0.0003±0.0001 0.999±0.0002 

cyanidin-3-galactoside    6 0.001-10 y = 1.14233x + 0.02877 1.1423±0.0477 0.0288±0.0073 0.9998±0.0001 

3-(3-methoxyphenyl)propanoic acid-

4-O-glucuronide 5 0.001-5 y = 0.03675x + -0.00001 0.0367±0.0032 -0.00001±0.0001 0.9993±0.0005 

3-(4-methoxyphenyl)propanoic acid-

3-O-glucuronide 5 0.001-10 y = 0.17211x + 0.00004 0.1721±0.0203 0.00004±0.0001 0.9995±0.0002 

hippuric acid methyl ester    5 0.001-10 y = 0.29732x + 0.00114 0.2973±0.0194 0.0011±0.0008 0.9982±0.001 

4-O caffeoylquinic acid    5 0.01-10 y = 0.05404x + -0.00072 0.054±0.0066 -0.0007±0.0004 0.9976±0.0014 
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Supplementary Table 4.3 (continued) 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

4-hydroxy-3,5-dimethoxybenzoic 

acid    6 0.001-10 y = 0.18013x + 0.00227 0.1801±0.0086 0.0023±0.0054 0.9995±0.0007 

2-hydroxybenzoic acid 5 0.01-10 y = 0.812x + 0.00101 0.812±0.0803 0.001±0.0034 0.9989±0.0009 

phenylacetic acid    5 0.01-10 y = 0.03364x + 0.00038 0.0336±0.0045 0.0004±0.0006 0.9978±0.0014 

3-hydroxy-4-methoxybenzoic acid    5 0.001-10 y = 0.02586x + 0.0003 0.0259±0.0018 0.0003±0.0003 0.9975±0.001 

3-caffeoylquinic acid 5 0.01-10 y = 0.81103x + -0.01493 0.811±0.0993 -0.0149±0.004 0.9967±0.0012 

benzoic acid*    6 0.001-10 y = 0.00308x + 0.05011 0.0031±0.0007 0.0501±0.0087 0.5918±0.0936 

3-(3-hydroxyphenyl)propanoic acid    5 0.001-10 y = 0.16137x + 0.00127 0.1614±0.0092 0.0013±0.0007 0.9995±0.0002 

3-(4-hydroxyphenyl)propanoic acid    5 0.001-10 y = 0.31558x + 0.00093 0.3156±0.018 0.0009±0.0006 0.9992±0.0004 

3-(4-methoxyphenyl)propanoic acid-

3-sulfate  5 0.01-10 y = 0.91768x + -0.00438 0.9177±0.0967 -0.0044±0.0027 0.9991±0.0004 

3,4-dihydroxybenzoic acid methyl 

ester    5 0.01-10 y = 0.87202x + -0.00645 0.872±0.1143 -0.0065±0.0019 0.9981±0.0013 

3,5-dihydroxybenzoic acid methyl 

ester    5 0.01-5 y = 0.57049x + -0.00355 0.5705±0.07 -0.0036±0.0005 0.999±0.0007 

4-hydroxy-3,5-

dimethoxyphenylacetic acid    6 0.001-10 y = 0.40623x + -0.01073 0.4062±0.0208 -0.0107±0.0091 0.9997±0.0004 

3,4-dimethoxybenzyl alcohol    5 0.01-10 y = 0.25574x + -0.00196 0.2557±0.0337 -0.002±0.0006 0.9976±0.001 

3-methylhippuric acid    5 0.001-10 y = 0.48176x + 0.00287 0.4818±0.015 0.0029±0.0027 0.9993±0.0005 

4-methylhippuric acid    5 0.01-10 y = 0.72871x + 0.00437 0.7287±0.0259 0.0044±0.0024 0.9994±0.0003 

2-methoxybenzoic acid 5 0.001-10 y = 0.44493x + 0.00345 0.4449±0.0217 0.0034±0.0043 0.9974±0.001 

5-(3-hydroxyphenyl)-gamma-

valerolactone-4-sulfate 5 0.001-10 y = 0.28597x + -0.00003 0.286±0.0312 -0.00003±0.0009 0.9982±0.001 

4-hydroxy-2-methoxybenzaldehyde    6 0.001-10 y = 0.0164x + 0.00016 0.0164±0.0006 0.0002±0.0003 0.9998±0.0002 

catechin    5 0.001-1 y = 0.13793x + -0.00004 0.1379±0.0167 -0.00004±0.0001 0.9993±0.0005 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    5 0.001-10 y = 0.14428x + -0.00001 0.1443±0.0111 -0.00001±0.0001 0.9996±0.0003 

4-ethylcatechol  5 0.01-10 y = 0.50827x + 0.00163 0.5083±0.0483 0.0016±0.0026 0.9989±0.0008 

petunidin-3-glucoside   5 0.01-10 y = 0.36777x + -0.00827 0.3678±0.0161 -0.0083±0.0026 0.9985±0.0006 
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Supplementary Table 4.3 (continued) 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

3,4-dimethoxyphenylacetic acid    5 0.001-10 y = 0.0187x + -0.00005 0.0187±0.0013 -0.00005±0.0001 0.998±0.0013 

trans-4-hydroxycinnamic acid 5 0.01-10 y = 0.75516x + -0.00345 0.7552±0.0397 -0.0034±0.0011 0.999±0.0005 

epicatechin 5 0.01-10 y = 0.03749x + -0.00032 0.0375±0.0043 -0.0003±0.0001 0.9994±0.0003 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 5 0.01-10 y = 0.13401x + -0.00026 0.134±0.0114 -0.0003±0.0003 0.9995±0.0003 

peonidin-3-O-galactoside chloride 6 0.001-10 y = 1.49422x + 0.0592 1.4942±0.0495 0.0592±0.019 0.9993±0.0005 

2-hydroxy-1,3-dimethoxybenzene    5 0.001-10 y = 0.00175x + 0.00001 0.0018±0.0001 0.00001±0.00001 0.9982±0.0014 

3-hydroxybenzoic acid methyl ester    5 0.01-10 y = 0.36574x + -0.00154 0.3657±0.0134 -0.0015±0.0009 0.9993±0.0005 

3-hydroxy-4-methoxycinnamic acid 5 0.001-10 y = 0.04629x + -0.00012 0.0463+0.008 -0.0001±0.0001 0.9986±0.001 

biochanin A 5 0.01-10 y = 0.15125x + -0.00005 0.1512±0.0966 -0.00005±0.0001 0.9982±0.0011 

4-methoxyphenylacetic acid 6 0.001-10 y = 0.23848x + 0.00008 0.2385±0.0154 0.0001±0.0043 0.9997±0.0002 

3,5-dimethoxybenzyl alcohol 6 0.001-10 y = 0.28758x + -0.0015 0.2876±0.0089 -0.0015±0.0078 0.9996±0.0007 

2,6-dihydroxybenzoic acid 5 0.01-10 y = 1.00228x + -0.01013 1.0023±0.4101 -0.0101±0.0321 0.9985±0.001 

trans-3-hydroxycinnamic acid    5 0.001-10 y = 0.26084x + -0.00037 0.2608±0.0162 -0.0004±0.0006 0.9996±0.0003 

trans-4-hydroxy-3-methoxycinnamic 

acid    6 0.001-10 y = 0.07381x + -0.00402 0.0738±0.0135 -0.004±0.0032 0.9985±0.0019 

4-hydroxy-3-methoxybenzoic acid 

methyl ester    5 0.01-10 y = 0.00284x + -0.00001 0.0028±0.0004 -0.00001±0.00001 0.9989±0.0006 

3-phenylpropanoic acidᵻ 5 0.01-10 y = 0.00244x + 0.00018 0.0024±0.0002 0.0002±0.0008 0.9956±0.0025 

3-hydroxy-4-methoxybenzaldehyde    5 0.01-10 y = 0.52542x + -0.00321 0.5254±0.0192 -0.0032±0.0006 0.9993±0.0005 

malvidin-3-galactoside 6 0.001-10 y = 0.10279x + 0.00167 0.1028±0.0427 0.0017±0.0007 0.9995±0.0006 

3-methoxyphenylacetic acid    5 0.01-10 y = 0.01097x + -0.00006 0.011±0.0007 -0.0001±0.00002 0.9989±0.0005 

4-hydroxybenzoic acid methyl ester    5 0.01-10 y = 0.83387x + -0.00501 0.8339±0.0364 -0.005±0.0012 0.9994±0.0006 

indole-3-acetic acid 5 0.001-10 y = 0.84398x + -0.00244 0.844±0.0787 -0.0024±0.002 0.9989±0.0007 

3,4-dimethoxybenzoic acid    5 0.1-10 y = 0.02156x + -0.00193 0.0216±0.001 -0.0019±0.0067 0.9974±0.0014 

2,4-dimethoxybenzoic acid    5 0.001-10 y = 0.02887x + 0.00106 0.0289±0.0039 0.0011±0.0035 0.9979±0.0019 

2-hydroxycinnamic acid    5 0.001-10 y = 0.31357x + -0.00029 0.3136±0.0132 -0.0003±0.0011 0.9994±0.0002 
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Supplementary Table 4.3 (continued) 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

trans-4-hydroxy-3,5-

dimethoxycinnamic acid 5 0.01-5 y = 0.00832x + -0.0001 0.0083±0.0009 -0.0001±0.00003 0.9983±0.001 

cis-4-hydroxy-3,5-

dimethoxycinnamic acid 6 0.001-10 y = 0.04928x + -0.0083 0.0493±0.0112 -0.0083±0.0039 0.9969±0.0011 

3,4-dimethoxybenzaldehyde 6 0.001-10 y = 0.60715x + -0.00157 0.6072±0.0338 -0.0016±0.0159 0.9997±0.0002 

3-methoxybenzoic acid 6 0.001-10 y = 0.08585x + -0.00129 0.0859±0.0056 -0.0013±0.0013 0.9998±0.0002 

2-hydroxy-6-methoxybenzoic acid    6 0.001-10 y = 0.04577x + 0.00408 0.0458±0.0023 0.0041±0.0024 0.9987±0.0012 

2-hydroxy-4-methoxybenzoic acid    5 0.01-10 y = 0.69955x + -0.00555 0.6995±0.0664 -0.0056±0.0008 0.9984±0.0008 

2,3,4-trimethoxyphenylacetic acid 5 0.01-10 y = 0.00976x + -0.00004 0.0098±0.0011 -0.00004±0.00002 0.9991±0.0005 

myricetin-3-O-galactoside 5 0.0001-10 y = 0.06453x + 0.00071 0.0645±0.0156 0.0007±0.0013 0.9975±0.0007 

3-methoxyphenylpropanoic acid 5 0.001-10 y = 0.01493x + -0.00007 0.0149±0.0007 -0.0001±0.0001 0.9989±0.0006 

2-hydroxy-4-methoxybenzaldehyde    5 0.01-100 y = 0.00229x + 0.000002 0.0023±0.0002 0.000002±0.00001 0.9977±0.0011 

trans-cinnamic acid 5 0.01-10 y = 0.0008x + -0.00001 0.0008±0.00005 -0.00001±0.00002 0.9974±0.0011 

3,4,5-trimethoxybenzaldehyde    6 0.001-10 y = 0.20685x + -0.00894 0.2068±0.0096 -0.0089±0.0046 0.9995±0.0008 

3-(3,4,5 trimethoxyphenyl)propanoic 

acid    5 0.01-10 y = 0.02313x + -0.00012 0.0231±0.001 -0.0001±0.0001 0.9989±0.0007 

rutin 5 0.01-5 y = 0.37055x + -0.00338 0.3705±0.0366 -0.0034±0.0008 0.997±0.0016 

3,5-dimethoxybenzoic acid    5 0.05-10 y = 0.08884x + 0.00229 0.0888±0.0048 0.0023±0.0027 0.9971±0.0015 

naringin 5 0.0001-1 y = 0.36964x + 0.00589 0.3696±0.0834 0.0059±0.0133 0.9983±0.0013 

indole-3-propionic acid 5 0.001-10 y = 0.00886x + -0.000002 0.0089±0.0005 

-

0.000002±0.000003 0.999±0.001 

3,4-dimethoxybenzoic acid methyl 

ester    6 0.001-1 y = 0.59937x + -0.00149 0.5994±0.0573 -0.0015±0.0022 0.9994±0.0007 

3,5-dimethoxybenzaldehyde    6 0.001-10 y = 0.12704x + -0.00149 0.127±0.0092 -0.0015±0.0037 0.9997±0.0003 

rosmarinic acid    5 0.01-10 y = 0.79415x + -0.02007 0.7941±0.0802 -0.0201±0.0073 0.9978±0.0006 

myricetin     6 0.001-1 y = 0.00795x + -0.00007 0.0079±0.0028 -0.0001±0.0003 0.995±0.003 

resveratrol    5 0.001-10 y = 0.08262x + 0.00201 0.0826±0.0027 0.002±0.0009 0.9975±0.0008 

3-methoxycinnamic acid  5 0.01-10 y = 0.04147x + -0.00018 0.0415±0.0017 -0.0002±0.0001 0.9978±0.0014 

indole-3-butyric acid 5 0.025-5 y = 0.00533x + 0.00046 0.0053±0.0004 0.0005±0.0006 0.9975±0.0016 
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Supplementary Table 4.3 (continued) 

Analyte n 

Linear 

range 

(µM) 

Regression Equation 

(mean slope and 

intercept) 

Slope 

(mean±SD) 

Intercept 

(mean±SD) 
r2 (mean±SD) 

kaempferol    5 0.01-10 y = 0.03469x + 0.00128 0.0347±0.0083 0.0013±0.0022 0.998±0.0016 

quercetin  5 0.01-10 y = 0.57679x + -0.03725 0.5768±0.0794 -0.0373±0.0328 0.9967±0.0013 

6-gingerol 5 0.0025-10 y = 0.01002x + 0.00129 0.01±0.0027 0.0013±0.0005 0.9964±0.0024 

4-methoxycinnamic acid    5 0.001-10 y = 0.01981x + 0.00941 0.0198±0.0023 0.0094±0.0018 0.9985±0.0006 

quercetin glucuronide 5 0.01-10 y = 0.59296x + -0.00961 0.593±0.0646 -0.0096±0.0019 0.9976±0.001 

*Regression curve for benzoic acid has poor coefficient of variation and is likely to have low reproducibility when applying its response 

factors 
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Supplementary Table 4. 4 Peak Area and Concentration of plant (poly)phenols in serum at low concentration via UPLC-ESI-

MS/MS 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

4-guanidinobutanoic acid 3357586.93±514762.73 26335415.22±5788833.22 0.1324±0.0329 0.1±0.02 

tyramine 535381.43±56490.51 26335415.22±5788833.22 0.0208±0.0031 0.12±0.09 

sesamol 289182.06±103600.48 26335415.22±5788833.22 0.0108±0.0026 0.07±0.06 

tyrosine 1342204.19±234955.3 26335415.22±5788833.22 0.0513±0.003 0.1±0.01 

norepinephrine 962642.32±179522.57 26335415.22±5788833.22 0.0369±0.0037 0.08±0.03 

4-ethenylphenol 901713.77±166334.17 26335415.22±5788833.22 0.0344±0.0019 0.1±0.0001 

3,4-dihydroxy-L-phenylalanine 3319994.86±598259.17 26335415.22±5788833.22 0.1282±0.0225 0.09±0.01 

epinephrine 1066809.64±86490.96 26335415.22±5788833.22 0.0417±0.0072 0.03±0.02 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 31678.42±16176.89 21571836.45±5726707.72 0.0016±0.001 0.05±0.1 

3-hydroxybenzyl alcoholᵻ    518.96±122.55 19719711.06±1554192.45 0.00003±0.00001 0.04±0.04 

dopamine 3-sulfate 309338.58±29946.5 26335415.22±5788833.22 0.012±0.0015 0.1±0.0001 

dopamine 4-sulfate 326492.14±58554.63 26335415.22±5788833.22 0.0125±0.0011 0.01±0.0001 

hypoxanthine 9625986.22±1856223.9 26335415.22±5788833.22 0.3683±0.0418 0.08±0.03 

dopamine 2873474.8±361726.57 26335415.22±5788833.22 0.1115±0.0171 0.09±0.01 

4-pyridoxic acid    3831083.22±1052513.96 19033888.29±2040441.13 0.2075±0.0777 0.09±0.05 

3,5-dihydroxybenzyl alcohol    60627.28±15344.99 19033888.29±2040441.13 0.0032±0.0006 0.09±0.02 

3,4,5-trihydroxybenzoic acid 86019.55±26053.91 26335415.22±5788833.22 0.0033±0.001 0.08±0.07 

3,4,5-trimethoxybenzoic acid 362898.57±38628.69 19033888.29±2040441.13 0.0191±0.001 0.09±0.01 

Serotonin 15148.84±4265.09 26335415.22±5788833.22 0.0006±0.0001 0.1±0.02 

4-hydroxybenzyl alcohol    1180.84±348.21 19033888.29±2040441.13 0.0001±0.0001 0.08±0.03 

alpha-hydroxyhippuric acid    1078.07±721.89 19033888.29±2040441.13 0.0001±0.0001 0.11±0.06 

2-isopropylmalate 148162.7±13333.33 19033888.29±2040441.13 0.0078±0.0006 0.1±0.0001 

4-Hydroxy-3-methoxybenzyl alcohol 964747.69±106570.24 19033888.29±2040441.13 0.0507±0.0021 0.1±0.0001 

1,2-dihydroxybenzene     19622.7±2339.57 19033888.29±2040441.13 0.001±0.0001 0.09±0.01 

4-hydroxyhippuric acid    261605.55±37633.22 19033888.29±2040441.13 0.0137±0.0005 0.11±0.0001 

3,4-dihydroxybenzoic acid 1367131.93±112436.46 19033888.29±2040441.13 0.072±0.0023 0.1±0.0001 
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Supplementary Table 4.4 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3,4,5-trihydroxybenzaldehyde    524754.18±55222.14 19033888.29±2040441.13 0.0276±0.0008 0.09±0.01 

3,5-dihydroxybenzoic acid    1257843.28±134135.17 19033888.29±2040441.13 0.0661±0.003 0.1±0.0001 

5-hydroxyphenylpropanoic acid 3-O-glucuronide 38319.25±3992.43 19033888.29±2040441.13 0.002±0.0001 0.1±0.01 

3-hydroxyhippuric acid    535891.73±68527 19033888.29±2040441.13 0.0281±0.001 0.09±0.01 

4-hydroxyphenyl alcohol 350826.94±40980.95 26335415.22±5788833.22 0.0136±0.0016 0.1±0.03 

3,5-dihydroxybenzoic acid sulfate 1467718.96±273751.13 19033888.29±2040441.13 0.0766±0.0068 0.09±0.0001 

3,4-dihydroxybenzaldehyde    212616.81±57065.73 21571836.45±5726707.72 0.0101±0.0019 0.02±0.07 

3-methoxybenzoic acid-4-O-glucuronide   322977.75±59044.78 19033888.29±2040441.13 0.0169±0.0015 0.09±0.0001 

4-methoxybenzoic acid-3-O-glucuronide 428942.87±71224.06 19033888.29±2040441.13 0.0224±0.0014 0.09±0.0001 

3,5-dihydroxybenzaldehyde    66434.97±8319.99 19033888.29±2040441.13 0.0035±0.0002 0.09±0.01 

hydroxybenzoic acid-4-sulfate 1327929.6±166783.48 21571836.45±5726707.72 0.0643±0.0133 0.01±0.01 

3-hydroxybenzoic acid    317594.63±45941.4 19033888.29±2040441.13 0.0167±0.0021 0.1±0.02 

4-hydroxybenzoic acid    1386742.88±234933.98 21571836.45±5726707.72 0.0669±0.014 0.06±0.06 

2,4-dihydroxybenzaldehyde    279937.26±23669.03 19033888.29±2040441.13 0.0148±0.0013 0.1±0.01 

4-hydroxyphenylacetic acid    5464.68±2190.92 33891069.48±5429819.83 0.0002±0.0001 0.08±0.07 

hippuric acid    950543.98±112762.85 19033888.29±2040441.13 0.0499±0.0013 0.1±0.01 

3-hydroxyphenylacetic acid    121949.82±17104.16 19033888.29±2040441.13 0.0065±0.0011 0.11±0.02 

2,6-dimethoxybenzoic acid    35342.45±9444.17 19033888.29±2040441.13 0.0018±0.0004 0.1±0.02 

4-hydroxybenzaldehyde    1163000.96±77132.61 19033888.29±2040441.13 0.0614±0.0038 0.1±0.0001 

2,5-dihydroxybenzoic acid    282817.51±36748.99 19033888.29±2040441.13 0.0151±0.0033 0.09±0.01 

2,3-dihydroxybenzoic acid 1056531.32±152493.39 19033888.29±2040441.13 0.0565±0.0128 0.1±0.01 

3-(3,4-dihydroxyphenyl)propanoic acid    146844.33±16838.08 19033888.29±2040441.13 0.0078±0.0009 0.05±0.05 

cinnamic acid-4-O-glucuronide 124025.02±25185.02 19033888.29±2040441.13 0.0065±0.0008 0.1±0.03 

5-hydroxyindoleacetate 428299.67±340368.6 19033888.29±2040441.13 0.0224±0.0177 0.12±0.06 

1,2-dihydroxy-4-methylbenzene   8625.91±3936.33 33891069.48±5429819.83 0.0002±0.0001 0.17±0.04 

3-methoxyphenylacetic acid-4-sulfate 1165749.37±203343.19 19033888.29±2040441.13 0.0609±0.0047 0.09±0.0001 
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Supplementary Table 4.4 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3-hydroxybenzaldehyde    727055.3±58451.42 19033888.29±2040441.13 0.0384±0.0036 0.1±0.01 

4-methoxybenzoic acid-3-sulfate   1789094.09±436971.01 19033888.29±2040441.13 0.0934±0.0175 0.09±0.01 

3-methoxybenzoic acid-4-sulfate 1873503.78±283932.81 19033888.29±2040441.13 0.0989±0.0139 0.09±0.01 

biotin 2777.9±627.45 19033888.29±2040441.13 0.0001±0.0001 -0.004±0.03 

1,3-dihydroxybenzene     84792.12±16443.58 19033888.29±2040441.13 0.0045±0.0008 0.09±0.02 

2,4-dihydroxybenzoic acid    573260.9±109158.18 19033888.29±2040441.13 0.0308±0.0087 0.11±0.03 

4-hydroxy-3-methoxybenzoic acid 34382.7±11532.51 19033888.29±2040441.13 0.0018±0.0005 0.08±0.02 

N-benzoylglutamic acid 405298.67±45099.58 19033888.29±2040441.13 0.0213±0.0013 0.1±0.01 

N-acetylserotonin 84150.52±13337.84 19033888.29±2040441.13 0.0044±0.0002 0.1±0.0001 

4-hydroxy-3-methoxyphenylacetic acid 163528.21±34430.73 19033888.29±2040441.13 0.0086±0.0015 0.1±0.01 

delphinidin-3-glucoside   25153.23±8992.99 33891069.48±5429819.83 0.0007±0.0002 0.01±0.0001 

3,4-dihydroxycinnamic acid    617391.85±39165.37 19033888.29±2040441.13 0.0326±0.0024 0.09±0.01 

3-hydroxy-4-methoxyphenylacetic acid    48434.51±7056.3 19033888.29±2040441.13 0.0025±0.0002 0.09±0.01 

cyanidin-3-galactoside    274762.59±51219.62 33891069.48±5429819.83 0.0081±0.0005 -0.02±0.01 

3-(3-methoxyphenyl)propanoic acid-4-O-

glucuronide 66500.29±16515.82 19033888.29±2040441.13 0.0035±0.0006 0.09±0.01 

3-(4-methoxyphenyl)propanoic acid-3-O-

glucuronide 307362.01±67878.36 19033888.29±2040441.13 0.016±0.002 0.09±0.01 

hippuric acid methyl ester    870039.19±238802.06 26335415.22±5788833.22 0.0327±0.0028 0.11±0.01 

4-O caffeoylquinic acid    72413.36±13324.62 19033888.29±2040441.13 0.0038±0.0006 0.09±0.02 

4-hydroxy-3,5-dimethoxybenzoic acid    668954.25±106812.5 33891069.48±5429819.83 0.0197±0.0009 0.1±0.03 

2-hydroxybenzoic acid 1362098.96±157857.69 19033888.29±2040441.13 0.073±0.0167 0.09±0.01 

phenylacetic acid    71626.64±22430.06 19033888.29±2040441.13 0.0038±0.0012 0.1±0.02 

3-hydroxy-4-methoxybenzoic acid    46737.47±7367.27 19033888.29±2040441.13 0.0025±0.0005 0.08±0.03 

3-caffeoylquinic acid 913497.31±68029.72 19033888.29±2040441.13 0.0483±0.0051 0.08±0.01 

3-(3-hydroxyphenyl)propanoic acid    351471.88±66943.84 19033888.29±2040441.13 0.0184±0.0022 0.11±0.01 

3-(4-hydroxyphenyl)propanoic acid    599598.53±46376.28 19033888.29±2040441.13 0.0317±0.0028 0.1±0.01 
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Supplementary Table 4.4 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3-(4-methoxyphenyl)propanoic acid-3-sulfate  1481980.51±255034.81 19033888.29±2040441.13 0.0775±0.0066 0.09±0.0001 

3,4-dihydroxybenzoic acid methyl ester    1311029.92±132810.26 19033888.29±2040441.13 0.0694±0.0089 0.09±0.0001 

3,5-dihydroxybenzoic acid methyl ester    872909.47±94704.08 19033888.29±2040441.13 0.0463±0.0071 0.09±0.0001 

4-hydroxy-3,5-dimethoxyphenylacetic acid    1193250.24±217371.82 33891069.48±5429819.83 0.0351±0.0023 0.11±0.02 

3,4-dimethoxybenzyl alcohol    367551.99±45380.89 19033888.29±2040441.13 0.0195±0.0034 0.08±0.01 

3-methylhippuric acid    972598.87±121366.52 19033888.29±2040441.13 0.0511±0.0032 0.1±0.01 

4-methylhippuric acid    1412853.49±185566.42 19033888.29±2040441.13 0.0741±0.0021 0.1±0.0001 

2-methoxybenzoic acid 1379633.02±377905.29 26335415.22±5788833.22 0.0519±0.003 0.11±0.01 

5-(3-hydroxyphenyl)-gamma-valerolactone-4-

sulfate 534128.1±97689.7 19033888.29±2040441.13 0.0287±0.0081 0.1±0.02 

4-hydroxy-2-methoxybenzaldehyde    62444.21±8673.82 33891069.48±5429819.83 0.0019±0.0001 0.1±0.02 

catechin    21826.4±3059.73 19033888.29±2040441.13 0.0011±0.0001 0.01±0.0001 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid    245890.39±30508.13 19033888.29±2040441.13 0.0129±0.0005 0.09±0.01 

4-ethylcatechol  876297.23±81587.61 19033888.29±2040441.13 0.0468±0.0094 0.09±0.01 

petunidin-3-glucoside   480977.38±100735.4 26335415.22±5788833.22 0.0184±0.0018 0.07±0.01 

3,4-dimethoxyphenylacetic acid    30941.61±5325.04 19033888.29±2040441.13 0.0016±0.0002 0.09±0.01 

trans-4-hydroxycinnamic acid 1128384.51±151242.02 19033888.29±2040441.13 0.0592±0.0023 0.08±0.0001 

epicatechin 56801.58±8757.09 19033888.29±2040441.13 0.003±0.0004 0.09±0.01 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 233748.78±27366.64 19033888.29±2040441.13 0.0123±0.0006 0.09±0.01 

peonidin-3-O-galactoside chloride 482898.99±78384.78 33891069.48±5429819.83 0.0142±0.0003 -0.03±0.01 

2-hydroxy-1,3-dimethoxybenzene    2915.64±398.95 19033888.29±2040441.13 0.0002±0.0001 0.08±0.01 

3-hydroxybenzoic acid methyl ester    582616.12±68468.57 19033888.29±2040441.13 0.0306±0.0008 0.09±0.0001 

3-hydroxy-4-methoxycinnamic acid 76865.42±22068.94 19356778.14±1989036.73 0.004±0.001 0.09±0.01 

biochanin A 20090.74±10768.4 19033888.29±2040441.13 0.0011±0.0007 0.01±0.0001 

4-methoxyphenylacetic acid 713077.78±140869.55 33891069.48±5429819.83 0.0209±0.0018 0.09±0.02 

3,5-dimethoxybenzyl alcohol 1138898.26±169355.9 33891069.48±5429819.83 0.0338±0.0031 0.12±0.02 
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Supplementary Table 4.4 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

2,6-dihydroxybenzoic acid 1739936.6±1154696.37 19033888.29±2040441.13 0.0949±0.069 0.1±0.02 

trans-3-hydroxycinnamic acid    450536.59±70459.38 19033888.29±2040441.13 0.0236±0.0013 0.09±0.0001 

trans-4-hydroxy-3-methoxycinnamic acid    132199.68±13392.98 21571836.45±5726707.72 0.0064±0.0012 0.14±0.04 

4-hydroxy-3-methoxybenzoic acid methyl ester    5033.29±653.67 19033888.29±2040441.13 0.0003±0.0001 0.1±0.01 

3-phenylpropanoic acidᵻ 11964.04±14101.05 18645697.07±2132271.98 0.0006±0.0007 0.3±0.12 

3-hydroxy-4-methoxybenzaldehyde    831491.79±65424.73 19033888.29±2040441.13 0.0438±0.0018 0.09±0.0001 

malvidin-3-galactoside 28234.61±12742.17 33891069.48±5429819.83 0.0008±0.0003 -0.02±0.03 

3-methoxyphenylacetic acid    17759.89±2558.09 19033888.29±2040441.13 0.0009±0.0001 0.09±0.01 

4-hydroxybenzoic acid methyl ester    1336138.84±129657.29 19033888.29±2040441.13 0.0703±0.0031 0.09±0.0001 

indole-3-acetic acid 1984210.05±352854.61 26335415.22±5788833.22 0.076±0.0074 0.09±0.0001 

3,4-dimethoxybenzoic acid*    91582.79±75351.13 17870520.29±1792897.51 0.0053±0.0044 0.16±0.08 

2,4-dimethoxybenzoic acid    93267.53±53421.57 19033888.29±2040441.13 0.0048±0.0025 0.13±0.06 

2-hydroxycinnamic acid    539680.56±79604.59 19033888.29±2040441.13 0.0283±0.0024 0.09±0.01 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 12704.05±3431.71 19033888.29±2040441.13 0.0007±0.0001 0.09±0.02 

cis-4-hydroxy-3,5-dimethoxycinnamic acid 33349.11±6620.62 21571836.45±5726707.72 0.0016±0.0003 0.19±0.06 

3,4-dimethoxybenzaldehyde 2076395.58±306467.93 33891069.48±5429819.83 0.0614±0.0015 0.1±0.02 

3-methoxybenzoic acid 296406.03±30719.09 33891069.48±5429819.83 0.0089±0.0011 0.12±0.01 

2-hydroxy-6-methoxybenzoic acid    120231.88±27367.66 21571836.45±5726707.72 0.0057±0.0008 0.04±0.04 

2-hydroxy-4-methoxybenzoic acid    1041070.92±46095.94 19033888.29±2040441.13 0.0553±0.0074 0.09±0.0001 

2,3,4-trimethoxyphenylacetic acid 15699.64±2863.99 19033888.29±2040441.13 0.0008±0.0001 0.09±0.0001 

myricetin-3-O-galactoside 6051.73±1559.45 19033888.29±2040441.13 0.0003±0.0001 -0.01±0.02 

3-methoxyphenylpropanoic acid 25647.73±3270.76 19033888.29±2040441.13 0.0013±0.0001 0.09±0.01 

2-hydroxy-4-methoxybenzaldehyde    4094.63±370.31 19033888.29±2040441.13 0.0002±0.0001 0.09±0.01 

trans-cinnamic acid 1199.26±1303.54 19033888.29±2040441.13 0.0001±0.0001 0.09±0.06 

3,4,5-trimethoxybenzaldehyde    603985.52±65010.4 33891069.48±5429819.83 0.018±0.0015 0.13±0.02 

3-(3,4,5 trimethoxyphenyl)propanoic acid    40683.43±6246.37 19033888.29±2040441.13 0.0021±0.0002 0.1±0.01 
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Supplementary Table 4.4 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

rutin 556284.34±26843.32 19033888.29±2040441.13 0.0294±0.002 0.09±0.01 

3,5-dimethoxybenzoic acid    179031.52±109096.59 19033888.29±2040441.13 0.0092±0.0051 0.08±0.05 

naringin 70713.64±11450.05 19033888.29±2040441.13 0.0037±0.0004 -0.02±0.06 

indole-3-propionic acid 15326.1±2482.93 19033888.29±2040441.13 0.0008±0.0001 0.09±0.0001 

3,4-dimethoxybenzoic acid methyl ester    2017321.92±393062.92 33891069.48±5429819.83 0.0593±0.004 0.1±0.01 

3,5-dimethoxybenzaldehyde    404208.07±77262.87 33891069.48±5429819.83 0.0119±0.0012 0.11±0.02 

rosmarinic acid    591609.83±84687.45 19033888.29±2040441.13 0.0313±0.0047 0.06±0.01 

myricetin     13990.24±12770.85 21571836.45±5726707.72 0.0006±0.0005 0.08±0.07 

resveratrol    172394.54±17436.69 19033888.29±2040441.13 0.0091±0.0012 0.09±0.02 

3-methoxycinnamic acid  67050.39±9129.95 19033888.29±2040441.13 0.0035±0.0001 0.09±0.0001 

indole-3-butyric acid 27179.04±31388 19033888.29±2040441.13 0.0014±0.0015 0.16±0.15 

kaempferol    75592.83±10239.36 19033888.29±2040441.13 0.004±0.0005 0.07±0.07 

quercetin  188934.28±29164.84 19033888.29±2040441.13 0.0101±0.0026 0.08±0.04 

6-gingerol 26518.31±5343.9 26335415.22±5788833.22 0.001±0.0001 -0.03±0.03 

4-methoxycinnamic acid    290942.84±102390.74 19033888.29±2040441.13 0.0151±0.0043 0.29±0.26 

quercetin glucuronide 765093.02±183838.04 19033888.29±2040441.13 0.04±0.007 0.08±0.0001 

Special characters represent that a different number of replicates was used for calculation of areas and concentrations for an analyte 

compared to the number of curves used to calculate slopes, intercept and coefficient of determination: n=3 (*); n=4 (ᵻ). 
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Supplementary Table 4. 5 Peak Area and Concentration of plant (poly)phenols in serum at middle concentration via UPLC-

ESI-MS/MS 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

4-guanidinobutanoic acid 23794175.71±1698024.64 24365285.08±6914772.85 1.0374±0.2707 1.01±0.14 

tyramine 1135984.88±167742.68 24365285.08±6914772.85 0.0483±0.0086 1.06±0.12 

sesamol 1033132.06±232020.07 24365285.08±6914772.85 0.0437±0.0104 1.08±0.19 

tyrosine 10585278.07±2969000.02 24365285.08±6914772.85 0.4351±0.0096 0.99±0.02 

norepinephrine 7310172.91±575933.77 24365285.08±6914772.85 0.3125±0.0561 1.17±0.13 

4-ethenylphenol 8412895.42±1562233.22 24365285.08±6914772.85 0.352±0.0337 1.05±0.03 

3,4-dihydroxy-L-phenylalanine 36473912.83±5259669.93 24365285.08±6914772.85 1.5552±0.3007 1.06±0.04 

epinephrine 5427804.19±345406.12 24365285.08±6914772.85 0.2343±0.0549 0.1±0.02 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 181030.94±27042.71 20999537.75±4604312.07 0.0088±0.0012 1.09±0.13 

3-hydroxybenzyl alcohol    4024.39±553.66 18248324.41±1712620.25 0.0002±0.0001 1.12±0.1 

dopamine 3-sulfate 3144473.11±484862.77 24365285.08±6914772.85 0.1325±0.0171 1.09±0.02 

dopamine 4-sulfate 3386281.65±571530.57 24365285.08±6914772.85 0.1422±0.0149 0.11±0.0001 

hypoxanthine 23658290.24±2323832.48 24365285.08±6914772.85 1.0141±0.2013 1.07±0.11 

dopamine 33260341.3±4502604.09 24365285.08±6914772.85 1.4295±0.3248 1.06±0.01 

4-pyridoxic acid    21641255.63±2999624.54 18248324.41±1712620.25 1.2012±0.2449 1.03±0.07 

3,5-dihydroxybenzyl alcohol    620175.52±24837.83 18248324.41±1712620.25 0.0342±0.0024 1±0.1 

3,4,5-trihydroxybenzoic acid 354876.86±30659.88 24365285.08±6914772.85 0.0151±0.0026 1±0.05 

3,4,5-trimethoxybenzoic acid 4390958.55±522826.79 18248324.41±1712620.25 0.2403±0.0091 0.99±0.04 

Serotonin 131125.11±21739.87 24365285.08±6914772.85 0.0055±0.0006 1.08±0.05 

4-hydroxybenzyl alcohol    10864.09±1943.74 18248324.41±1712620.25 0.0006±0.0001 0.93±0.06 

alpha-hydroxyhippuric acid    11689.36±4550.04 18248324.41±1712620.25 0.0006±0.0002 0.89±0.4 

2-isopropylmalate 1486908.24±143222.98 18248324.41±1712620.25 0.0815±0.003 0.99±0.04 

4-Hydroxy-3-methoxybenzyl alcohol 9459887.11±909190.12 18248324.41±1712620.25 0.5185±0.0114 1.04±0.04 

1,2-dihydroxybenzene     209032.96±20442.7 18248324.41±1712620.25 0.0115±0.0001 0.94±0.06 

4-hydroxyhippuric acid    2371478.25±326488.96 18248324.41±1712620.25 0.1295±0.0065 1.07±0.04 

3,4-dihydroxybenzoic acid 13679296.34±1191910.22 18248324.41±1712620.25 0.7502±0.017 1.04±0.04 
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Supplementary Table 4.5 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3,4,5-trihydroxybenzaldehyde    5329992.63±543789.67 18248324.41±1712620.25 0.292±0.0065 1.04±0.05 

3,5-dihydroxybenzoic acid    12373908.48±1067776.61 18248324.41±1712620.25 0.6786±0.0118 1.05±0.04 

5-hydroxyphenylpropanoic acid 3-O-

glucuronide 387141.35±67674.22 18248324.41±1712620.25 0.0211±0.0018 1±0.05 

3-hydroxyhippuric acid    5050184.46±647821.76 18248324.41±1712620.25 0.276±0.0116 1.01±0.04 

4-hydroxyphenyl alcohol 3724074.69±368477.62 24365285.08±6914772.85 0.1586±0.0264 0.91±0.16 

3,5-dihydroxybenzoic acid sulfate 15448679.36±2426666.2 18248324.41±1712620.25 0.8429±0.0616 0.95±0.03 

3,4-dihydroxybenzaldehyde    2009856.43±235381.9 20999537.75±4604312.07 0.0981±0.0141 1.12±0.07 

3-methoxybenzoic acid-4-O-glucuronide   3284914.33±534398.02 18248324.41±1712620.25 0.1791±0.0141 1±0.03 

4-methoxybenzoic acid-3-O-glucuronide 4408425.52±722176.23 18248324.41±1712620.25 0.2403±0.0185 0.99±0.01 

3,5-dihydroxybenzaldehyde    643355.85±52016.41 18248324.41±1712620.25 0.0353±0.0009 1.02±0.03 

hydroxybenzoic acid-4-sulfate 11509586.3±1134694.71 20999537.75±4604312.07 0.5625±0.0803 0.11±0.01 

3-hydroxybenzoic acid    2932407.52±304504.71 18248324.41±1712620.25 0.1608±0.0094 1.07±0.03 

4-hydroxybenzoic acid    11481196.1±1177746.52 20999537.75±4604312.07 0.5609±0.079 1.06±0.09 

2,4-dihydroxybenzaldehyde    2628527.09±107334.05 18248324.41±1712620.25 0.1449±0.0122 0.99±0.03 

4-hydroxyphenylacetic acid    37739.9±7448.63 33948825.5±5716362.77 0.0011±0.0001 1.03±0.13 

hippuric acid    4379319.64±387727.04 18248324.41±1712620.25 0.2402±0.0082 1.04±0.04 

3-hydroxyphenylacetic acid    1090400.3±215054.19 18248324.41±1712620.25 0.0594±0.0074 1.07±0.06 

2,6-dimethoxybenzoic acid    317008.61±47263.43 18248324.41±1712620.25 0.0173±0.0014 0.97±0.04 

4-hydroxybenzaldehyde    10308865.43±663315.43 18248324.41±1712620.25 0.5667±0.0314 1.09±0.07 

2,5-dihydroxybenzoic acid    3153101.48±175888.82 18248324.41±1712620.25 0.1746±0.0256 0.99±0.05 

2,3-dihydroxybenzoic acid 8873608.18±789930.56 18248324.41±1712620.25 0.4895±0.0587 1.01±0.05 

3-(3,4-dihydroxyphenyl)propanoic acid    2588831.83±479187.11 18248324.41±1712620.25 0.141±0.0153 0.95±0.04 

cinnamic acid-4-O-glucuronide 1343045.88±279968 18248324.41±1712620.25 0.073±0.0089 0.94±0.04 

5-hydroxyindoleacetate 2378645.29±390077.71 18248324.41±1712620.25 0.1296±0.01 1.04±0.09 

1,2-dihydroxy-4-methylbenzene   373762.27±70657.74 33948825.5±5716362.77 0.011±0.0009 0.8±0.04 
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Supplementary Table 4.5 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3-methoxyphenylacetic acid-4-sulfate 12223221.29±2301018.08 18248324.41±1712620.25 0.6665±0.0778 0.97±0.04 

3-hydroxybenzaldehyde    6201641.62±521990.21 18248324.41±1712620.25 0.3406±0.0189 1±0.06 

4-methoxybenzoic acid-3-sulfate   20080736.23±4310097.84 18248324.41±1712620.25 1.0922±0.1676 0.96±0.12 

3-methoxybenzoic acid-4-sulfate 20790935.32±2395884.24 18248324.41±1712620.25 1.1398±0.0817 1±0.03 

biotin 25622.66±4461.22 18248324.41±1712620.25 0.0014±0.0002 0.1±0.01 

1,3-dihydroxybenzene     801957.41±126010.52 18248324.41±1712620.25 0.0439±0.0047 1.24±0.12 

2,4-dihydroxybenzoic acid    4393791.55±376423.84 18248324.41±1712620.25 0.2426±0.0309 1.01±0.04 

4-hydroxy-3-methoxybenzoic acid 366882.21±78511.99 18248324.41±1712620.25 0.0202±0.0041 0.91±0.1 

N-benzoylglutamic acid 4039822.98±561777.43 18248324.41±1712620.25 0.2209±0.016 1±0.03 

N-acetylserotonin 861446.11±118730.01 18248324.41±1712620.25 0.0471±0.0031 1.02±0.02 

4-hydroxy-3-methoxyphenylacetic acid 1435764.74±220582.17 18248324.41±1712620.25 0.0783±0.0053 0.93±0.04 

delphinidin-3-glucoside   184641.44±35352.29 33948825.5±5716362.77 0.0054±0.0003 0.1±0.01 

3,4-dihydroxycinnamic acid    7187639.87±416402.77 18248324.41±1712620.25 0.3966±0.0418 0.94±0.05 

3-hydroxy-4-methoxyphenylacetic acid    546094.25±81809.81 18248324.41±1712620.25 0.0298±0.002 0.92±0.03 

cyanidin-3-galactoside    3922133.65±505335.75 33948825.5±5716362.77 0.1161±0.0057 0.08±0.01 

3-(3-methoxyphenyl)propanoic acid-4-O-

glucuronide 664319.43±111247.85 18248324.41±1712620.25 0.0362±0.003 0.99±0.04 

3-(4-methoxyphenyl)propanoic acid-3-O-

glucuronide 3161333.24±508823.31 18248324.41±1712620.25 0.1724±0.0132 1.01±0.05 

hippuric acid methyl ester    8433298.82±2089083.13 24365285.08±6914772.85 0.3484±0.024 1.17±0.03 

4-O caffeoylquinic acid    891938.88±125779.48 18248324.41±1712620.25 0.0489±0.0047 0.92±0.05 

4-hydroxy-3,5-dimethoxybenzoic acid    6540572.11±1118994.03 33948825.5±5716362.77 0.1927±0.0112 1.06±0.01 

2-hydroxybenzoic acid 13847845.86±824265.74 18248324.41±1712620.25 0.7679±0.1228 0.94±0.06 

phenylacetic acid    592317.1±54035.31 18248324.41±1712620.25 0.0327±0.0045 0.96±0.02 

3-hydroxy-4-methoxybenzoic acid    496353.19±62563.37 18248324.41±1712620.25 0.0272±0.0022 1.04±0.12 

3-caffeoylquinic acid 12854334.93±1909619.86 18248324.41±1712620.25 0.7035±0.0678 0.89±0.04 

3-(3-hydroxyphenyl)propanoic acid    3026006.62±390886.66 18248324.41±1712620.25 0.1655±0.0087 1.02±0.05 
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Supplementary Table 4.5 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3-(4-hydroxyphenyl)propanoic acid    5911493.86±714994.69 18248324.41±1712620.25 0.3234±0.0122 1.02±0.02 

3-(4-methoxyphenyl)propanoic acid-3-sulfate  15933895.16±2905035.25 18248324.41±1712620.25 0.8673±0.0823 0.95±0.03 

3,4-dihydroxybenzoic acid methyl ester    14430983.12±1233563.35 18248324.41±1712620.25 0.7944±0.0758 0.92±0.04 

3,5-dihydroxybenzoic acid methyl ester    9872307.41±865250.37 18248324.41±1712620.25 0.5431±0.0483 0.96±0.04 

4-hydroxy-3,5-dimethoxyphenylacetic acid    13286087.25±2275314.42 33948825.5±5716362.77 0.3916±0.0275 0.99±0.03 

3,4-dimethoxybenzyl alcohol    4129030.99±358813 18248324.41±1712620.25 0.2276±0.0255 0.9±0.03 

3-methylhippuric acid    9266630.23±1177594.58 18248324.41±1712620.25 0.5066±0.0194 1.05±0.03 

4-methylhippuric acid    14008650.05±1850793.55 18248324.41±1712620.25 0.7656±0.0352 1.04±0.03 

2-methoxybenzoic acid 13054208.87±3283294.29 24365285.08±6914772.85 0.5392±0.0238 1.2±0.03 

5-(3-hydroxyphenyl)-gamma-valerolactone-4-

sulfate 5126425.5±603190.6 18248324.41±1712620.25 0.2835±0.046 0.99±0.06 

4-hydroxy-2-methoxybenzaldehyde    578847.37±83628.4 33948825.5±5716362.77 0.0171±0.0005 1.03±0.03 

catechin    245777.97±36045.52 18248324.41±1712620.25 0.0134±0.0011 0.1±0.0001 

3-(3-methoxy-4-hydroxyphenyl)propanoic 

acid    2669377.88±433911.87 18248324.41±1712620.25 0.1455±0.0111 1.01±0.03 

4-ethylcatechol  8643678.48±559719.5 18248324.41±1712620.25 0.4795±0.0785 0.94±0.06 

petunidin-3-glucoside   8677543.53±1972299.24 24365285.08±6914772.85 0.3607±0.0256 1±0.05 

3,4-dimethoxyphenylacetic acid    304444.11±66991.7 18248324.41±1712620.25 0.0165±0.0024 0.88±0.09 

trans-4-hydroxycinnamic acid 12520220.22±890913.74 18248324.41±1712620.25 0.6875±0.0231 0.92±0.03 

epicatechin 661241.35±88476.26 18248324.41±1712620.25 0.0362±0.0025 0.98±0.05 

3-(3-hydroxy-4-methoxyphenyl)propanoic 

acid 2468508.06±401968.35 18248324.41±1712620.25 0.1346±0.0105 1.01±0.03 

peonidin-3-O-galactoside chloride 5275298.17±821450.86 33948825.5±5716362.77 0.1557±0.0061 0.06±0.01 

2-hydroxy-1,3-dimethoxybenzene    30243.2±4568.66 18248324.41±1712620.25 0.0017±0.0001 0.94±0.11 

3-hydroxybenzoic acid methyl ester    6266980.39±778989.54 18248324.41±1712620.25 0.3426±0.0125 0.94±0.07 

3-hydroxy-4-methoxycinnamic acid 801198.77±208691.35 18492432.26±1644380.23 0.0433±0.0104 0.96±0.07 

biochanin A 245410.7±123795.24 18248324.41±1712620.25 0.0141±0.0084 0.1±0.01 
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Supplementary Table 4.5 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

4-methoxyphenylacetic acid 8211687.02±1448943.72 33948825.5±5716362.77 0.2417±0.0166 1.01±0.03 

3,5-dimethoxybenzyl alcohol 9743987.76±1549450.12 33948825.5±5716362.77 0.2875±0.0121 1±0.02 

2,6-dihydroxybenzoic acid 17314054.92±6138624.35 18248324.41±1712620.25 0.964±0.3878 0.98±0.06 

trans-3-hydroxycinnamic acid    4749088.63±595288.06 18248324.41±1712620.25 0.2597±0.0105 1±0.03 

trans-4-hydroxy-3-methoxycinnamic acid    1420418.09±183223.68 20999537.75±4604312.07 0.0695±0.0115 1±0.07 

4-hydroxy-3-methoxybenzoic acid methyl 

ester    48430.67±1606.27 18248324.41±1712620.25 0.0027±0.0002 0.95±0.06 

3-phenylpropanoic acid 49029.96±23620.99 18248324.41±1712620.25 0.0027±0.0012 1.02±0.27 

3-hydroxy-4-methoxybenzaldehyde    9055782.42±1081810.86 18248324.41±1712620.25 0.4953±0.0193 0.95±0.07 

malvidin-3-galactoside 355587.18±155446.5 33948825.5±5716362.77 0.0105±0.004 0.08±0.02 

3-methoxyphenylacetic acid    191590.04±32442.57 18248324.41±1712620.25 0.0104±0.0009 0.96±0.05 

4-hydroxybenzoic acid methyl ester    14480895.36±1709094.41 18248324.41±1712620.25 0.792±0.0247 0.96±0.07 

indole-3-acetic acid 21142176.31±3734017.94 24365285.08±6914772.85 0.8892±0.1229 1.06±0.08 

3,4-dimethoxybenzoic acid    382744.94±115654.1 18248324.41±1712620.25 0.0213±0.0068 1.08±0.11 

2,4-dimethoxybenzoic acid    617487.55±208766.78 18248324.41±1712620.25 0.0344±0.0137 1.15±0.39 

2-hydroxycinnamic acid    5645970.32±593758.08 18248324.41±1712620.25 0.3093±0.0116 0.99±0.04 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 147535.12±24793.04 18248324.41±1712620.25 0.008±0.0007 0.98±0.07 

cis-4-hydroxy-3,5-dimethoxycinnamic acid 611628.48±82152.78 20999537.75±4604312.07 0.0299±0.005 0.79±0.12 

3,4-dimethoxybenzaldehyde 21401754.93±3792805.94 33948825.5±5716362.77 0.6299±0.0256 1.04±0.02 

3-methoxybenzoic acid 2869500.17±398365.67 33948825.5±5716362.77 0.085±0.0071 1.01±0.02 

2-hydroxy-6-methoxybenzoic acid    1222313.75±345462.82 20999537.75±4604312.07 0.0578±0.0063 1.18±0.16 

2-hydroxy-4-methoxybenzoic acid    11595374.39±525404.28 18248324.41±1712620.25 0.6392±0.057 0.92±0.03 

2,3,4-trimethoxyphenylacetic acid 169831.83±27180.76 18248324.41±1712620.25 0.0093±0.0008 0.96±0.04 

myricetin-3-O-galactoside 146662.93±19139.67 18248324.41±1712620.25 0.0081±0.0012 0.12±0.02 

3-methoxyphenylpropanoic acid 247345.41±32149.73 18248324.41±1712620.25 0.0135±0.0007 0.91±0.02 

2-hydroxy-4-methoxybenzaldehyde    44481.21±2607.49 18248324.41±1712620.25 0.0025±0.0002 1.07±0.05 
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Supplementary Table 4.5 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

trans-cinnamic acid 14313.97±954.87 18248324.41±1712620.25 0.0008±0.0001 1±0.04 

3,4,5-trimethoxybenzaldehyde    6413572.53±819456.03 33948825.5±5716362.77 0.19±0.012 0.96±0.02 

3-(3,4,5 trimethoxyphenyl)propanoic acid    385440.12±53216.8 18248324.41±1712620.25 0.0211±0.0012 0.92±0.06 

rutin 5974460.47±442582.88 18248324.41±1712620.25 0.3285±0.0225 0.9±0.05 

3,5-dimethoxybenzoic acid    1506679.4±259715.13 18248324.41±1712620.25 0.0825±0.0109 0.9±0.1 

naringin 712225.48±107141.21 18248324.41±1712620.25 0.0389±0.0026 0.09±0.02 

indole-3-propionic acid 154513.19±23741.69 18248324.41±1712620.25 0.0084±0.0006 0.95±0.02 

3,4-dimethoxybenzoic acid methyl ester    20453097.24±3540168.62 33948825.5±5716362.77 0.6038±0.0584 1.01±0.01 

3,5-dimethoxybenzaldehyde    4171798.2±497854.99 33948825.5±5716362.77 0.1238±0.0102 0.99±0.04 

rosmarinic acid    12895368.95±2116887.61 18248324.41±1712620.25 0.7047±0.0723 0.91±0.04 

myricetin     178141.75±58031.18 20999537.75±4604312.07 0.0086±0.0024 1.13±0.24 

resveratrol    1384510.04±110358.54 18248324.41±1712620.25 0.076±0.0024 0.9±0.03 

3-methoxycinnamic acid  675424.58±73343.33 18248324.41±1712620.25 0.037±0.001 0.9±0.01 

indole-3-butyric acid 99732.5±16395.08 18248324.41±1712620.25 0.0054±0.0005 0.94±0.13 

kaempferol    708057.71±126039.04 18248324.41±1712620.25 0.0395±0.0099 1.11±0.17 

quercetin  8503672.75±634423.16 18248324.41±1712620.25 0.4676±0.033 0.88±0.06 

6-gingerol 61890.03±49993.14 24365285.08±6914772.85 0.0023±0.0011 0.1±0.09 

4-methoxycinnamic acid    554573.48±57600.96 18248324.41±1712620.25 0.0304±0.0016 1.07±0.16 

quercetin glucuronide 9302142.15±1819525.51 18248324.41±1712620.25 0.507±0.0619 0.87±0.03 
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Supplementary Table 4. 6 Peak Area and Concentration of plant (poly)phenols in serum at high concentration via UPLC-ESI-

MS/MS 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

4-guanidinobutanoic acid 115850196.19±14601951.55 26341010.82±6517355.13 4.5468±0.9628 4.82±1.97 

tyramine 5549598.73±684179.24 26341010.82±6517355.13 0.2191±0.0485 6.95±1.11 

sesamolⱡ 5285830.74±971785.8 27394115.3±7017195.32 0.1993±0.0446 5.94±0.36 

tyrosine 25500957.64±3458422.49 26341010.82±6517355.13 0.9898±0.1284 2.28±0.31 

norepinephrine 42953437.56±3605707.21 26341010.82±6517355.13 1.6937±0.3685 6.68±1.28 

4-ethenylphenol 31327461.26±21460175.5 26341010.82±6517355.13 1.1134±0.4329 3.47±1.85 

3,4-dihydroxy-L-phenylalanine 147355001.64±19681565.51 26341010.82±6517355.13 5.7485±0.9958 4.01±0.88 

epinephrine 96166780.8±9859487.06 26341010.82±6517355.13 3.7517±0.5287 1.47±0.13 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 1474926.46±235067.25 21229317.94±5132318.27 0.0718±0.0135 9.93±0.26 

3-hydroxybenzyl alcohol   35074.36±3632.06 18833264.06±1877578.43 0.0019±0.0001 10.25±0.63 

dopamine 3-sulfate 10854202.77±1512898.23 26341010.82±6517355.13 0.4214±0.0573 3.48±0.19 

dopamine 4-sulfateⱡ 12183681.51±1769626.86 27394115.3±7017195.32 0.455±0.0624 0.35±0.02 

hypoxanthine 102370425.39±9128936.4 26341010.82±6517355.13 4.014±0.6872 5.83±0.83 

dopamine 157867881.62±21781547.9 26341010.82±6517355.13 6.1764±1.2267 4.7±1.1 

4-pyridoxic acid    88533740.82±28726527.53 18833264.06±1877578.43 4.807±1.9219 4.53±1.86 

3,5-dihydroxybenzyl alcohol    3662790.32±672298.49 18833264.06±1877578.43 0.1934±0.0204 5.62±0.39 

3,4,5-trihydroxybenzoic acid 1942053.93±262057.18 26341010.82±6517355.13 0.0752±0.0079 5.69±0.29 

3,4,5-trimethoxybenzoic acid 24699072.7±2922800.4 18833264.06±1877578.43 1.3109±0.0715 5.36±0.1 

Serotonin 574330.01±116116.82 26341010.82±6517355.13 0.022±0.0011 4.38±0.24 

4-hydroxybenzyl alcohol    119602.41±18460.12 18833264.06±1877578.43 0.0063±0.0005 10.11±0.17 

alpha-hydroxyhippuric acid    145284.37±21780.42 18833264.06±1877578.43 0.0077±0.001 10.12±0.17 

2-isopropylmalate 15761391.35±1905370.69 18833264.06±1877578.43 0.8364±0.0476 10.15±0.14 

4-Hydroxy-3-methoxybenzyl alcohol 87079440.34±12116039.1 18833264.06±1877578.43 4.6538±0.7128 9.36±1.53 

1,2-dihydroxybenzene     2510898.35±270382.08 18833264.06±1877578.43 0.1334±0.0079 10.85±0.53 

4-hydroxyhippuric acid    14713481.7±2167352.46 18833264.06±1877578.43 0.7795±0.0649 6.47±0.36 
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Supplementary Table 4.6 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3,4-dihydroxybenzoic acid 121161852.04±26890467.48 18833264.06±1877578.43 6.4108±1.1354 8.92±1.63 

3,4,5-trihydroxybenzaldehyde    47372089.05±9939047.22 18833264.06±1877578.43 2.5354±0.5615 9.1±2.1 

3,5-dihydroxybenzoic acid    109141903.72±22335741.36 18833264.06±1877578.43 5.7804±0.9304 8.97±1.5 

5-hydroxyphenylpropanoic acid 3-O-

glucuronide 1889441.21±348817.98 18833264.06±1877578.43 0.0999±0.0119 4.75±0.14 

3-hydroxyhippuric acid    36752371.59±4976494.95 18833264.06±1877578.43 1.9466±0.1075 7.2±0.26 

4-hydroxyphenyl alcohol 61510445.13±6432567.44 26341010.82±6517355.13 2.3982±0.3395 13.47±2.52 

3,5-dihydroxybenzoic acid sulfate 174023649.62±34956760.82 18833264.06±1877578.43 9.1697±1.1009 10.29±0.37 

3,4-dihydroxybenzaldehyde    16232182.81±1558376.64 21229317.94±5132318.27 0.7914±0.1356 9.69±0.34 

3-methoxybenzoic acid-4-O-glucuronide   20618763.72±5812888.37 18833264.06±1877578.43 1.0856±0.2411 6.05±0.93 

4-methoxybenzoic acid-3-O-glucuronide 26456541.88±7120249.9 18833264.06±1877578.43 1.3936±0.2898 5.7±0.75 

3,5-dihydroxybenzaldehyde    6245144.3±628460.4 18833264.06±1877578.43 0.3325±0.026 9.69±0.43 

hydroxybenzoic acid-4-sulfate 95973808.46±11384471.1 21229317.94±5132318.27 4.6605±0.7154 0.95±0.07 

3-hydroxybenzoic acid    27281817.64±2592806.69 18833264.06±1877578.43 1.4538±0.1229 9.78±0.1 

4-hydroxybenzoic acid    96503433.27±9473563.39 21229317.94±5132318.27 4.707±0.8138 9.33±0.48 

2,4-dihydroxybenzaldehyde    27294869.06±440001.09 18833264.06±1877578.43 1.4621±0.1626 9.99±0.16 

4-hydroxyphenylacetic acid    339160.66±68050.59 32786416.43±5020053.14 0.0103±0.0009 10.09±0.11 

hippuric acid    38902478.78±3915865.28 18833264.06±1877578.43 2.0698±0.1411 10.12±0.45 

3-hydroxyphenylacetic acid    9103899.76±1872220.27 18833264.06±1877578.43 0.4825±0.0775 8.67±0.22 

2,6-dimethoxybenzoic acid    3394849.95±520084.49 18833264.06±1877578.43 0.1797±0.0136 10.06±0.16 

4-hydroxybenzaldehyde    92941286.96±3488150.51 18833264.06±1877578.43 4.9635±0.3764 9.67±0.18 

2,5-dihydroxybenzoic acid    33521206.41±1032375.73 18833264.06±1877578.43 1.7913±0.1486 10.16±0.19 

2,3-dihydroxybenzoic acid 88155667.37±7351767.39 18833264.06±1877578.43 4.6972±0.3372 9.89±0.14 

3-(3,4-dihydroxyphenyl)propanoic acid    26443634.36±6257376.79 18833264.06±1877578.43 1.3955±0.2494 9.37±1.26 

cinnamic acid-4-O-glucuronide 7911175.07±1700801.92 18833264.06±1877578.43 0.4171±0.0586 5.26±0.42 

5-hydroxyindoleacetate 20809203.81±3434297.04 18833264.06±1877578.43 1.0995±0.0861 9.34±0.71 
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Supplementary Table 4.6 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

1,2-dihydroxy-4-methylbenzene   5536381.53±880772.82 32786416.43±5020053.14 0.1689±0.0088 10.1±0.07 

3-methoxyphenylacetic acid-4-sulfate 132914346.95±26715658.89 18833264.06±1877578.43 7.0174±0.9187 10.18±0.18 

3-hydroxybenzaldehyde    62680077.64±2415396.98 18833264.06±1877578.43 3.3492±0.282 9.93±0.14 

4-methoxybenzoic acid-3-sulfate   243181878.51±44571388.02 18833264.06±1877578.43 12.8441±1.381 11.35±2.2 

3-methoxybenzoic acid-4-sulfate 229337734.58±30542896.23 18833264.06±1877578.43 12.148±0.5733 10.67±0.95 

biotin 231762.63±43143.07 18833264.06±1877578.43 0.0123±0.002 0.97±0.06 

1,3-dihydroxybenzene     6140922.72±543832.45 18833264.06±1877578.43 0.3267±0.0173 9.45±0.39 

2,4-dihydroxybenzoic acid    43485460.32±3929534.92 18833264.06±1877578.43 2.3202±0.2269 9.87±0.26 

4-hydroxy-3-methoxybenzoic acid 3967756.96±1139418.34 18833264.06±1877578.43 0.2133±0.0658 9.39±1.57 

N-benzoylglutamic acid 41948427.09±6223768.07 18833264.06±1877578.43 2.2227±0.1847 10.06±0.09 

N-acetylserotonin 8545659.68±1042554.8 18833264.06±1877578.43 0.4535±0.0266 9.84±0.01 

4-hydroxy-3-methoxyphenylacetic acid 16041883.8±2599983.13 18833264.06±1877578.43 0.848±0.067 10.14±0.06 

delphinidin-3-glucoside   1854892.2±461029.9 32786416.43±5020053.14 0.056±0.005 1.02±0.01 

3,4-dihydroxycinnamic acid    82427938.1±6381757.11 18833264.06±1877578.43 4.3968±0.3665 10.28±0.15 

3-hydroxy-4-methoxyphenylacetic acid    6322497.38±1133287.12 18833264.06±1877578.43 0.3339±0.0337 10.15±0.13 

cyanidin-3-galactoside    44139625.55±6467113.67 32786416.43±5020053.14 1.3476±0.0358 1.16±0.04 

3-(3-methoxyphenyl)propanoic acid-4-O-

glucuronide 3553305.29±1217746.96 18833264.06±1877578.43 0.1896±0.0645 5.13±1.57 

3-(4-methoxyphenyl)propanoic acid-3-O-

glucuronide 25509264.11±10226350.08 18833264.06±1877578.43 1.3391±0.4673 7.63±1.71 

hippuric acid methyl ester    76056081.99±14336805.64 26341010.82±6517355.13 2.9179±0.2209 9.81±0.2 

4-O caffeoylquinic acid    9922761.89±2867991.39 18833264.06±1877578.43 0.5194±0.1094 9.61±1.5 

4-hydroxy-3,5-dimethoxybenzoic acid    59523192.81±11460704.43 32786416.43±5020053.14 1.8076±0.0901 10.02±0.14 

2-hydroxybenzoic acid 155273483.72±8536206.73 18833264.06±1877578.43 8.2902±0.6629 10.22±0.29 

phenylacetic acid    6469916.37±574756.02 18833264.06±1877578.43 0.3465±0.0474 10.29±0.37 

3-hydroxy-4-methoxybenzoic acid    5047096.37±777012.65 18833264.06±1877578.43 0.2673±0.0235 10.32±0.28 

3-caffeoylquinic acid 162614164.74±29807896.2 18833264.06±1877578.43 8.6107±1.0966 10.63±0.31 
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Supplementary Table 4.6 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3-(3-hydroxyphenyl)propanoic acid    30446329.35±4183470.58 18833264.06±1877578.43 1.6137±0.1094 9.99±0.14 

3-(4-hydroxyphenyl)propanoic acid    59675512.79±7722632.53 18833264.06±1877578.43 3.1643±0.1862 10.02±0.07 

3-(4-methoxyphenyl)propanoic acid-3-sulfate  178438708.2±34474043.32 18833264.06±1877578.43 9.4164±1.0987 10.26±0.13 

3,4-dihydroxybenzoic acid methyl ester    178382937.15±6393863.48 18833264.06±1877578.43 9.5504±1.0432 10.99±0.63 

3,5-dihydroxybenzoic acid methyl ester    130045355.59±4850360.08 18833264.06±1877578.43 6.9778±0.9405 12.27±1.17 

4-hydroxy-3,5-dimethoxyphenylacetic acid    133424963.65±23048755.78 32786416.43±5020053.14 4.0624±0.209 10.03±0.1 

3,4-dimethoxybenzyl alcohol    52266485.37±2526901.37 18833264.06±1877578.43 2.7993±0.33 10.98±0.59 

3-methylhippuric acid    88824738.41±10459066.23 18833264.06±1877578.43 4.7105±0.1523 9.77±0.15 

4-methylhippuric acid    134545337.84±15070932.62 18833264.06±1877578.43 7.1384±0.2105 9.79±0.14 

2-methoxybenzoic acid 112252555.25±21942886.24 26341010.82±6517355.13 4.3015±0.2681 9.65±0.15 

5-(3-hydroxyphenyl)-gamma-valerolactone-4-

sulfate 54760888.22±2365249.25 18833264.06±1877578.43 2.9259±0.2518 10.26±0.39 

4-hydroxy-2-methoxybenzaldehyde    5378187.49±745836.45 32786416.43±5020053.14 0.1644±0.0059 10.01±0.08 

catechin    2360314.73±660466.27 18833264.06±1877578.43 0.125±0.0302 0.9±0.15 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid    27155956.74±4298786.62 18833264.06±1877578.43 1.4369±0.1206 9.96±0.07 

4-ethylcatechol  97695015.18±4622929.32 18833264.06±1877578.43 5.2155±0.3897 10.27±0.26 

petunidin-3-glucoside   83122099.41±44761016.14 26341010.82±6517355.13 3.1722±1.4428 8.55±3.8 

3,4-dimethoxyphenylacetic acid    3668548.36±603221.34 18833264.06±1877578.43 0.1938±0.015 10.37±0.42 

trans-4-hydroxycinnamic acid 146189019.72±14938004.93 18833264.06±1877578.43 7.7697±0.4008 10.3±0.24 

epicatechin 6480548.4±1791631.59 18833264.06±1877578.43 0.3429±0.0812 9.1±1.52 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 25476094.29±3944283.35 18833264.06±1877578.43 1.3486±0.1121 10.07±0.07 

peonidin-3-O-galactoside chloride 57269397.58±11977427.95 32786416.43±5020053.14 1.7361±0.0971 1.12±0.08 

2-hydroxy-1,3-dimethoxybenzene    338240.5±29283.95 18833264.06±1877578.43 0.018±0.0011 10.26±0.4 

3-hydroxybenzoic acid methyl ester    69233265.8±4377000.88 18833264.06±1877578.43 3.6879±0.1589 10.09±0.12 

3-hydroxy-4-methoxycinnamic acid 8791789.58±1760694.94 19005626.35±1731615.77 0.4622±0.0794 10.3±0.3 

biochanin A 2779205±1478640.9 18833264.06±1877578.43 0.1549±0.0979 1.03±0.01 

 

 

 



   

256 

 

Supplementary Table 4.6 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

4-methoxyphenylacetic acid 78179279.93±14793716.91 32786416.43±5020053.14 2.3749±0.1577 9.96±0.1 

3,5-dimethoxybenzyl alcohol 95440131.93±16831463.13 32786416.43±5020053.14 2.9024±0.0997 10.1±0.1 

2,6-dihydroxybenzoic acid 154200522.42±4514613.24 18833264.06±1877578.43 8.2528±0.8427 8.9±2.03 

trans-3-hydroxycinnamic acid    49981137.47±7410340.44 18833264.06±1877578.43 2.6463±0.1934 10.14±0.12 

trans-4-hydroxy-3-methoxycinnamic acid    15305072.84±2104443.61 21229317.94±5132318.27 0.7453±0.1342 10.16±0.2 

4-hydroxy-3-methoxybenzoic acid methyl ester    562685.95±36698.26 18833264.06±1877578.43 0.0301±0.0032 10.63±0.87 

3-phenylpropanoic acid 463251.87±26034 18833264.06±1877578.43 0.0247±0.002 10.04±0.24 

3-hydroxy-4-methoxybenzaldehyde    99713803.34±6263981.74 18833264.06±1877578.43 5.3122±0.2432 10.11±0.14 

malvidin-3-galactoside 3806054.84±1774373.51 32786416.43±5020053.14 0.1153±0.0467 1.12±0.06 

3-methoxyphenylacetic acid    2179637.12±342790.35 18833264.06±1877578.43 0.1152±0.008 10.51±0.4 

4-hydroxybenzoic acid methyl ester    158389177.8±8947109.46 18833264.06±1877578.43 8.4429±0.4464 10.13±0.12 

indole-3-acetic acid 221795918.57±35636620.83 26341010.82±6517355.13 8.5601±0.8811 10.14±0.32 

3,4-dimethoxybenzoic acid  3850759.45±759510.72 18833264.06±1877578.43 0.2031±0.0261 9.54±1.38 

2,4-dimethoxybenzoic acid    5724192.1±1531233.29 18833264.06±1877578.43 0.3025±0.067 10.36±1.11 

2-hydroxycinnamic acid    60237064±7325325.7 18833264.06±1877578.43 3.1948±0.1452 10.19±0.13 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 1542707.25±545699.36 18833264.06±1877578.43 0.0808±0.0238 9.61±2.06 

cis-4-hydroxy-3,5-dimethoxycinnamic acid 11202333.51±1896266.89 21229317.94±5132318.27 0.5427±0.0938 11.58±3.22 

3,4-dimethoxybenzaldehyde 200778684.91±38765007.86 32786416.43±5020053.14 6.0936±0.3504 10.04±0.1 

3-methoxybenzoic acid 28186419.82±3900857.59 32786416.43±5020053.14 0.862±0.0532 10.06±0.06 

2-hydroxy-6-methoxybenzoic acid    9672565.93±2147925.49 21229317.94±5132318.27 0.4582±0.0199 9.93±0.19 

2-hydroxy-4-methoxybenzoic acid    135625133.17±3863434.95 18833264.06±1877578.43 7.2501±0.6261 10.38±0.17 

2,3,4-trimethoxyphenylacetic acid 1987105.14±420119.06 18833264.06±1877578.43 0.1049±0.0154 10.75±1.14 

myricetin-3-O-galactoside 1205950.98±293180.46 18833264.06±1877578.43 0.0647±0.0177 0.99±0.13 

3-methoxyphenylpropanoic acid 2892490.52±417138.64 18833264.06±1877578.43 0.1531±0.0092 10.26±0.2 

2-hydroxy-4-methoxybenzaldehyde    501157.31±23331.07 18833264.06±1877578.43 0.0268±0.0026 11.67±0.56 

trans-cinnamic acid 153704.52±10351.42 18833264.06±1877578.43 0.0082±0.0005 10.28±0.09 
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Supplementary Table 4.6 (continued) 

Analyte Area IS Area Area Ratio 
Calculated 

Concentration 

3,4,5-trimethoxybenzaldehyde    68089468.99±9800032.29 32786416.43±5020053.14 2.0797±0.0897 10.1±0.1 

3-(3,4,5 trimethoxyphenyl)propanoic acid    4476589.11±627033.45 18833264.06±1877578.43 0.237±0.0126 10.25±0.15 

rutin 50917612.1±5398127.32 18833264.06±1877578.43 2.7031±0.0877 7.38±0.97 

3,5-dimethoxybenzoic acid    17786683.97±1614786.79 18833264.06±1877578.43 0.9464±0.052 10.65±0.81 

naringin 8078383.17±1433637.41 18833264.06±1877578.43 0.4267±0.044 1.21±0.41 

indole-3-propionic acid 1717759.42±302745.49 18833264.06±1877578.43 0.0908±0.009 10.23±0.57 

3,4-dimethoxybenzoic acid methyl ester    185080049.67±36111779.85 32786416.43±5020053.14 5.6263±0.5091 9.4±0.38 

3,5-dimethoxybenzaldehyde    41596454.92±6052824.96 32786416.43±5020053.14 1.2722±0.0945 10.03±0.12 

rosmarinic acid    152684056.92±25801299.16 18833264.06±1877578.43 8.0763±0.7982 10.2±0.25 

myricetin     1021378.13±285343.78 21229317.94±5132318.27 0.0484±0.0082 6.69±2.23 

resveratrol    15229670.45±1726404.32 18833264.06±1877578.43 0.8087±0.0482 9.76±0.3 

3-methoxycinnamic acid  8482304.05±1458000.04 18833264.06±1877578.43 0.4479±0.0389 10.81±0.88 

indole-3-butyric acid 1119220.74±189265.41 18833264.06±1877578.43 0.0592±0.0065 11.06±1.46 

kaempferol    5680623.28±702440.79 18833264.06±1877578.43 0.3066±0.0686 8.93±1.37 

quercetin  110102192.24±14796527.28 18833264.06±1877578.43 5.8679±0.7413 10.25±0.17 

6-gingerol 387030.22±118764.44 26341010.82±6517355.13 0.0147±0.0029 1.39±0.4 

4-methoxycinnamic acid    4019287.55±827898.14 18833264.06±1877578.43 0.2121±0.0287 10.21±0.36 

quercetin glucuronide 119614544.25±18799359.07 18833264.06±1877578.43 6.3299±0.5247 10.73±0.73 

Special characters represent that a different number of replicates was used for calculation of areas and concentrations for an analyte 

compared to the number of curves used to calculate slopes, intercept, and coefficient of determination: n=4 (ⱡ). 
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Supplementary Table 4. 7 Response Factor Tool 

     Analyte of interest     

     

2-hydroxybenzoic 

acid   2-methoxybenzoic acid   

Surrogate 

Analyte for 

Quantitation 

Slope Intercept 

Area 

Ratio 

(10 

µM) 

Concentration 

(10 µM) 

Concentration 

based on 

Surrogate 

Analyte* 

RF 

Final 

Concentration 

of Analyte of 

Interest 

Concentration 

based on 

Surrogate 

Analyte* 

RF 

Final 

Concentration 

of Analyte of 

Interest 

2-hydroxybenzoic 

acid 0.81 0.001 8.29 10.21   1.00 0.00   1.82 0.00 

2-

methoxybenzoic 

acid 0.44 0.003 4.30 9.66   0.55 0.00   1.00 0.00 

hydroxybenzoic 

acid-4-sulfate 4.91 0.03 4.66 0.94   6.08 0.00   11.12 0.00 

2,3-

dihydroxybenzoic 

acid 0.47 0.01 4.70 9.89   0.58 0.00   1.07 0.00 

2,4-

dimethoxybenzoic 

acid    0.03 0.001 0.30 10.44   0.04 0.00   0.06 0.00 

2-hydroxy-4-

methoxybenzoic 

acid    0.70 -0.01 7.25 10.37   0.86 0.00   1.57 0.00 

3-

methoxybenzoic 

acid-4-O-

glucuronide   0.18 0.0003 1.09 6.09   0.22 0.00   0.40 0.00 

*In this field, add the concentration of the analyte of interest that the user obtains using the surrogate corresponding to a given row; 

RF: Response Factor. 
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CHAPTER 5: BIOAVAILABILITY AND PHARMACOKINETICS OF 

(POLY)PHENOLS FOLLOWING CONSUMPTION OF SELECTED BLUEBERRIES 

AND A BLUEBERRY-RICH PROTEIN BAR BY HEALTHY ADULTS VIA A 

RANDOMIZED, CROSSOVER, CONTROLLED TRIAL4 

 

Sources of Support: Foundation for Food and Agriculture Research (grant number 571892) 

 

 

Clinical Trial Registry: NCT04175106 

(https://clinicaltrials.gov/ct2/show/NCT04175106?term=19138&draw=2&rank=1) 
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5.1 Abstract 

Background: It is commonly believed that higher nutrient content reflects higher health benefits, 

and that food processing lowers nutrient delivery although bioavailability studies have disproven 

it. Blueberries are a rich source of (poly)phenols that are related to health benefits and are a feasible 

model to evaluate the bioavailability of (poly)phenol metabolites in their raw or processed forms.   

Objective: To evaluate the effect of processing on the bioaccessibility and bioavailability of 

(poly)phenols and their metabolites following consumption of a single serving of two different 

blueberry varieties (Elliott and Olympia) of different (poly)phenol bioaccessibility, and a 

minimally processed (poly)phenol-rich protein bar providing an equivalent to one serving of 

blueberries in eighteen healthy adults over 48 hours. 

Methods: This double-blind, 4-way crossover RCT (n = 18; 42.06±12.53 years old; body mass 

index 24.75±2.97 kg/m2) fed two different blueberry varieties of different (poly)phenol 

compositions and a (poly)phenol-rich protein bar providing an equivalent to one serving (150g) of 

blueberries compared with matched control. Blueberry (poly)phenols and metabolites were 

analyzed in blood and urine collections over 48h via ultra-performance liquid chromatography 

coupled with tandem mass spectrometry for the bioavailability and pharmacokinetics (area under 

the curve, AUC; maximum concentration, Cmax; and time at maximum concentration, Tmax) across 

interventions (primary endpoint). The metabolomics profiles between the interventions were 

assessed via linear mixed-effects repeated measures analysis of variance and post-hoc tests. 

Results: Identification of hydroxybenzoic, hydroxycinnamic, and 3-(hydroxyphenyl)propanoic 

acids metabolites was associated with higher bioavailability after blueberries and protein bar 

intervention compared to the control. Bioequivalence between treatments was also reflected by 

similar total urinary recovery and area under the curve in serum, primarily with hydroxybenzoic, 
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hydroxycinnamic, and 3-(hydroxyphenyl)propanoic acid metabolites. Yet, differences in the 

metabolite profile (Cmax and Tmax) were observed, including, for example, two times later Cmax for 

methoxycinnamic acid-O-glucuronide isomer 1 after Elliott blueberry vs Olympia blueberry 

(Tmax=5.81 vs 2.91 h), although its urinary recovery was similar between berries (0.024-0.044 mg), 

and higher Cmax for 3-(3-hydroxyphenyl)propanoic acid after Elliott blueberry vs Olympia 

blueberry, and protein bar (increased by 26.63 and 25.32 ng/mL, respectively) although serum area 

under the curve was similar across treatments (354.5-558.4 ng*h/mL).  

Conclusion: Distinct (poly)phenol bioaccessibility and minimal processing did not affect 

(poly)phenol bioavailability following consumption of blueberries and a blueberry-rich protein, 

which may leverage development of nutrient-dense consumer relevant food products with potential 

to exert the same health benefits provided from raw fruits. Similar study designs should be 

performed using various crops to assess whether these findings are applicable to other fruits and 

vegetables. 

Keywords: bioavailability, blueberry (poly)phenolic-derived metabolites, protein bar, healthy 

adults 
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5.2 Introduction 

Consumption of fruit and vegetable phytochemicals has been associated with health benefits, 

including prevention or improvement of some chronic diseases (1, 2). Blueberries are a particularly 

rich source of phytochemicals that have demonstrated health benefits such as reduction of risk 

factors for cardiovascular disease (3) and type-2 diabetes mellitus (4), memory improvement (5), 

and reduction of LDL cholesterol while increasing HDL cholesterol (6). Although there is growing 

evidence of the health benefits from consumption of fruits and vegetables, less than 13% of 

Americans reach their daily recommended intakes (7).  

 The low consumption of fruits and vegetables may be the result of a multitude of factors, 

however socioeconomic, cultural and consumer choices are generally perceived as the main 

drivers. According to the International Food Information Council Foundation (8), consumers are 

primarily driven by taste, followed by price, then health benefits, and lastly, convenience. 

Commercialization of processed products that are tasty, affordable, enriched with fruits and 

vegetables, and convenient, may bridge the gap between low consumption of fruits and vegetables 

and having a healthy population. Production of fruit and vegetable enriched processed food 

products require evaluation of the nutrient and phytochemical composition across crop/produce 

varieties; selection and breeding of varieties containing high nutritive content via genotypic 

screening; assessment of the nutrient and phytochemical bioaccessibility once transformed into a 

product; and ultimately the establishment of the bioavailability, dose-effect, and bioactivity of 

bioactive components prior to commercialization. In the present investigation we explore the 

utility of applying this workflow to blueberries, a well-characterized (genotypically and 

phenotypically) (9-11) fruit suitable for incorporation into processed products (12); which make 
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them a suitable model fruit for the study of the bioavailability of phenolics across varieties and 

minimally processed fruit-based products.  

 Several studies have reported the bioavailability of blueberry (poly)phenolics in humans 

(13-16). For instance, a dose-response study following the consumption of ½ and 1 cup of 

blueberries over 6 months by adults presenting with metabolic syndrome, showed a significant 

increase in phenolic acid metabolites derived from anthocyanins after 1 cup of blueberries 

compared to ½ cup, suggesting a dose-response relationships (17). Another study evaluated the 

effect of processing on the absorption of (poly)phenolics by feeding healthy young men a 

blueberry bun or a blueberry drink (18) and observed significant difference in the bioavailability, 

maximum concentration (Cmax), time at maximum concentration (Tmax) and area under the curve 

(AUC) of ingestion. However, studies comparing whole berry to berry-enriched processed foods 

are lacking. To the best of our knowledge, there is no published study comparing the bioavailability 

of (poly)phenolics after consumption of different blueberry varieties and a product that is enriched 

with the same berry variety. 

This study aimed to evaluate the bioavailability and dose-effect of (poly)phenolics from 

two different blueberry varieties and a minimally processed blueberry-rich protein bar, as a pilot 

study to establish if processed foods may deliver the same phytochemical load as whole berries; 

with the goal of potentially one day bridging the gap between the current consumption of fruits 

and vegetables and a future food system which would provide elevated health benefits. To achieve 

this, this study compares the bioavailability and pharmacokinetics of blueberry-derived 

metabolites over 48h post-consumption of the equivalent of one serving of two blueberry varieties 

(i.e., Elliott and Olympia) of differing (poly)phenolic composition and bioaccessibility (Table 5.1), 
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and a blueberry-enriched protein bar providing an equivalent of one serving of Elliott blueberry 

which contained higher (poly)phenolic bioaccessibility, in healthy adult volunteers.   
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Table 5. 1 (Poly)phenol Bioaccessibility of Elliott and Olympia Blueberries 

Analyte 

Relative Bioaccessibility (%) 
Absolute Bioaccessibility 

(mg/150g) 

Elliott blueberry Olympia blueberry 
Elliott 

blueberry 

Olympia 

blueberry 

cyanidin-3-O-galactoside 27.02±1.87 3.50±0.63 1.86±0.10 0.62±0.08 

cyanidin-3-O-glucoside   26.06±4.82 5.54±0.62 0.12±0.01 0.03±0.001 

cyanidin-3-O-arabinoside 20.65±1.25 1.54±0.57 1.53±0.11 0.29±0.10 

peonidin-3-O-galactoside 51.13±4.35 9.85±2.02 1.86±0.09 0.48±0.05 

peonidin-3-O-glucoside 28.78±8.49  -955.26±1240.64 0.09±0.001 N.Q. 

peonidin-3-O-arabinoside 36.25±2.35 9.63±1.31 1.25±0.06 0.5±0.04 

petunidin-3-O-galactoside 1.29±0.37 0.29±0.07 0.53±0.12 0.03±0.02 

petunidin-3-O-glucoside 3.75±0.41 8.81±2.39 0.02±0.001 N.Q. 

petunidin-3-O-arabinoside 1.01±0.23 0.16±0.01 0.38±0.08  -0.02±0.001 

malvidin-3-O-galactoside 19.60 ± 0.52 5.68±0.65 65.46±1.00 7.92±0.64 

malvidin-3-O-glucoside   16.55±3.10 5.93±0.73 4.77±0.26 0.38±0.01 

malvidin-3-O-arabinoside   18.50±0.35 5.26±0.76 60.00±1.12 8.64±0.87 

chlorogenic acid 39.78±2.73 5.53±1.62 41.25±0.42 3.66±0.69 

3,4-dihydroxycinnamic 

acid (caffeic acid) 1283.42±202.83 66.54±7.79 0.72±0.01 0.11±0.01 

quercetin-3-O-glucoside   76.74±4.62 47.93±3.98 1.04±0.07 1.20±0.13 

quercetin-3-O-arabinoside   55.43±2.61 37.79±2.29 0.92±0.06 1.31±0.11 

catechin    42.96±3.59 25.06±1.24 0.38±0.001 0.18±0.001 

Epicatechin 44.20±3.56 37.85±4.26 0.17±0.001 0.06±0.02 

Values expressed as mean±standard deviation. N.Q.: value was not quantified because it was 

below limit of quantitation. Definitions: relative bioaccessibility is the percentage of (poly)phenols 

recovered in the simulated digestion material (i.e., aqueous digesta) compared to its concentration 

in raw blueberries; absolute bioaccessibility (mg of bioaccessible (poly)phenol per 150 g FW of 

blueberries) is the bioaccessible mass of (poly)phenols (mg) in 150 g of blueberries as a result of 

the relative bioaccessibility (%) multiplied by the (poly)phenolic content (mg) in 150 g FW of 

blueberries. The (poly)phenol composition of the berry varieties is provided in Table 5.3. Analysis 

of blueberry (poly)phenol bioaccessibility was performed as previously described (9): briefly, 

semi-automated high throughput in vitro gastrointestinal digestion was performed using an 

automated fluid-handling robot (Tecan EVO, Tecan; Mannedorf, Switzerland), simulating the oral, 

gastric, and intestinal digestion phases with control of temperature, pH, and time of incubation, 

use of enzymes α-amylase, porcine pepsin, pancreatin, and lipase, and bile salts. Bioaccessibility 

supernatants were extracted via solid-phase extraction (10 mg/well Strata-X 33 µm polymeric 

reversed-phase 96-well plate; Phenomenex, Torrance, CA, US), and analyzed via LC-MS (Waters 

H-Class ACQUITY UPLC using ACQUITY UPLC BEH C18 column, 1.7 µm, 2.1 mm x 150 mm) 

using reference standards obtained from Sigma (St. Louis, MO, US), and the internal standards 

taxifolin and ethyl gallate (TCI, Portland, OR, US). 
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5.3 Subjects and Methods 

5.3.1 Subjects 

Twenty-nine healthy male and female volunteers were recruited from the local community 

surrounding the North Carolina Research Campus, Kannapolis, North Carolina, screened and 

enrolled in this study (Figure 5.1) based on inclusion criteria that aimed to minimize metabolic 

variations. The inclusion criteria consisted of individuals from 25 to 65 years old, non-pregnant or 

lactating, non-smokers/non-tobacco users or who had ceased use for greater than 6 months prior 

to enrollment, who presented body mass index between 18.5 to 30 kg/m2, who were generally 

healthy and without chronic diseases, who were not prescribed thyroid, hypoglycemic medication 

or hormone replacement therapy, who had no allergy to fruits or vegetables containing 

(poly)phenolics, or to dairy products, specifically whey protein, who had not been consuming any 

phytochemical-rich supplement for at least one month prior to enrollment, those agreeing to follow 

the dietary restrictions during the trial, who lived within 40-mile radius of the North Carolina 

Research Campus, who had not donated blood in the month prior to enrollment, who did not have 

any existing or significant past medical history of medical conditions likely to affect the study 

measures such as vascular disease, diabetes, hepatic, renal, thyroid and digestive diseases, who 

were not in parallel participation in another trial involving dietary intervention or biological 

sampling, who were not on a weight-loss plan or medication, women who were not consuming 

more than 1 alcoholic drink/day (and more than 7 drinks/week) and men who were not consuming 

more than 2 alcoholics drinks/day (and more than 14 drinks/week). Eighteen participants 

completed the study (Table 5.2).  
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Table 5. 2 Baseline characteristics of study participants1  
Variable Value (mean±standard deviation) 

Male/female, n/n 7/11 

Age, y 42.06±12.53 

Body Mass Index (BMI), kg/m2 24.75±2.97 

Systolic Blood Pressure, mmHg 116.12±13.00 

Diastolic Blood Pressure, mmHg 71.54±7.63 
1Data were obtained from baseline visit of participants who completed participation in the study. 

N represents the number of male and female participants that completed all 4 intervention groups. 

 

  
Figure 5. 1 Consolidated Standards of Reporting Trials flow diagram of the study. 
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The study protocol was explained to the subjects, and they provided informed consent. 

After their consent was provided, participants were screening via analysis of a fasting blood and 

midstream urine to confirm eligibility into the study. Randomization of the treatment order for all 

subjects was performed using RStudio software (version 1.2.5042, Vienna, Austria) a third party 

not directly involved in the trial concealed the unblinding dataset for the duration of the study and 

until completion of statistical analysis and writeup of draft chapter.  

This study was approved by the North Carolina State University Internal Review Board 

(protocol number 19138, Appendix A) and registered at www.clinicaltrials.gov as NCT04175106. 

The clinical intervention was conducted at the Human Research Core at the Nutrition Research 

Institute (University of North Carolina-Chapel Hill) under the direction of investigators at the 

Plants for Human Health Institute (North Carolina State University) in the North Carolina 

Research Campus, Kannapolis, North Carolina. 

5.3.2 Study design 

This study was a randomized, 4-by-4 crossover, blinded, controlled trial; i.e., the trial coordinator, 

analytical and statistical outcome assessors were blinded relative to the meal provider and 

participant. The participants were asked to follow a diet limited in berry (poly)phenolics during 

the week before each intervention arms and during the 48 hours post-treatment consumption 

(Supplementary Table 5.1). Specifically, foods such as chocolate, berry fruits, red wine, and 

smoked meat were limited. In addition, participants were asked to avoid consuming tea or coffee 

the day before and during the clinical sampling days. Calorie-free caffeinated soda was available 

in place of usual coffee or tea consumption to prevent caffeine withdraw. Volunteers were asked 

to record their food and beverage consumption two days preceding the intervention and during 

each intervention arm, and to repeat the menus of these days across the study to ensure their 
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compliance with the low-phenolic diet and provide dietary consistency within participants across 

the 4 intervention arms.  

Participants collected two “total” 24-hour urine samples/collections before consuming 

each treatment to establish baseline stability. After an overnight fast (≥10 h), a baseline blood 

sample was collected via venipuncture, participants consumed the intervention based on their 

randomization sequence, and the following six subsequent blood samples were collected over three 

days: 1, 3, 6, 9, 24 and 48 h post-intervention. Participants also consumed low-phenolic meals on 

the intervention day, including breakfast after intervention, lunch after the 3 h blood draw, and 

snacks as desired between blood draws. Dinner was provided after the 9h blood draw, and the 

meals for the 24 hour follow-up visit were provided. Participants also collected total urine samples 

from between 0 h to 9h, 9h to 24h and 24 to 48h (for time-bin analysis of urine excretion kinetics). 

Intervention arms were separated by 30.0±40.6 days of compliance break followed by one-week 

washout (Figure 5.2). Upon arrival at the clinic on the intervention day, measurement of 

participant’s body mass index and resting blood pressure; assessment of their medication use, 

physical activity level, and medical history, and confirmation of urine collection and washout diet 

compliance were performed. On follow-up visits, measurement of their resting blood pressure, 

assessment of their medication use, and physical activity, and confirmation of urine collection and 

low-phenolic diet compliance were established upon arrival at the clinic.  
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Figure 5. 2 Study design  

5.3.3 Intervention food 

Participants who completed the study consumed the intervention treatment foods (blueberries, 

blueberry-enriched protein bar or control) over 3.9±1.7 months. The four intervention foods were 

isocaloric and macronutrient-matched (carbohydrate 53.9 g, protein 28.6 g, fat 19.8 g, calories 

499.9 kcal). A macronutrient-matched beverage was served with the blueberry interventions to 

match the macronutrient provided by the protein bar. Highbush Elliott blueberry (Vaccinium 

elliottii), Olympia blueberry (Vaccinium corymbosum) and the blueberry protein bar (containing 

Elliott blueberry) provided the equivalent to 1 cup of blueberries (150 g), containing a total of 

sixteen polyphenols and two phenolic acids (Table 5.3). The blueberry varieties served during the 

trial were grown following approved USDA farming practices at the National Clonal Germplasm 

Repository within the Horticultural Crops Research Station (Corvallis, OR), and harvested at 

ripening stage in the summer of 2019. Following harvesting, blueberry varieties were stored at -
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80ºC, mixed into a single batch composite while frozen, then portioned into 300 g vacuum sealed 

sachets at a food-grade laboratory (North Carolina Food Innovation Lab, 150 N Research Campus 

Dr, Kannapolis, NC 28081), stored at -22 ºC until serving. The individual 300g sachets were 

opened and 150 g of berries were removed and thawed in food-grade containers at room 

temperature for 40 minutes in a metabolic kitchen, prior to ingestion. The protein bars were 

produced in a single batch and kept in -22 ºC until serving, when they were thawed at room 

temperature for 40 minutes. The blueberry protein bar was produced in a food-grade lab by mixing 

a 0.7:1.5:1 weight ratio of Crisco pure vegetable oil: Golden Barrel Corn Syrup: protein-blueberry 

mixture (freeze-dried mixture of blueberry puree with 10% w/w whey protein isolate) for two 

minutes. Bars were placed into silicon molds (dimension: 3.1 x 1.2 x 1.2 in) and refrigerated for 1 

h at 4 °C prior demolding. After demolding, bars were placed in vacuum-sealed bags and stored at 

-22 ºC. The protein bars did not contain any ingredients that could cause an allergic reaction (no 

peanuts, soybeans, eggs, fish, crustacean, tree nuts, and wheat, as well as gluten, soy products, egg 

products, shellfish, and sulfites).  
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Table 5. 3 (Poly)phenolic composition of Elliott and Olympia blueberries per serving (150 g) 

 Concentration (mg/150 g) 

Analyte Elliott blueberry Olympia blueberry 

cyanidin-3-O-galactoside 6.29±0.15 15.90±0.06 

cyanidin-3-O-glucoside   0.50±0.04 0.56±0.01 

cyanidin-3-O-arabinoside 6.75±0.21 16.86±0.31 

peonidin-3-O-galactoside 3.41±0.08 3.96±0.05 

peonidin-3-O-glucoside 0.23±0.01 0.03±0.01 

peonidin-3-O-arabinoside 3.17±0.10 4.19±0.09 

petunidin-3-O-galactoside 40.73±1.20 30.99±0.45 

petunidin-3-O-glucoside 1.86±0.11 0.65±0.04 

petunidin-3-O-arabinoside 38.25±0.97 28.97±0.6 

malvidin-3-O-galactoside 165.35±3.30 69.51±1.47 

malvidin-3-O-glucoside   14.45±1.19 2.87±0.28 

malvidin-3-O-arabinoside   160.53±2.88 81.72±1.61 

chlorogenic acid 81.57±2.78 53.94±0.79 

3,4-dihydroxycinnamic acid (caffeic acid) 0.05±0.01 0.15±0.001 

quercetin-3-O-glucoside   1.98±0.03 2.25±0.03 

quercetin-3-O-arabinoside   1.76±0.06 2.46±0.05 

catechin    0.84±0.05 0.95±0.04 

Epicatechin 0.39±0.02 0.35±0.01 

Values expressed as mean±standard deviation. Analysis of blueberry (poly)phenol composition 

was performed as previously described (9). Briefly, frozen blueberries were initially blended then 

homogenized (VWR 250 homogenizer with VWR 20 mm x 200 mm Saw-Tooth Generator Probe), 

and homogenates were used in (poly)phenol composition and bioaccessibility analyses. 

Homogenates were extracted via solid-phase extraction (10 mg/well Strata-X 33 µm polymeric 

reversed-phase 96-well plate; Phenomenex, Torrance, CA, US), and analyzed via LC-MS (Waters 

H-Class ACQUITY UPLC using ACQUITY UPLC BEH C18 column, 1.7 µm, 2.1 mm x 150 mm) 

using reference standards obtained from Sigma (St. Louis, MO, US), and the internal standards 

taxifolin and ethyl gallate (TCI, Portland, OR, US). 

 

The sugar and fat content of the treatments was established based on the average 

macronutrient composition of highbush blueberry reported in the literature and in-house 

measurements. Briefly, carbohydrate levels were based on the average values from the literature 

and Brix measurements made in-house (carbohydrate 19.50±4.24 g, fat 0.50 g, protein 1.09±0.03 

g, and per 150 g blueberries) (17, 19-23) (Table 5.4). Sugar content of both Elliott and Olympia 

blueberry varieties was determined by grinding 5 g of each variety on a 2000 Geno/Grinder® 
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(SPEX Sample Prep®) at 300 strokes/min for 4 minutes and measuring the ºBrix of each sample 

on a calibrated portable refractometer (0-53 ºBrix, Atago PAL-1) in triplicates. Brix measurements 

resulted in 23.0±3.53 g carbohydrate per 150 g of Elliott blueberry, and 21.8±0.62 g carbohydrate 

per 150 g Olympia blueberry. The blueberry protein bar contained Crisco pure vegetable oil, 

Golden Barrel corn syrup, a freeze-dried blueberry puree protein isolate mixture comprised of with 

10% w/w whey protein isolate and providing 27.5 g protein and 789 mg total (poly)phenolics 

(equivalent to 1 serving of Elliott blueberries) in 113 g protein bar containing. The control 

treatment and matched protein shake provided with the blueberry treatments was designed to 

match the composition of the blueberry-rich protein bar. 

Table 5. 4 Nutritional composition of intervention foods and control per serving 

Macronutrients and 

calories 

Highbush 

blueberries (150 

g/serving) 1* 

Matched 

beverage 

Blueberry plus 

matched 

beverage 

Blueberry 

protein bar 

(113g/serving) 

Control 

beverage 

Carbohydrates (g)  19.50±4.24a  34.38 53.88 53.88 53.88 

Fat (g)  0.50b 19.34 19.84 19.84 19.84 

Protein (g)  1.09±0.03c 27.5 28.59 28.59 28.59 

Calories (kcal) 86.83 413.32 500.15 499.42 499.97 
1Values expressed as mean±standard deviation unless there was only one replicate; *Calories were 

calculated based on the average carbohydrate, fat and protein that 150g-serving contains.  

5.3.4 Controlled diet  

Low-phenolic food choices were provided to establish a macronutrient-balanced breakfast, lunch, 

dinner, and snacks for each intervention day and 24-hour follow-up visit (Table 5.5). On the 

intervention day, participants consumed a total of 53.3% of the energy from carbohydrates, 26.4% 

from fat and 19.4% from protein. On the 24-hour follow-up visit, participants consumed a total of 

52.5% of the energy originated from carbohydrates, 26.3% from fat and 18.9% from protein. 
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Table 5. 5 Nutritional composition of controlled diet on the intervention day and 24-hour 

follow-up visit 

Macronutrients and calories Intervention day 24-hour follow-up visit 

Carbohydrates (g) 212.3 (176.5-289.0) 249.2 (216.0-313.0)  

Fiber (g) 14.8 (10.0-20.0) 17.9 (13.0-23.0)  

Fat (g) 46.7 (23.1-81.9)  55.5 (28.5-85.2) 

Protein (g) 77.4 (62.5-100.5) 89.9 (77.0-120.0) 

Calories (kcal) 1592.0 (1251.7-2245.0)  1897.9 (1516.7-2366.7)  

Values express the mean, minimum and maximum macronutrient and calories consumed on the 

intervention day and 24-hour follow-up visit by 18 participants. 

5.3.5 Analytical methods 

5.3.5.1 Chemicals and materials for bioavailability analysis 

The internal standards used for bioavailability analysis were resveratrol-13C6, L-tyrosine-13C9,
15N, 

phlorizin, hippuric acid-13C6 and 4-hydroxybenzoic acid propyl ester-13C6. The 186 analytes used 

in this study are listed in the Supplementary Table 5.2. Analytical and internal standards were 

obtained from Sigma (St. Louis, MO, US), Alfa Aesar by Thermo Fisher Scientific (Tewksbury, 

MA, US), TCI America (Portland, Oregon, US), Ark Pharm (Libertyville, IL, US), Oxchem (Wood 

Dale, IL, US), Fisher Scientific (Waltham, MA, US), Matrix Scientific (Columbia, SC, US), Acros 

Organics by Thermo Fisher Scientific (Waltham, MA, US), Extrasynthese SA (Z.I Lyon Nord, 

France), Toronto Research Chemicals (Toronto, Canada), Biovision (San Francisco, CA, US), 

Chromadex (Irvine, CA, US), Chem-Impex (Wood Dale, IL, US), PhytoLab GmbH & Co. KG 

(Vestenbergsgreuth, Germany), and Polyphenols AS (Sandnes, Norway). The synthetic standards 

were provided by the University of East Anglia (East Anglia, UK). Formic acid HPLC-MS grade, 

water HPLC-MS grade and methanol HPLC-MS grade were obtained from Fisher Chemical (Fair 

Lawn, NJ, US). Acetonitrile HPLC-MS grade was purchased from Honeywell International Inc. 

(Muskegon, MI, US), and dimethyl sulfoxide (DMSO) was obtained from EMD Millipore 

Corporation (Billerica, MA, US).  
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Internal standard spiked samples were used to establish extraction recovery and volume 

consistency of clinical samples through solid phase extraction (SPE). Briefly, a solution of 10 µM 

of phlorizin in water was spiked before the SPE loading stage, and a mixture of 2 µM of L-tyrosine-

13C9,
15N, 10 µM of resveratrol-13C6, hippuric acid-13C6 and 4-hydroxybenzoic acid propyl ester-

13C6 (in DMSO and 0.1% formic acid in methanol), were spiked after SPE elution. The internal 

standards were also spiked at 1% volume of each point in the standard curves (1 mL of 0.1% v/v 

formic acid in methanol containing 200 uM of L-tyrosine-13C9,
15N,1000 uM of resveratrol-13C6, 

1000 uM of phlorizin, 500 uM of hippuric acid-13C6 and 100 uM of 4-hydroxybenzoic acid propyl 

ester-13C6). This internal standard mixture was also diluted in 0.1% v/v of formic acid in methanol 

(1:100 v/v) to prepare the assay performance quality control samples that were injected throughout 

the LC-MS/MS run at the frequency of 10% of injections. Blanks were comprised of the internal 

standard mixture spiked into serum or urine extracted via SPE and “double blanks” consisted of 

only serum or urine extracted via SPE, and finally a mobile phase blank consisted of only a 98:2% 

v/v dilution of 0.1% v/v formic acid in water and 0.1% v/v formic acid in acetonitrile.  

5.3.5.2 Biological sample preparation  

Urine collection containers contained boric and ascorbic acid powder (10 g and 300 mg per 24-

hour collection, respectively) for preservation of the (poly)phenolic metabolites and to prevent 

microbial growth. Upon collection, blood samples were allowed to clot at room temperature for 

30 min, and then centrifuged (3300 rpm) for 10 min at 4ºC for serum recovery. Serum and urine 

were acidified with 52.5 µL and 36 µL of formic acid, respectively, per 1 mL of sample, and then 

stored at -80ºC until analysis. Sample analysis was performed upon completion of the study, after 

all the samples were collected, to avoid analytical period variation. 
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5.3.5.3 Solid-Phase Extraction of (Poly)phenols in Serum and Urine 

Serum and urine were extracted via SPE before UPLC-MS/MS analysis of blueberry-derived 

metabolites as described previously (24), with modifications: serum samples were thawed on ice 

followed by incubation at room temperature for 20 minutes, dilution of the samples with 250 µL 

of 1% v/v formic acid in H2O, sonication in ice bath at 20◦C for 5 min, and centrifugation at 12000 

rpm and 4◦C for 10 min to remove proteins and residual clotted material. Briefly, a 2 mg/well 

Strata-X microelution 96-well plate (Phenomenex, Torrance, CA, US) was preconditioned with 

200 µL of 1% formic acid in methanol. Subsequently, 200 µL of 1% v/v formic acid in water and 

100 µL of 1% v/v formic acid in water were added into each well. Prior to extraction, 5 µL of 

phlorizin (10 µM) was added into each well of a loading plate, which was loaded with 50 µL of 

urine thawed on ice, then diluted with 100 µl of 1% v/v formic acid in water, or with 200 µL of 

pre-diluted serum. The serum or urine from the loading plate were transferred to the SPE plate, the 

loading plate was rinsed with 1% formic acid in H2O and loaded onto the SPE plate. Before eluting 

the sample to the 96-well collection plate (Phenomenex, Torrance, CA, US), 10 µL of internal 

standard mix (resveratrol-13C6, L-tyrosine-13C9,
15N, hippuric acid-13C6 and 4-hydroxybenzoic acid 

propyl ester-13C6) was added, and subsequently samples were eluted with 90 µL of 0.1% formic 

acid in methanol. Samples were drained using gravity and finally completely eluted under positive-

pressure in a positive-pressure nitrogen gas manifold (Waters, Milford, MA, US) and directly 

analyzed via UPLC-MS/MS.  

 Serum and urine samples were analyzed using fourteen-point calibration curves ranging 

from 0 nM to 100 µM, which were prepared by spiking a mixture of reference standards into 

matched matrix (solid-phase extracted human serum and urine used as blanks). Human serum 

(pooled healthy donor Human AB Serum; product number H4522-20ML, Sigma-Aldrich, St. 

Louis, MO, USA) was used for the preparation of the standard curves used for analysis of serum 
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samples while urine (SurineTM Negative Urine Control; product number S-020-50ML, Sigma-

Aldrich, St. Louis, MO, USA) was used for the preparation of the standard curves used for analysis 

of urine samples. Both matrices used as the background matrix in the standard curve samples were 

extracted via SPE prior to spiking. Briefly, Strata-X 33 µm polymeric reversed-phase 500 mg/3mL 

SPE cartridges (85 Å pore size, Phenomenex, Torrance, CA, US) were conditioned with 3 mL of 

1% v/v formic acid in methanol followed by 8 mL of 1% v/v formic acid in water. Separately, 1 

mL of serum or 500 µL of urine were mixed with 52.5 µL of formic acid and 2 mL of 1% v/v 

formic acid in water in test tube then loaded onto the cartridges. The test tubes were rinsed with 

1% v/v formic acid in water followed by 0.1% v/v formic acid in water and loaded onto the SPE 

cartridge then drained under vacuum. Sample elution used 975 µL of 0.1% v/v formic acid in 

methanol under vacuum, followed by dilution of the samples with 100 uL of 0.1% v/v formic acid 

in 5% acetonitrile. 

5.3.5.4 UPLC-MS/MS analysis of biological samples 

ExionLCTM AD Ultra-Performance Liquid Chromatography using an electrospray ionization (ESI) 

Turbo Spray source coupled with a Q-TRAP 6500+ Mass Spectrometer (UPLC-ESI-MS/MS) 

(SCIEX, Framingham, MA, USA) was applied for the analysis of the (poly)phenolic metabolites 

as previously described (25, 26). For the separation of blueberry analytes, a Phenomenex Kinetex 

pentafluorophenol (PFP) LC column (1.7 µm, 100x2.1 mm, 100 A) and Phenomenex 

SecurityGuardTM ULTRA cartridge (PFP, 4.0x2.0 mm) were utilized, where 4 uL of sample were 

injected with a runtime of 37 min, and the oven was maintained at 37 °C. Mobile phase A (0.1% 

v/v formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile) were pumped at a 

binary gradient of 2% to 90% B over the run time of 37 min, and a flow rate of 0.50 mL/min to 

0.75 mL/min. Prior to any run, a 5-min column equilibration was performed using 2% B and flow 

at 0.55 mL/min. The analyte detection occurred in advanced scheduled multiple‐reaction 



   

278 

 

monitoring (MRM) mode toggling from positive to the negative mode, which analyte parameters 

are listed in the Supplementary Table 5.3, using Analyst® software version 1.6.3 (SCIEX, 

Framingham, MA, USA) for data collection, followed by quantitation using MultiQuantTM 

software version 3.0.2 (SCIEX, Framingham, MA, USA). The ESI source operated at 550 °C, with 

ionization voltage of ±4000 V (positive and negative modes), and gas pressure at 35 psi for its 

curtain, 70 psi for both its nebulizer, and heater. Data quantitation involved the use of a fourteen-

point calibration curve ranging from 0 nM to 100 µM, and assignment of resveratrol-13C6 as the 

internal standard for most compounds at the negative mode, except for hippuric acid derivatives, 

where hippuric acid-13C6 was used, and L-tyrosine-13C9,
15N for the positive mode.  

This UPLC-ESI-MS/MS method was validated for linearity, sensitivity, system suitability, 

carryover effect, precision, and accuracy (details in Supplementary Table 5.4), based on the 

bioanalytical method validation guidelines by the Food and US Drug Administration (27) and the 

European Medicines Agency (28) as described in chapter 2 (Characterizing Blueberry 

(Poly)phenol Metabolites in Human Blood Serum – Validation of Broad-Spectrum Quantitative 

UPLC-ESI-MS/MS Method). LC-MS/MS performance was monitored via injection of a mobile 

phase blank, an assay performance quality control sample, a “double blank” and a blank in the 

beginning of the sample run; a mobile phase blank and an assay performance quality control every 

ten clinical samples; and a mobile phase blank and an assay performance quality control every 

twenty clinical samples and at the end of the run. Valerolactones were quantified as quality 

assurance/compliance controls for the consumption of tea and coffee on the day prior to the 

intervention days and during the 48h sampling.   
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5.3.6 Pharmacokinetics, bioavailability, and total recovery 

Pharmacokinetic (PK) parameters maximum concentration (Cmax), time at maximum concentration 

(Tmax), and area under the curve (AUC) were calculated for berry (poly)phenols in serum samples 

using their concentration data and collection time in the software Phoenix WinNonlin (version 8.3, 

Certara, Princeton, NJ, USA). Relative bioavailability of berry (poly)phenols was analyzed using 

their AUC in serum. The total recovery of berry (poly)phenols was the sum of the recovery 

obtained from each urine collection after subtracting a mean between the 48-hour and 24-hour 

baseline collections. Recovery of analytes for each urine collection was calculated by multiplying 

the concentration of these analytes (ng/mL) by the volume of urine (mL) in each collection, later 

converted to milligrams.  

5.3.7 Power calculation and statistical analysis 

The present study was initially powered to detect a 25% change in total urinary (poly)phenolic 

metabolites at a power of 80% and requiring 23 participants. The effect size was based on previous 

bioavailability studies of (poly)phenols by our group (15, 29, 30). Due to significant delays caused 

by the clinical facility (Nutrition Research Institute-Human Research Core, Kannapolis, NC) 

shutdown and restricted participant processing numbers during the COVID-19 pandemic, study 

completion of the initially predicted participant numbers was not possible. The recruitment 

strategy was reevaluated based on a greater diversity of studies from the literature in an attempt to 

establish minimal participant numbers required to achieve statistical significance at 80% power 

and α=0.05 (17, 18, 26, 31, 32). Based on the addition of these published studies (participant 

number range; 9-38), we established [using R Studio; version 1.2.5042, Vienna, Austria, (33)] that 

80% power could be achieved for an effect size of 1.08±0.4 having a sample size of 16 

(15.63±9.35) individuals (Table 5.6) to complete each arm of this 4-way crossover design study. 
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Recruitment was therefore terminated at 29 enrolled participants with the goal of having 16 

completers, accounting for 45% dropouts, which was the mean under recent circumstances. 

Table 5. 6 Sample Size with Power of 80% and 90% in (poly)phenol bioavailability analysis 

(α=0.05) 

Study Reference Design 
n 

effect 

size 

80% 

power 

90% 

power 

Curtis et al, 2022 

Randomized, double-blind, placebo-

controlled, parallel – 1cup BB vs placebo 

(serum) 

22-23 0.68 27.52 37.85 

Huang et al., 2021 

Randomized, double-blind, placebo-

controlled, 2-way crossover -250g Strawberry 

vs placebo (plasma) 

46 0.87 16.88 23.09 

Curtis et al, 2019 

Randomized, double-blind, placebo-

controlled, parallel – 1cup BB vs placebo 

(serum) 

32-38 0.93 15.1 20.61 

Curtis et al, 2019 

Randomized, double-blind, placebo-

controlled, parallel – ½cup BB vs 1cup BB 

(serum) 

32-34 0.69 26.38 36.27 

Rodriguez-Mateos 

et al., 2016 

Randomized, double-blind, crossover, 

controlled – 400g BB vs 240g BB (serum) 
9 1.94 4.17 5.39 

Rodriguez-Mateos 

et al., 2014 

Randomized, crossover, controlled – 240g 

Bbdrink vs 240g Bbbun (serum) 
10 1.42 6.92 9.26 

Curtis et al, 2022 

Randomized, double-blind, placebo-

controlled, parallel – 1cup BB vs placebo 

(urine) 

22-23 1.09 11.13 15.11 

Curtis et al, 2019 

Randomized, double-blind, placebo-

controlled, parallel – 1cup BB vs placebo 

(urine) 

29-31 1.25 8.62 11.62 

Curtis et al, 2019 

Randomized, double-blind, placebo-

controlled, parallel – ½cup BB vs 1cup BB 

(urine) 

27-31 0.87 17.03 23.3 

Mean   1.08 14.86 20.28 

Standard deviation   0.40 8.15 11.33 

n= number of participants across interventions. 

The concentration data was assessed for normalization using Shapiro-Wilk test and 

normalized using log(1+x) when deemed non-normalized. Changes across treatment groups were 

analyzed using general linear mixed-effects repeated measures ANOVA for evaluation of the main 

effects of treatment, time, and the interaction between treatment and time on concentration and PK 

parameters (p<0.05). Post-hoc analysis of significant between treatment effects (p<0.05) was 
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performed using Bonferroni test. Significance was considered at p<0.05. Comparison of 

metabolite concentration between urine baseline collections -48 h and -24 h was performed using 

Student’s t-test (p<0.05). Statistical analyses were performed using RStudio software [version 

1.2.5042, Vienna, Austria (33)]. Results are presented for analytes meeting quantitative 

performance criteria [i.e., linearity≥0.94 and/or detectable at physiologically relevant 

concentrations (above 25 nM)]. 

5.4 Results 

Study participants. The participants that completed the present study maintained healthy status 

during their participation (Table 5.2) and tolerated the interventions well, with no adverse events 

reported. The urine of participants at baseline (i.e., before administration of the intervention foods) 

contained 0.0026 to 1.294e6 µg of (poly)phenol metabolites in urine (in either -48 h or -24 h 

samples) and 0.010-2278 µM in serum (0 h collection). 

 

Main Effects ANOVA. One hundred and two analytes (60% of 169) in serum (Table 5.7; Full 

table for all analytes provided as Supplementary Table 5.5) displayed either significant 

time*treatment interactions, treatment, or time effects in the main effects ANOVA for 

concentration differences. Twenty analytes (12%) displayed time*treatment, treatment and time 

effects, including: 6, hydroxycinnamic acids; 5, 3-(hydroxyphenyl)propanoic acids, and  

hydroxybenzoic  acids; 2, hydroxyphenylacetic acids; and 1, hydroxyhippuric acid, and 

hydroxybenzene.  
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Table 5. 7 Blueberry-derived (poly)phenols with significant time (seven time points) x 

treatment (four groups) interaction in serum  

Analyte 
p Time x 

treatment 

p Treatment 

effect 
p Time effect 

1,3-dihydroxybenzene     0.0331 0.1206 0.6465 

2,6-dimethoxybenzoic acid    0.0193 0.9953 0.6222 

2,6-dihydroxybenzoic acid* 0.0494 0.3098 0.9830 

3,4-dimethoxyphenylacetic acid    1.66E-11 6.25E-10 5.42E-26 

3-methoxycinnamic acid-4-O-glucuronide 1.73E-48 6.05E-58 1.36E-145 

3-methoxycinnamic acid-4-sulfate 2.58E-22 4.91E-26 3.70E-78 

3-methoxyphenylacetic acid-4-sulfate 0.0315 0.1863 0.0031 

3-methoxyphenylpropanoic acid* 4.82E-04 1.14E-06 0.0005 

3-hydroxy-4-methoxycinnamic acid 0.0011 0.0004 9.75E-11 

3-hydroxy-4-methoxyphenylacetic acid    0.0267 0.0194 0.0649 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 9.64E-07 1.84E-06 6.64E-23 

3-hydroxyhippuric acid    0.0017 0.0076 7.91E-07 

3-(3-hydroxyphenyl)propanoic acid  0.0001 0.0057 8.54E-11 

4-methoxyphenylacetic acid 5.22E-05 1.59E-06 8.01E-05 

3-(4-methoxyphenyl)propanoic acid-3-sulfate  3.01E-06 1.32E-06 5.43E-16 

4-hydroxy-3,5-dimethoxybenzoic acid    1.09E-88 5.87E-106 1.99E-134 

3-(3-methoxy-4-hydroxyphenyl)propanoic acid    7.84E-11 2.23E-08 1.45E-25 

cis-4-hydroxycinnamic acid 0.0313 0.0001 3.30E-07 

3-(4-hydroxyphenyl)propanoic acid    0.0003 0.0080 1.31E-09 

3,5-dihydroxybenzoic acid sulfate* 3.54E-09 1.51E-16 8.91E-39 

dihydroxybenzenediol-O-glucuronide* 0.0373 0.1768 0.9255 

hippuric acid    0.0064 0.0579 1.52E-05 

4-hydroxy-3-methoxybenzoic acid methyl ester    0.0058 2.30E-09 8.62E-15 

malvidin-3-O-galactoside* 3.60E-18 4.80E-35 9.64E-42 

malvidin-O-glucuronide isomer 2* 5.22E-02 1.00E-01 1.17E-01 

myricetin-3-O-galactoside* 0.0076 0.0762 0.0328 

methoxybenzoic acid-O-glucuronide (3/4 isomer) 3.11E-15 2.93E-25 1.23E-73 

methoxybenzoic acid-sulfate (3/4 isomer) 4.42E-13 2.22E-25 5.17E-40 

methoxycinnamic acid-O-glucuronide isomer 1 5.40E-05 1.29E-22 1.55E-24 

methoxycinnamic acid-O-glucuronide isomer 3 7.58E-33 6.53E-44 2.08E-88 

hydroxybenzaldehyde-O-glucuronide 0.0007 0.3308 0.0294 

hydroxybenzoic acid-sulfate isomer 3 5.24E-05 9.27E-13 6.90E-17 

hydroxybenzenediol-sulfate isomer 1 0.0100 0.0104 1.19E-14 

3-hydroxycinnamic acid 4-sulfate & 4-

hydroxycinnamic acid 3-sulfate (mixture of isomers) 0.0353 0.1761 0.8862 

peonidin-3-O-galactoside* 0.0005 0.0419 0.0001 
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Table 5.7 (continued) 

Analyte 
p Time x 

treatment 

p Treatment 

effect 
p Time effect 

peonidin-3-O-glucoside* 0.0028 0.0542 0.3410 

peonidin acetyl glucoside* 0.0103 0.1661 7.70E-25 

P-values reflect treatment comparisons based on linear mixed effects model with repeated 

measurements (p-values <0.05 are indicated in bold); only metabolites that significantly changed 

as per time x treatment interaction using unadjusted concentrations are shown. One outlier (>5 SD) 

was excluded from the analysis. An asterisk indicates compounds that do not meet quantitative 

performance criteria (i.e., linearity≥0.94, and/or concentration above the lower limit of 

quantitation). Analytes that are reported together could not be sufficiently resolved. 

 

Total Urinary Excretion. Twenty-two analytes displayed treatment effects (ANOVA, p≤0.043) 

for cumulative urinary excretion (Table 5.8), while 17 had significantly different serum AUC 

(Table 5.9); interestingly only 6 of the 22 displayed time*treatment, treatment and time effects in 

the main effects serum ANOVA. Among the berry-derived analytes displaying significance in the 

serum main effects ANOVA, 14 showed no difference in total urinary recovery (i.e., 

bioavailability; p≥0.119; Supplementary Table 5.6), including hydroxycinnamic acids (n=3), 

hydroxybenzoic acids (n=3), hydroxyphenylacetic acids (n=2), and 3-(hydroxylphenyl)propanoic 

acids (n=5), and hydroxybenzene (n=1). Further, there were no statistical differences (t-test; 

p>0.05) in metabolite elimination in the two consecutive baseline urine collections (i.e., -48-to-

24h h and -24-to-0 h; Table 5.10) and therefore the average baseline concentration of each analyte 

was calculated and used in the equation to establish baseline corrected cumulative and total 

recovery.  
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Table 5. 8 Blueberry-derived (poly)phenols with significant treatment effects in urine 

Analyte p Treatment effect 

3,4-dihydroxycinnamic acid    0.0352 

3-O-caffeoylquinic acid 2.88E-09 

3-methoxycinnamic acid-4-O-glucuronide 0.0081 

3-hydroxyhippuric acid    8.55E-06 

3-hydroxyphenylacetic acid    0.0033 

4-hydroxy-3,5-dimethoxybenzoic acid    3.46E-18 

4-hydroxy-3,5-dimethoxyphenylacetic acid    3.71E-08 

4-hydroxyphenylacetic acid    0.0097 

benzoic acid    0.0096 

cyanidin-3-O-galactoside* 7.29E-10 

(−)-epicatechin-O-glucuronide isomer 0.0155 

hippuric acid    0.0003 

malvidin-3-O-galactoside 1.85E-09 

malvidin-O-glucuronide isomer 2* 0.0001 

methoxybenzoic acid-sulfate (3/4 isomer) 0.0371 

methoxycinnamic acid-O-glucuronide isomer 1 0.0405 

methoxycinnamic acid-O-glucuronide isomer 3 0.0011 

hydroxybenzoic acid-sulfate isomer 2 0.0005 

hydroxyphenylacetic acid-O-glucuronide 0.0127 

hydroxyphenylvalerolactone-sulfate isomer 1 1.88E-07 

hydroxyphenylpropanoic acid (3/4 isomer) 0.0265 

peonidin-3-O-galactoside 5.30E-06 

peonidin-3-O-glucoside* 0.0459 

peonidin acetyl glucoside 0.0428 

phenylpropanoic acid-O-glucuronide 0.0315 

P-values reflect treatment comparisons based on linear mixed effects model with repeated 

measurements (p-values <0.05 are indicated in bold); only metabolites that significantly differed 

as per treatment effects (p<0.05) are shown. An asterisk reflects compounds that do not meet 

quantitative performance criteria (i.e., linearity≥0.94, and/or concentration above the lower limit 

of quantitation). Analytes that are reported together could not be sufficiently resolved. 
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Table 5. 9 Area under the curve (AUC) of blueberry-derived (poly)phenol metabolites following the intake of blueberries and 

protein bar; results shown for metabolites which concentration significantly changed in serum (time by treatment interaction) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 
p Treatment 

effect 

3,4-dimethoxyphenylacetic 

acid    

239.92 

(213.91,265.93) 

305.63 

(267.92,343.34) 

437.46 

(391.6,483.32)a 

407.72 

(358.61,456.83)a 0.0004 

3-methoxycinnamic acid-4-O-

glucuronide 66.63 (57.93,75.34) 

127.36 

(110.65,144.07)a 

154.05 

(139.3,168.8)ab 

188.54 

(168.8,208.27)ac 7.76E-18 

3-methoxycinnamic acid-4-

sulfate 35.6 (29.68,41.53) 59.37 (52.95,65.8)a 80.5 (66.92,94.08)a 89.8 (78.47,101.13)a 0.0001 

3-hydroxy-4-methoxycinnamic 

acid 76.75 (58.82,94.67) 87.12 (66.45,107.8) 91.51 (65.84,117.18) 

97.97 

(80.03,115.92)a 0.0346 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 54.11 (45.55,62.67) 

118.26 

(98.98,137.54)a 

115.45 

(99.16,131.74)a 

91.53 

(77.22,105.84)a 0.0001 

3-(3-hydroxyphenyl)propanoic 

acid  

412.82 

(334.56,491.07) 

354.5 

(294.56,414.43) 

558.41 

(455.03,661.8) 

368.41 

(311.64,425.19) 0.0593 

4-methoxyphenylacetic acid 28.49 (15.42,41.56) 40.52 (13.67,67.37) 17.98 (12.15,23.81)ab 

36.76 

(17.63,55.89)ac 0.0001 

3-(4-

methoxyphenyl)propanoic 

acid-3-sulfate  21.18 (19.98,22.38) 26.44 (24.38,28.5) 28.7 (26.78,30.63) 22.82 (20.8,24.85) 0.1296 

3-hydroxyhippuric acid    

151.44 

(113.19,189.69) 

124.29 

(106.7,141.88) 

211.26 

(179.38,243.14)a 

136.26 

(116.5,156.03) 0.0099 

4-hydroxy-3,5-

dimethoxybenzoic acid    3.78 (2.98,4.59) 12.11 (10.13,14.09)a 27.62 (25.94,29.29)ab 

36.12 

(32.86,39.38)ac 9.73E-22 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    

232.86 

(208.58,257.13) 

301.23 

(264.15,338.3) 

426.11 

(383.25,468.98)a 

400.48 

(351.92,449.04)a 0.0006 

cis-4-hydroxycinnamic acid 33.89 (28.2,39.59) 37.57 (30.72,44.42) 31.71 (25.39,38.03) 33.57 (27.9,39.24) 0.3778 

3-(4-hydroxyphenyl)propanoic 

acid    

627.24 

(475.82,778.66) 

481.73 

(418.56,544.89) 

803.2 

(687.97,918.44)ab 

502.65 

(428.22,577.09) 0.0058 

4-hydroxy-3-methoxybenzoic 

acid methyl ester    25.51 (20.41,30.61) 27.63 (21.75,33.51) 32.71 (27.44,37.97) 54.65 (45.57,63.72) 0.0789 

methoxybenzoic acid-O-

glucuronide (3/4 isomer) 76.96 (64.29,89.62) 

128.46 

(106.11,150.81)a 

109.19 

(92.13,126.26)a 

137.24 

(116.11,158.38)a 2.30E-07 

hydroxybenzoic acid-sulfate 

isomer 3 7.59 (6.56,8.62) 11.07 (9.8,12.34) 11.15 (10.05,12.26)a 9.69 (8.5,10.88) 0.0044 
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Table 5.9 (continued) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 
p Treatment 

effect 

hydroxybenzenediol-sulfate 

isomer 1 321.26 (264.8,377.73) 

467.43 

(385.01,549.86)a 

368.99 

(316.57,421.4) 

437.46 

(374.91,500.01)a 0.0005 

methoxybenzoic acid-sulfate 

(3/4 isomer) 29.48 (28.55,30.41) 40.74 (38.46,43.02)a 35.33 (33.62,37.04)ab 37.82 (36.18,39.45)a 3.67E-09 

methoxycinnamic acid-O-

glucuronide isomer 1 

232.77 

(139.25,326.29) 

164.14 

(122.71,205.57) 

254.67 

(200.79,308.55)ab 

283.83 

(229.31,338.35)ac 8.20E-07 

methoxycinnamic acid-O-

glucuronide isomer 3 26.68 (21.39,31.98) 

133.8 

(115.25,152.36)a 93.34 (81.73,104.96)a 

141.91 

(119.63,164.19)a 1.65E-12 

3-methoxyphenylpropanoic 

acid* 

20277.01 

(11487.8,29066.23) 

13340.79 

(6468.86,20212.72) 

6033.01 

(3845.47,8220.56) 

1970.85 

(1279.45,2662.25) 0.2428 

3,5-dihydroxybenzoic acid 

sulfate* 9.8 (8.79,10.8) 11.49 (10.12,12.86) 11.69 (10.39,12.99) 

13.94 

(12.42,15.46)ac 0.0016 

malvidin-3-O-galactoside* N.D. 2.51 (2.35,2.67) 6.37 (5.98,6.76)b 6.02 (5.59,6.46)c 6.99E-14 

peonidin-3-O-glucoside* 0.74 (0.58,0.9) 0.63 (0.55,0.7) 0.41 (0.3,0.51) 0.54 (0.51,0.58) 0.4113 

1,3-dihydroxybenzene     18.67 (13.6,23.74) 9.89 (6.87,12.91) 27.77 (19.47,36.06) 26.14 (18.8,33.47) 0.0990 

2,6-dimethoxybenzoic acid    27.04 (18.04,36.04) 37.92 (26.19,49.66) 25.82 (18.11,33.53) 35.23 (22.15,48.31) 0.9860 

2,6-dihydroxybenzoic acid* 

27571.99 

(16768.15,38375.83) 

22210.05 

(13411.61,31008.49) 

17570.2 

(9611.88,25528.52) 

19953.72 

(12109.31,27798.13) 0.4105 

3-methoxyphenylacetic acid-4-

sulfate 7.52 (6.2,8.84) 7.99 (6.67,9.32) 7.26 (5.99,8.53) 7.4 (6.07,8.74) 0.1273 

3-hydroxy-4-

methoxyphenylacetic acid    20.66 (11.53,29.79) 56.14 (36.49,75.79) 25.84 (19.92,31.76) 50.63 (32.49,68.76) 0.0809 

dihydroxybenzenediol-O-

glucuronide* 14.98 (13.47,16.49) 15.68 (14.2,17.15) 14.32 (13.16,15.49) 15 (13.63,16.38) 0.9262 

hippuric acid    

9611.2 

(8516.59,10705.81) 

11422.01 

(10601.8,12242.22) 

13437.83 

(12425.93,14449.73)a 

13109.7 

(11776.21,14443.18) 0.0155 

malvidin-O-glucuronide 

isomer 2* 1.82 (1.39,2.25) 2.8 (2.15,3.45) 1.59 (1.21,1.96) 2.07 (1.62,2.52) 0.5138 

myricetin-3-O-galactoside* 69.24 (35.94,102.53) 

0.0006 

(0.0004,0.0008) 22.22 (8.2,36.25) 10.44 (5.68,15.2) 0.1172 
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Table 5.9 (continued) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 
p Treatment 

effect 

hydroxybenzaldehyde-O-

glucuronide 7.24 (5.57,8.91) 6.35 (4.8,7.89) 5.71 (4.28,7.15) 9.16 (7.65,10.67) 0.3166 

3-hydroxycinnamic acid 4-

sulfate & 4-hydroxycinnamic 

acid 3-sulfate (mixture of 

isomers)* 

23941.77 

(20311.09,27572.44) 

21298.53 

(18025.51,24571.55) 

21478.01 

(18007.55,24948.47) 

24790.91 

(21290.56,28291.25) 0.7122 

peonidin-3-O-galactoside* 0.88 (0.75,1.01) 0.67 (0.5,0.85) 0.49 (0.27,0.71) 0.12 (0.09,0.15) 0.0766 

peonidin acetyl glucoside* 5 (4.59,5.41) 5.01 (4.58,5.43) 4.75 (4.34,5.16) 5 (4.56,5.44) 0.2288 

Values are unadjusted means (95% CI) of AUC (ng*h/mL) in serum. N.D. indicates that analyte was not detected at a given treatment. 

One outlier (>5 SD) was excluded from the analysis. Letters indicate significant differences between interventions: a = differences 

compared with control (p≤0.032), b = Olympia blueberry compared with Elliott blueberry (p≤0.042), c = Olympia blueberry compared 

with protein bar (p≤0.011); only metabolites that significantly changed as per time x treatment interaction using unadjusted 

concentrations are shown. An asterisk indicates compounds that do not meet quantitative performance criteria (i.e., linearity≥0.94, and 

concentration above the lower limit of quantitation). Analytes that are reported together could not be sufficiently resolved. 
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Table 5. 10 Baseline recovery of blueberry-derived (poly)phenol metabolites (mg) which 

significantly changed in urine based on treatment effects following intake of blueberries and 

protein bar 

Analyte n Mean±Standard deviation 

3,4-dihydroxycinnamic acid    142 0.037±0.04 

3-O-caffeoylquinic acid 142 0.04±0.06 

3-methoxycinnamic acid-4-O-glucuronide 144 1.233±0.92 

3-hydroxyhippuric acid    144 6.589±6.46 

3-hydroxyphenylacetic acid    144 5.518±2.5 

4-hydroxy-3,5-dimethoxybenzoic acid    144 0.074±0.05 

4-hydroxy-3,5-dimethoxyphenylacetic acid    144 0.01±0.01 

4-hydroxyphenylacetic acid    144 3.473±2.11 

benzoic acid    144 3.712±1.75 

cyanidin-3-O-galactoside* 94 0.0005±0.0006 

(−)-epicatechin-O-glucuronide isomer 133 0.0029±0.0014 

hippuric acid    144 141.063±87.79 

malvidin-3-O-galactoside 32 0.0003±0.0003 

malvidin-O-glucuronide isomer 2* 138 0.0003±0.0002 

methoxybenzoic acid-sulfate (3/4 isomer) 144 0.454±0.43 

methoxycinnamic acid-O-glucuronide isomer 1 138 0.059±0.11 

methoxycinnamic acid-O-glucuronide isomer 3 144 1.55±1.45 

hydroxybenzoic acid-sulfate isomer 2 136 0.01±0.03 

hydroxyphenylacetic acid-O-glucuronide 144 0.379±0.25 

hydroxyphenylvalerolactone-sulfate isomer 1 144 0.17±0.44 

hydroxyphenylpropanoic acid (3/4 isomer) 144 0.268±0.32 

peonidin-3-O-galactoside 15 0.0001±0 

peonidin-3-O-glucoside* 77 0.0002±0.0001 

peonidin acetyl glucoside 136 0.01±0.01 

phenylpropanoic acid-O-glucuronide 144 0.303±0.14 

Values are mean±standard deviation of the baseline collections (48 h and 24 h prior to intervention) 

that are combined as there was no difference between collections (t-test; p≥0.077) for analytes 

presenting significant treatment effects. Only metabolites that significantly changed as per 

treatment effects (p<0.05) are shown. An asterisk indicates compounds that did not meet 

quantitative performance criteria (i.e., linearity≥0.94, and concentration above the lower limit of 

quantitation). Analytes that are reported together could not be sufficiently resolved. 

Between berry similarities. Fifty-five percent (11 of 20) of the analytes displaying significant 

time*treatment, treatment and time effects for differences in serum concentration were similar 

between the berry varieties (p≥0.062; Table 5.11), and included primarily hydroxybenzoic acids, 

hydroxycinnamic acids, 3-(hydroxyphenyl)propanoic acids, and hydroyphenylacetic acids. This 
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was reflected by 14 analytes in serum having similar area under the curve (i.e., bioavailability 

measurement in serum; (p≥0.069; Table 5.9) between berries, and included primarily 

hydroxycinnamic acids (n=4), hydroxybenzoic acids (n=3), and 3-(hydroxylphenyl)propanoic 

acids (n=4). 
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Table 5. 11 Blueberry-derived (poly)phenol metabolites concentration (ng/mL) which significantly changed in serum (time by 

treatment interaction) following the intake of blueberries 

Analyte Olympia blueberry   Elliott blueberry    

 0 h  9 h  0 h  9 h 
 P 

 N mean (95% CI) N mean (95% CI) N mean (95% CI) N mean (95% CI)  
1,3-dihydroxybenzene     

18 0.15 (-0.01,0.32) 17 

0.03 (-

0.01,0.07) 17 0.68 (0,1.35) 18 

1.07 (-

0.24,2.37) 0.488 

2,6-dimethoxybenzoic acid    

18 0.89 (0.21,1.56) 15 

0.0001 

(0.0001,0.0001) 18 

0.59 (-

0.06,1.23) 16 1.57 (0.27,2.87) 1.000 

2,6-dihydroxybenzoic acid* 

13 

466.21 (-

86.56,1018.97) 13 

535.89 (-

148.7,1220.48) 12 

950.9 

(68.97,1832.83) 14 

536.79 (-

118.44,1192.01) 1.000 

3,4-dimethoxyphenylacetic 

acid    18 5.25 (2.96,7.54) 18 

12.64 

(9.23,16.05) 18 6.83 (3.25,10.4) 18 

34.54 

(20.33,48.76) 0.250 

3-methoxycinnamic acid-4-

O-glucuronide 18 1.67 (0.75,2.58) 18 6.25 (4.31,8.2) 18 1.11 (0.64,1.58) 18 

8.22 

(6.02,10.41) 0.003 

3-methoxycinnamic acid-4-

sulfate 16 0.99 (0.17,1.82) 16 3.06 (1.73,4.38) 16 0.48 (0.25,0.71) 16 4.08 (2.14,6.03) 1.000 

3-methoxyphenylacetic 

acid-4-sulfate 17 0.16 (0.08,0.24) 17 0.17 (0.1,0.24) 18 0.15 (0.08,0.22) 18 0.16 (0.09,0.23) 1.000 

3-methoxyphenylpropanoic 

acid* 2 

211.76 (-

203.29,626.81) 1 0.0001 (0,0) N.D. N.D. 1 152.21 (0,0) NA 

3-hydroxy-4-

methoxycinnamic acid 11 2.49 (0.97,4.01) 16 2.41 (1.35,3.47) 12 3.22 (0.31,6.12) 16 3.39 (2.02,4.76) 0.062 

3-hydroxy-4-

methoxyphenylacetic acid    3 2.7 (0.52,4.87) 6 4.14 (3.57,4.7) 1 4.11 (0,0) 8 4.33 (2.99,5.68) NA 

3-(3-hydroxy-4-

methoxyphenyl)propanoic 

acid 17 3.83 (0.49,7.17) 18 

7.05 

(3.68,10.41) 15 2.63 (0.74,4.53) 18 

10.7 

(6.64,14.75) 1.000 

3-hydroxyhippuric acid    

18 3.27 (1.85,4.7) 18 4.88 (2.72,7.05) 18 5.74 (1.98,9.5) 18 

13.1 

(6.98,19.22) 0.014 

3-(3-

hydroxyphenyl)propanoic 

acid  18 7.37 (3.67,11.08) 18 

13.87 

(8.58,19.16) 18 

13.94 

(2.37,25.51) 17 

43.01 

(18.89,67.13) 0.006 

4-methoxyphenylacetic 

acid 18 1.53 (-1.4,4.47) 18 

0.17 (-

0.02,0.35) 18 

1.18 (-

0.48,2.85) 18 0.33 (0.07,0.6) 0.0005 
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Table 5.11 (continued) 
Analyte Olympia blueberry Elliott blueberry  

 0 h  9 h  0 h  9 h  P 

3-(4-

methoxyphenyl)propanoic 

acid-3-sulfate  17 0.69 (0.39,1) 16 0.83 (0.58,1.07) 17 0.65 (0.34,0.95) 17 1.37 (0.77,1.96) 1.000 

4-hydroxy-3,5-

dimethoxybenzoic acid    18 0.08 (0.01,0.14) 18 0.6 (0.36,0.83) 18 0.08 (0.02,0.13) 18 1.68 (1.29,2.06) 

3.16985E-

23 

3-(3-methoxy-4-

hydroxyphenyl)propanoic 

acid    18 5.18 (2.92,7.44) 18 

12.47 

(9.09,15.86) 18 

6.74 

(3.08,10.41) 18 

33.77 

(20,47.54) 0.446 

cis-4-hydroxycinnamic acid 17 0.82 (0.39,1.26) 17 0.99 (0.57,1.4) 17 0.77 (0.47,1.07) 18 0.87 (0.51,1.23) 0.001 

3-(4-

hydroxyphenyl)propanoic 

acid    18 

11.23 

(6.15,16.32) 18 

20.02 

(14.46,25.58) 18 

21.33 

(7.38,35.29) 18 

54.55 

(27.15,81.96) 0.042 

3,5-dihydroxybenzoic acid 

sulfate* 18 0.27 (0.16,0.38) 18 0.25 (0.18,0.33) 18 0.26 (0.18,0.33) 18 0.3 (0.21,0.39) 0.220 

dihydroxybenzenediol-O-

glucuronide* 18 0.34 (0.25,0.42) 17 0.31 (0.22,0.4) 18 0.33 (0.23,0.43) 17 0.41 (0.3,0.52) 1.000 

hippuric acid    18 

308.37 

(110.3,506.43) 18 

313.41 

(203.19,423.62) 18 

324.79 

(96.66,552.92) 18 

411.12 

(272.89,549.35) 1.000 

4-hydroxy-3-

methoxybenzoic acid 

methyl ester    12 1.16 (0.41,1.92) 17 1.21 (0.74,1.69) 16 1.06 (0.43,1.69) 15 1.79 (1.26,2.33) 1.000 

malvidin-3-O-galactoside* N.D. N.D. N.D. N.D. N.D. N.D. 18 0.42 (0.32,0.52) 

2.11902E-

27 

malvidin-O-glucuronide 

isomer 2* 4 0.13 (0.09,0.17) 5 0.12 (0.11,0.14) 3 0.12 (0.1,0.14) 10 0.1 (0.05,0.14) 1.000 

myricetin-3-O-galactoside* 2 

0.0001 

(0.0001,0.0001) 1 0.0001 (0,0) 4 

1.77 (-

0.28,3.82) 3 1.04 (-0.8,2.88) NA 

methoxybenzoic acid-O-

glucuronide (3/4 isomer) 18 2.21 (1.31,3.1) 18 4.45 (3.33,5.57) 18 1.43 (0.83,2.03) 18 5.46 (2.89,8.03) 0.150 

methoxybenzoic acid-

sulfate (3/4 isomer) 18 0.75 (0.65,0.85) 18 1.1 (0.92,1.28) 18 0.68 (0.61,0.75) 18 0.94 (0.81,1.07) 0.001 
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Table 5.11 (continued) 

Analyte Olympia blueberry Elliott blueberry  

 0 h  9 h  0 h  9 h  P 

methoxycinnamic acid-O-

glucuronide isomer 1 18 5.67 (2.33,9) 18 4.69 (1.46,7.93) 16 6.6 (2.14,11.06) 18 8.6 (4.64,12.56) 1.49E-06 

methoxycinnamic acid-O-

glucuronide isomer 3 18 0.84 (0.24,1.44) 18 5.81 (3.57,8.05) 18 0.59 (0.21,0.97) 18 4.78 (3.24,6.32) 0.155 

hydroxybenzaldehyde-O-

glucuronide 13 0.49 (0.03,0.95) 11 

0.18 (-

0.02,0.37) 11 0.39 (0,0.77) 14 

0.11 (-

0.01,0.23) 0.744 

hydroxybenzoic acid-

sulfate isomer 3 15 0.18 (0.11,0.25) 17 0.27 (0.18,0.37) 18 0.16 (0.1,0.23) 17 0.34 (0.22,0.45) 1.000 

hydroxybenzenediol-sulfate 

isomer 1 18 9.81 (4.96,14.67) 18 

14.36 

(9.64,19.09) 18 

12.78 

(1.29,24.27) 18 

15.41 

(6.47,24.35) 1.000 

3-hydroxycinnamic acid 4-

sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of isomers) 18 

829.42 

(340.08,1318.75) 18 

499.45 

(285.66,713.25) 18 

340.22 

(110.76,569.68) 18 

414.49 

(195.72,633.26) 0.338 

peonidin-3-O-galactoside* N.D. N.D. 2 

0.06 (-

0.01,0.13) N.D. N.D. 1 0.02 (0,0) NA 

peonidin-3-O-glucoside* 4 0.04 (-0.01,0.09) 3 0.01 (0.01,0.02) 2 0.01 (0.01,0.02) 2 0.01 (0.01,0.01) 1.000 

peonidin acetyl glucoside* 18 0.1 (0.08,0.13) 18 0.1 (0.08,0.13) 18 0.11 (0.08,0.13) 18 0.11 (0.08,0.13) 1.000 

Values are unadjusted means (95% CI) of serum concentrations (ng/mL) at baseline and at the average time where maximum 

concentration was observed (9 h). N.D. indicates that no analyte was detected at a given time; NA reflects insufficient data for post-hoc 

analysis. One outlier (>5 SD) was excluded from the analysis. P is the post-hoc p-value between treatments based on linear mixed effects 

model with repeated measurements (p-values <0.05 are indicated in bold); only metabolites that significantly changed as per time x 

treatement interaction are shown. The time shown in this table reflects the average time at maximum concentration across treatment 

groups. An asterisk indicates compounds that do not meet quantitative performance criteria (i.e., linearity≥0.94, and/or concentration 

above the lower limit of quantitation). Analytes that are reported together could not be sufficiently resolved. 
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Among the berry-derived analytes displaying significance in total urinary recovery 

treatment effects, 17 showed no difference in total urinary recovery (i.e., bioavailability; p≥0.067; 

Table 5.12), including primarily hydroxycinnamic acids (n=4), hydroxybenzoic acids (n=2), 

hydroxyphenylacetic (n=4), hippuric acids (n=2), and 3-(hydroxylphenyl)propanoic acids (n=2). 

The Cmax across berries was similar for 55% of (11 of 20) analytes (p≥0.170; Table 5.13), including 

primarily, hydroxybenzoic acids (n=4), hydroxycinnamic acids (n=4), and 3-

(hydroxyphenyl)propanoic acids (n=2). The time to reach maximum concentration (Tmax) was not 

statistically different across the treatments for the majority of analytes (19 analytes; p≥0.958; Table 

5.14), as a result of the high variation in Tmax observed, with analytes often having time to reach 

mean maximum concentrations between 4-6 h for a given analyte. Most of the analytes (9 out of 

14) presenting similar area under the curve across berries intake also presented similar Cmax and 

Tmax, except for 3,4-dimethoxyphenylacetic acid, 3-(3-hydroxyphenyl)propanoic acid, 3-

hydroxyhippuric acid, and 3-(3-methoxy-4-hydroxyphenyl)propanoic acid, which showed 

increased Cmax after Elliott blueberry (p≤0.043), whereas hydroxybenzoic acid-sulfate isomer 3 

showed increased area under the curve after Olympia blueberry (p=0.005), but similar Cmax across 

berries (p=0.0959). 
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Table 5. 12 Baseline adjusted total recovery of blueberry-derived (poly)phenol metabolites (mg) which significantly changed in 

urine (time by treatment interaction) following intake of blueberries and protein bar 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 

p 

Treatment 

effect 

3,4-dihydroxycinnamic acid    

18 

-0.012 (-

0.027,0.002) 18 

0.015 (-

0.004,0.034) 18 

0.004 (-

0.017,0.025) 18 

0.015 

(0.004,0.027) 0.035 

3-O-caffeoylquinic acid 

18 

0.019 (-

0.002,0.039) 18 

0.055 

(0.027,0.084)a 18 

0.124 

(0.102,0.147)b 18 

0.037 

(0.02,0.053)d 2.88E-09 

3-methoxycinnamic acid-4-

O-glucuronide 18 

-0.022 (-

0.26,0.217) 18 

0.371 

(0.165,0.578)a 18 

0.65 

(0.369,0.931)a 18 

0.943 

(0.328,1.558)a 0.008 

3-hydroxyhippuric acid    

18 1.356 (-1.288,4) 18 

1.395 (-

1.575,4.364)a 18 

7.631 

(4.35,10.913) 18 

2.086 

(0.253,3.918)d 8.55E-06 

3-hydroxyphenylacetic acid    

18 

5.321 

(4.281,6.361) 18 

7.684 

(6.292,9.076) 18 

6.497 

(5.079,7.915) 18 

5.894 

(4.773,7.015)c 0.003 

4-hydroxy-3,5-

dimethoxybenzoic acid    18 

0.02 (-

0.004,0.045) 18 0.08 (0.05,0.11)a 18 

0.184 

(0.141,0.227)ab 18 

0.241 

(0.198,0.285)acd 3.46E-18 

4-hydroxy-3,5-

dimethoxyphenylacetic acid    18 

0.002 (-

0.002,0.005) 18 

0.028 

(0.016,0.039)a 18 

0.04 

(0.029,0.051)a 18 

0.039 

(0.021,0.057)a 3.71E-08 

4-hydroxyphenylacetic acid    

18 

3.225 

(2.292,4.158) 18 

2.903 

(2.254,3.552)a 18 

1.82 

(1.043,2.598) 18 

2.32 

(1.535,3.105) 0.010 

benzoic acid    

18 

5.207 

(3.924,6.489) 18 

5.761 

(4.483,7.04) 18 

5.546 

(4.402,6.691) 18 

4.125 

(3.186,5.064)cd 0.010 

cyanidin-3-O-galactoside*    17 

0.0003 

(0.0002,0.0004) 17 

0.002 

(0.001,0.003)a 18 

0.001 

(0.001,0.002)a 18 

0.001 

(0.001,0.001)cd 7.29E-10 

(−)-epicatechin-O-

glucuronide isomer 18 

0.003 

(0.002,0.004) 18 

0.004 

(0.003,0.005) 18 

0.004 

(0.003,0.005) 18 

0.003 

(0.002,0.004) 0.015 

hippuric acid    

18 

68.109 

(25.87,110.348) 18 

120.799 

(85.298,156.301)
a 18 

152.774 

(104.55,200.997

) 18 

109.598 

(56.906,162.29) 2.69E-04 

malvidin-3-O-galactoside 

5 

0.0001 (-

0.0001,0.0002) 18 

0.013 

(0.01,0.015)a 18 

0.044 

(0.034,0.055)ab 18 

0.035 

(0.025,0.046)ac 1.85E-09 

malvidin-O-glucuronide 

isomer 2* 18 

0.0002 

(0.0001,0.0003) 18 

0.0004 

(0.0002,0.0005)a 18 

0.0006 

(0.0005,0.0007)b 18 

0.0004 

(0.0003,0.0005) 1.34E-04 

methoxybenzoic acid-

sulfate (3/4 isomer) 18 

-0.044 (-

0.212,0.124) 18 

0.314 

(0.143,0.484) 18 

 -0.008 (-

0.16,0.143)b 18 

0.15 

(0.003,0.296) 0.037 
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Table 5.12 (continued) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 

p 

Treatmen

t effect 

methoxycinnamic acid-O-

glucuronide isomer 1 18 

-0.039 (-

0.1,0.023) 18 

0.024 (-

0.004,0.053) 18 

0.044 (-

0.007,0.096) 

1

8 

0.045 

(0.001,0.089) 0.040 

methoxycinnamic acid-O-

glucuronide isomer 3 18 

 -0.682 (-

1.337,-0.026) 18 

0.639 

(0.275,1.003)a 18 

0.767 

(0.24,1.295)a 

1

8 

0.749 

(0.181,1.318)a 0.001 

hydroxybenzoic acid-

sulfate isomer 2 18 

0.001 (-

0.004,0.006) 18 

0.036 

(0.025,0.046)a 18 

0.038 

(0.021,0.054) 

1

8 

0.016 (-

0.002,0.034) 4.71E-04 

hydroxyphenylacetic acid-

O-glucuronide 18 

0.313 

(0.215,0.412) 18 

0.279 

(0.195,0.363)a 18 

0.122 

(0.02,0.225) 

1

8 

0.199 

(0.114,0.285) 0.013 

hydroxyphenylvalerolacton

e-sulfate isomer 1 18 

 -0.03 (-

0.139,0.079) 18 

1.579 

(0.643,2.514)a 18 

2.569 

(1.012,4.126)a 

1

8 

0.922 

(0.325,1.518)a 1.88E-07 

hydroxyphenylpropanoic 

acid (3/4 isomer) 18 

0.033 (-

0.134,0.2) 18 

 -0.004 (-

0.152,0.144)a 18 

0.247 

(0.125,0.369) 

1

8 

0.035 (-

0.106,0.177) 0.026 

peonidin-3-O-galactoside 

1 N.D. 18 

0.0013 

(0.001,0.002) 18 

0.0008 

(0.001,0.001)b 

1

7 

0.001 

(0.001,0.001)c 5.30E-06 

peonidin-3-O-glucoside* 

14 

0.0001 

(0.00001,0.000

2) 15 

0.0002 

(0.00009,0.000

2) 14 

0.0003 

(0.00017,0.000

5) 

1

4 

0.0002 

(0.00005,0.000

3) 0.046 

peonidin acetyl glucoside 

18 

0.011 

(0.005,0.017) 18 

0.014 

(0.007,0.021) 18 

0.01 

(0.003,0.017) 

1

8 

0.007 

(0.002,0.013)c 0.043 

phenylpropanoic acid-O-

glucuronide 18 0.36 (0.28,0.44) 18 0.42 (0.33,0.51) 18 0.39 (0.32,0.47) 

1

8 

0.32 

(0.25,0.39)c 0.031 

Values are means (95% CI) of cumulative urinary recovery representing a sum of urine collections post-intervention across 48 h minus 

the average recovery at the baseline collections (48 h and 24 h prior to intervention). N.D. indicates that analyte was not detected at a 

given treatment. Negative values represent values lower than baseline. P-values reflect treatment comparisons based on linear mixed 

effects model with repeated measurements; only metabolites that significantly changed (p<0.05) are shown. Letters indicate significant 

differences between interventions: a = differences compared with control (p≤0.035), b = Olympia blueberry compared with Elliott 

blueberry (p≤0.035), c = Olympia blueberry compared with protein bar (p≤0.046), and d = Elliott blueberry compared with protein bar 

(p≤0.047). An asterisk indicates compounds that did not meet quantitative performance criteria (i.e., linearity≥0.94, and/or concentration 

above the lower limit of quantitation). Analytes that are reported together could not be sufficiently resolved. 
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Table 5. 13 Cmax of blueberry-derived (poly)phenol metabolites following the intake of blueberries and protein bar; results shown 

for metabolites which concentration significantly changed in serum (time by treatment interaction) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 

p 

Treatment 

effect 

3,4-dimethoxyphenylacetic acid    

11.61 (9.88,13.35) 14.43 (13,15.86) 

37.83 

(32.72,42.94)ab 22.04 (19.17,24.92)ad 

4.636E-

08 

3-methoxycinnamic acid-4-O-

glucuronide 4.79 (4.33,5.25) 10.34 (9.1,11.59)a 

15.69 

(14.15,17.23)ab 20.83 (18.94,22.72)ac 

1.652E-

16 

3-methoxycinnamic acid-4-sulfate 

3.01 (2.57,3.45) 6.58 (5.7,7.46)a 10.31 (8.28,12.34)a 12.83 (10.71,14.95)ac 

7.504E-

08 

3-hydroxy-4-methoxycinnamic acid 

3.34 (2.7,3.98) 3.86 (3.29,4.43) 6.11 (5.27,6.94)a 6.94 (6.22,7.67)ac 

9.177E-

05 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 3.48 (2.82,4.13) 8.98 (7.53,10.44)a 11.19 (9.71,12.68)a 7.17 (5.99,8.35)a 

2.875E-

06 

3-(3-hydroxyphenyl)propanoic acid  20.12 

(16.06,24.17) 18.99 (16.92,21.05) 

45.62 

(37.13,54.11)ab 20.3 (16.94,23.66)d 0.002 

4-methoxyphenylacetic acid 

1.74 (0.91,2.58) 2.12 (1.03,3.21) 3.36 (2.76,3.95)ab 4.2 (3.14,5.25)ac 

2.424E-

08 

3-(4-methoxyphenyl)propanoic acid-

3-sulfate  0.72 (0.63,0.8) 1.22 (1.11,1.34)a 1.52 (1.29,1.74)a 1.04 (0.94,1.14) 0.002 

3-hydroxyhippuric acid    

8.83 (6.61,11.04) 6.87 (6.05,7.68) 

16.44 

(14.06,18.82)ab 6.62 (5.87,7.37)d 0.000 

4-hydroxy-3,5-dimethoxybenzoic 

acid    0.34 (0.26,0.43) 1.21 (1.14,1.29)a 3.04 (2.9,3.19)ab 4.47 (4.19,4.75)acd 9.63E-27 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    11.31 (9.62,12.99) 14.33 (12.91,15.75) 

37.47 

(32.51,42.44)ab 21.9 (19,24.81)ad 

3.713E-

08 

cis-4-hydroxycinnamic acid 1.01 (0.88,1.14) 1.36 (1.15,1.57) 1.04 (0.89,1.18) 1.19 (1.05,1.34) 0.064 

3-(4-hydroxyphenyl)propanoic acid    32.34 

(23.34,41.33) 25.82 (23.53,28.12) 

63.75 

(54.12,73.39)ab 28.17 (23.84,32.5)d 

5.375E-

05 

4-hydroxy-3-methoxybenzoic acid 

methyl ester    1.45 (1.27,1.63) 2.26 (2.02,2.51) 2.4 (2.07,2.73) 2.82 (2.51,3.13)a 0.007 

methoxybenzoic acid-O-glucuronide 

(3/4 isomer) 3.37 (2.87,3.86) 7.4 (6.4,8.39)a 6.9 (5.93,7.87)a 10.88 (8.45,13.31)ad 

1.023E-

12 

hydroxybenzenediol-sulfate isomer 1 

19.49 

(14.33,24.64) 17.28 (15.21,19.35) 21.89 (16.88,26.9) 21.18 (16.4,25.96) 0.269 
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Table 5.13 (continued) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 

p 

Treatment 

effect 

hydroxybenzoic acid-sulfate isomer 3 0.21 (0.18,0.23) 0.36 (0.33,0.4)a 0.43 (0.39,0.47)a 0.37 (0.34,0.41)a 

3.963E-

05 

methoxybenzoic acid-sulfate (3/4 

isomer) 0.84 (0.8,0.88) 1.34 (1.27,1.4)a 1.14 (1.09,1.2)a 1.41 (1.31,1.51)a 

3.326E-

08 

methoxycinnamic acid-O-glucuronide 

isomer 1 9.58 (6.11,13.05) 6.72 (5.31,8.12) 10.17 (8.25,12.1)ab 10.47 (8.91,12.03)ac 

1.117E-

05 

methoxycinnamic acid-O-glucuronide 

isomer 3 1.53 (1.29,1.77) 17.4 (15.18,19.63)a 11.13 (9.91,12.36)a 18.2 (16.19,20.21)a 

1.346E-

16 

3-methoxyphenylpropanoic acid* 922.04 

(888.09,956) 

788.75 

(668.77,908.73) 

819.21 

(761.63,876.79) 

450.33 

(303.33,597.32) 0.193 

3,5-dihydroxybenzoic acid sulfate* 0.32 (0.29,0.34) 0.46 (0.41,0.51) 0.58 (0.52,0.63)a 0.84 (0.74,0.93)acd 

1.0192E-

08 

malvidin-3-O-galactoside* N.D. 0.44 (0.42,0.47) 1.18 (1.1,1.25)b 1.27 (1.17,1.37)c 

9.8713E-

14 

peonidin-3-O-glucoside* 0.05 (0.04,0.07) 0.04 (0.02,0.06) 0.04 (0.02,0.05) 0.04 (0.02,0.05) 0.192 

1,3-dihydroxybenzene     2.15 (1.8,2.49) 1.02 (0.79,1.25) 2.44 (1.94,2.93) 1.44 (1.15,1.74) 0.033 

2,6-dimethoxybenzoic acid    3.29 (2.65,3.93) 2.49 (1.94,3.03) 2.67 (2.1,3.24) 3.31 (2.52,4.1) 0.809 

2,6-dihydroxybenzoic acid* 694.6 

(439.56,949.63) 

740.95 

(491.67,990.22) 

767.93 

(520.55,1015.3) 

679.38 

(448.09,910.67) 0.137 

3-methoxyphenylacetic acid-4-sulfate 0.19 (0.16,0.22) 0.21 (0.18,0.24) 0.2 (0.17,0.23) 0.19 (0.16,0.22) 0.505 

3-hydroxy-4-methoxyphenylacetic 

acid    2.96 (2.58,3.34) 3.78 (3.41,4.16) 3.98 (3.55,4.41) 3.07 (2.59,3.56) 0.079 

dihydroxybenzenediol-O-

glucuronide* 0.51 (0.46,0.55) 0.52 (0.49,0.55) 0.57 (0.52,0.61) 0.47 (0.44,0.51) 0.199 

hippuric acid    

743.46 

(588.14,898.77) 

716.99 

(636.92,797.06) 

733.18 

(647.65,818.72) 

842.15 

(758.85,925.45) 0.188 

malvidin-O-glucuronide isomer 2* 0.1 (0.09,0.12) 0.1 (0.08,0.11) 0.11 (0.1,0.12) 0.11 (0.09,0.12) 0.025 

myricetin-3-O-galactoside* 3.03 (2.91,3.16) 0 (0,0) 1.84 (1.39,2.29) 2.99 (2.8,3.19) 0.071 

hydroxybenzaldehyde-O-glucuronide 0.49 (0.41,0.57) 0.8 (0.66,0.93) 0.61 (0.5,0.72) 0.6 (0.49,0.71) 0.268 
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Table 5.13 (continued) 

Analyte Control Olympia blueberry Elliott blueberry Protein bar 

p 

Treatment 

effect 

3-hydroxycinnamic acid 4-sulfate & 

4-hydroxycinnamic acid 3-sulfate 

(mixture of isomers)* 

771.45 

(679.77,863.13) 

964.18 

(781.38,1146.97) 

644.46 

(552.54,736.38) 

882.62 

(743.83,1021.4) 0.562 

peonidin-3-O-galactoside* 0.08 (0.05,0.11) 0.09 (0.08,0.1) 0.05 (0.04,0.07) 0.08 (0.06,0.09) 0.463 

peonidin acetyl glucoside* 0.12 (0.12,0.13) 0.13 (0.12,0.14) 0.12 (0.11,0.13) 0.11 (0.11,0.12)c 0.008 

Values are unadjusted means (95% CI) of Cmax (ng/mL) in serum. N.D. indicates that analyte was not detected at a given treatment. One 

outlier (>5 SD) was excluded from the analysis. Letters indicate significant differences between interventions: a = differences compared 

with control (p≤0.028), d = Olympia blueberry compared with Elliott blueberry (p≤0.043), e = Olympia blueberry compared with protein 

bar (p≤0.013), and f = Elliott blueberry compared with protein bar (p≤0.044); only metabolites that significantly changed as per time x 

treatment interaction using unadjusted concentrations are shown. An asterisk indicates compounds that do not meet quantitative 

performance criteria (i.e., linearity≥0.94, and concentration above the lower limit of quantitation). Analytes that are reported together 

could not be sufficiently resolved. 
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Table 5. 14 Tmax of blueberry-derived (poly)phenol metabolites following the intake of 

blueberries and protein bar; results shown for metabolites which concentration significantly 

changed in serum (time by treatment interaction) 

Analyte Control 
Olympia 

blueberry 

Elliott 

blueberry 
Protein bar 

p 

Treatmen

t effect 

3,4-

dimethoxyphenylacetic 

acid    

19.17 

(16.36,21.97) 

9.56 

(7.84,11.28) 

8.66 

(8.5,8.83) 

10.68 

(8.75,12.61) 0.708 

3-methoxycinnamic acid-

4-O-glucuronide 

6.67 

(6.1,7.24) 

4.01 

(3.61,4.4) 

3.84 

(3.5,4.18) 

2.6 

(2.39,2.82)a 0.011 

3-methoxycinnamic acid-

4-sulfate 

6.47 

(5.99,6.95) 

4.13 

(3.28,4.98) 

3.65 

(3.3,4.01) 

3.48 

(2.51,4.45)a 0.002 

3-hydroxy-4-

methoxycinnamic acid 

10.12 

(7.99,12.24) 

6 

(4.62,7.38) 

4.27 

(3.61,4.93) 

7.84 

(4.94,10.73) 0.518 

3-(3-hydroxy-4-

methoxyphenyl)propanoi

c acid 

12.39 

(9.65,15.13) 

7.78 

(6.88,8.68) 

8.66 

(8.5,8.83) 

10.85 

(8.93,12.77) 0.323 

3-(3-

hydroxyphenyl)propanoic 

acid  

18.94 

(15.49,22.4) N.D. 

8.72 

(7.6,9.84) 

10.01 

(8.23,11.78) 0.960 

4-methoxyphenylacetic 

acid 

5.78 

(3.15,8.41) 

7.26 

(4.67,9.86) 

4.26 

(3.3,5.21) 

2.48 

(2.03,2.93) 0.178 

3-(4-

methoxyphenyl)propanoi

c acid-3-sulfate  

11.82 

(9.11,14.54) 

4.75 

(3.77,5.72) 

6.39 

(5.76,7.02) 

7.67 

(5.56,9.77) 0.724 

3-hydroxyhippuric acid    

10.28 

(7.16,13.39) N.D. 

9.5 

(8.21,10.79) 

14.64 

(12.28,16.99)
a 0.020 

4-hydroxy-3,5-

dimethoxybenzoic acid    

7.5 

(5.51,9.49) 

6.82 

(5.97,7.66) 

4.51 

(4.15,4.88) 3 (2.77,3.23) 0.037 

3-(3-methoxy-4-

hydroxyphenyl)propanoic 

acid    

19.22 

(16.1,22.35) 

9.84 

(8.15,11.53) 

8.66 

(8.5,8.83) 

11.35 

(9.49,13.22) 0.972 

cis-4-hydroxycinnamic 

acid 

13.44 

(10.93,15.96) 

8.63 

(6.86,10.4) 

7.15 

(6.25,8.06) 

16.66 

(13.16,20.16) 0.760 

3-(4-

hydroxyphenyl)propanoic 

acid    

19.83 

(16.4,23.27) 

11.47 

(9.44,13.5) 

10.34 

(9.16,11.53) 

8.99 

(7.3,10.69) 0.900 

4-hydroxy-3-

methoxybenzoic acid 

methyl ester    

8.94 

(6.32,11.57) 

6.3 

(5.09,7.52) 

5.43 

(4.18,6.69) 

6.05 

(4.09,8.01) 0.874 

methoxybenzoic acid-O-

glucuronide (3/4 isomer) 

5.22 

(4.61,5.84) 

4.34 

(3.9,4.78) 

5.69 

(5.23,6.15) 

2.72 

(2.51,2.92)d 0.030 

hydroxybenzoic acid-

sulfate isomer 3 

5.83 

(3.94,7.73) 

5.77 

(3.9,7.64) 

6.21 

(4.35,8.07) 

7.12 

(4.94,9.3) 0.874 

hydroxybenzenediol-

sulfate isomer 1 

5.56 

(3.66,7.45) 

6.3 

(5.66,6.94) 

6.26 

(5.62,6.9) 

11.36 

(8.54,14.18) 0.101 

methoxybenzoic acid-

sulfate (3/4 isomer) 

6.44 

(4.41,8.48) 

7.03 

(5.93,8.13) 5.07 (4.15,6) 

7.47 

(5.11,9.82) 0.117 
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Table 5.14 (continued) 

Analyte Control 
Olympia 

blueberry 

Elliott 

blueberry 
Protein bar 

p 

Treatmen

t effect 

methoxycinnamic acid-

O-glucuronide isomer 1 

1.33 

(0.87,1.79) 

2.91 

(1.92,3.91) 

5.81 

(5.19,6.43)ab 

5.82 

(5.33,6.31)ac 6.31E-07 

methoxycinnamic acid-

O-glucuronide isomer 3 

4.22 

(3.48,4.96) 

4.18 

(3.33,5.03) 3.84 (3.6,4.08) 

3.17 

(3.05,3.29) 0.220 

3-

methoxyphenylpropanoi

c acid* 

16.5 

(12.42,20.58) 

16.33 

(6.52,26.15) 

20.7 

(11.69,29.71) 

6.33 

(4.68,7.99) 0.516 

3,5-dihydroxybenzoic 

acid sulfate* 

11.78 

(8.37,15.19) 

2.18 

(1.93,2.44) 

2.96 

(2.58,3.34) 

2.15 

(1.86,2.45) 0.572 

malvidin-3-O-

galactoside* N.D. 

3.79 

(3.51,4.08) 

4.01 

(3.76,4.26) 

2.94 

(2.77,3.12)d 0.027 

peonidin-3-O-glucoside* 

16.2 

(12.85,19.55) 

25.5 

(16.98,34.02

) 4 (2.61,5.39) 

3.25 

(1.93,4.57) 0.245 

1,3-dihydroxybenzene     

4.89 

(3.89,5.89) 

3.19 

(2.19,4.19) 

11.96 

(8.94,14.98) 

14.52 

(11.22,17.83

) 0.107 

2,6-dimethoxybenzoic 

acid    

8.61 

(5.96,11.26) 

11.94 

(8.47,15.4) 

6.89 

(5.01,8.77) 

10.95 

(7.83,14.07) 0.920 

2,6-dihydroxybenzoic 

acid* 

6.67 

(4.65,8.69) 

7.85 

(5.24,10.46) 5.34 (4.3,6.38) 

10.29 

(7.65,12.94) 0.750 

3-methoxyphenylacetic 

acid-4-sulfate 

11.56 

(8.76,14.35) 

11.41 

(9.55,13.26) 

9.28 

(7.06,11.5) 

8.7 

(6.45,10.95) 0.575 

3-hydroxy-4-

methoxyphenylacetic 

acid    

11 

(6.17,15.83) 

7.3 

(5.74,8.87) 

6.82 

(6.17,7.47) 14 (9.3,18.7) 0.373 

dihydroxybenzenediol-

O-glucuronide* 

13.78 

(10.74,16.81) 

14.77 

(12.04,17.5) 7.6 (5.59,9.61) 

15.15 

(11.91,18.38

) 0.550 

hippuric acid    

8.5 

(6.28,10.72) 

7.93 

(5.82,10.03) 

14.01 

(11.99,16.03)a

b 

10.74 

(8.28,13.2) 0.003 

malvidin-O-glucuronide 

isomer 2* 

14.67 

(11.05,18.29) 

6.54 

(5.24,7.84) 

10.39 

(7.67,13.11) 

4.15 

(3.46,4.85) 0.196 

myricetin-3-O-

galactoside* 

17 

(7.38,26.62) 0 (0,0) 

3.86 

(2.77,4.94) 5 (2.83,7.17) 0.367 

hydroxybenzaldehyde-

O-glucuronide 

19.89 

(16.3,23.48) 

1.57 

(1.2,1.94)a 

9.22 

(6.59,11.84) 

14.45 

(11.65,17.26

) 0.002 

3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers)* 

9.22 

(6.49,11.95) 

3.56 

(2.53,4.59) 

9.41 

(6.67,12.14) 

9.43 

(6.67,12.19) 0.651 
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Table 5.14 (continued) 

Analyte Control 
Olympia 

blueberry 

Elliott 

blueberry 
Protein bar 

p 

Treatmen

t effect 

peonidin-3-O-

galactoside* 6 (4.37,7.63) 

12.73 

(10.14,15.32

) 

11 

(6.94,15.06) 

2.2 

(1.87,2.53)c 0.014 

peonidin acetyl 

glucoside* 

2.56 

(2.16,2.95) 

3.11 

(2.19,4.04) 

3.28 

(2.33,4.23) 

7.35 

(5.34,9.35) 0.115 

Values are unadjusted means (95% CI) of Tmax (h) in serum. N.D. indicates that analyte was not 

detected at a given treatment. One outlier (>5 SD) was excluded from the analysis. Letters indicate 

significant differences between interventions: a = differences compared with control (p≤0.024), b 

= Olympia blueberry compared with Elliott blueberry (p≤0.012), c = Olympia blueberry compared 

with protein bar (p≤0.043), and d = Elliott blueberry compared with protein bar (p≤0.042); only 

metabolites that significantly changed as per time x treatment interaction using unadjusted 

concentrations are shown. An asterisk indicates compounds that do not meet quantitative 

performance criteria (i.e., linearity≥0.94, and concentration above the lower limit of quantitation). 

Analytes that are reported together could not be sufficiently resolved. 

 

Between berry differences. Nine serum (p≤0.042) analytes (45%) were significantly different 

between the blueberry varieties, and included hydroxybenzoic acids, hydroxyphenylacetic acids, 

hydroxycinnamic acids, 3-(hydroxyphenyl)propanoic acids, and a hippuric acid. Three urinary 

analytes were excreted to a higher extent following consumption of Elliott blueberry relative to 

Olympia blueberry (p≤8.64e-5), and included 3-O-caffeoylquinic acid, 4-hydroxy-3,5-

dimethoxybenzoic acid, and malvidin-3-O-galactoside (Figure 5.3-5.4), whereas two analytes 

displayed significantly higher excretion following intake of Olympia blueberry (p≤0.035): 

peonidin-3-O-galactoside (increased by 0.0005 mg) and methoxybenzoic acid-sulfate (3/4 isomer) 

(increased by 0.322 mg). Of these, 4-hydroxy-3,5-dimethoxybenzoic acid, and methoxybenzoic 

acid-sulfate (3/4 isomer) presented significant serum main effects ANOVA and differences in area 

under the curve (p≤0.0.005), which was higher by 15.51 ng*h/mL for 4-hydroxy-3,5-

dimethoxybenzoic acid after Elliott blueberry, and by 5.41 ng*h/mL for methoxybenzoic acid-

sulfate (3/4 isomer) after Olympia blueberry, Also, 4-hydroxy-3,5-dimethoxybenzoic acid, 
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displayed significantly higher Cmax after Elliott blueberry (by 1.83 ng/mL; p=1.5e-10), but no 

significant Tmax.   

 

 
Figure 5. 3 Urinary recovery of (poly)phenol metabolites and conjugates (mg) which significantly 

changed after intake of control, blueberries, and protein bar. Values for the pre-intervention time 

bins reflect metabolite recovery in baseline urine collections, while values for the 9 to 24 and 24 

to 48 h time bins are cumulative to the previous bin. An asterisk indicates analytes that were 

detected below the lower limit of quantitation.  
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Figure 5. 4 Urinary recovery of (poly)phenol metabolites and conjugates (mg) which significantly 

changed after intake of control, blueberries, and protein bar. Values for the pre-intervention time 

bins reflect metabolite recovery in baseline urine collections, while values for the 9 to 24 and 24 

to 48 h time bins are cumulative to the previous bin.  

Forty-five percent (9 of 20) of analytes displayed significantly increased Cmax following 

Elliott blueberry (p≤0.043, from 3.04 to 63.75 ng/mL), and included 3 3-

(hydroxyphenyl)propanoic acids, 2 hydroxycinnamic and hydroxyphenylacetic acids, 1 

hydroxybenzoic and hippuric acid (Figure 5.5-5.6); while 4 analytes displayed higher serum AUC 

(p≤0.042) following consumption of Elliott blueberry (Table 5.9), and included 2 

hydroxycinnamic acids, 1 hydroxybenzoic acid, and 3-(hydroxyphenyl)propanoic acid (Figures 
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5.5-5.6) Two others showed higher AUC (p≤0.005) after Olympia blueberry, including 

methoxybenzoic acid-sulfate (3/4 isomer), and 4-methoxyphenylacetic acid. Tmax was 

significantly greater following the Elliott blueberry intervention for methoxycinnamic acid-O-

glucuronide isomer 1 (p=0.009, increased by 2.9 h; Figure 5.6).  

 
Figure 5. 5 Serum concentration of (poly)phenol metabolites and conjugates (ng/mL) which 

significantly changed after intake of control, blueberries and protein bar. An asterisk indicates an 

analyte that was detected below the lower limit of quantitation.  
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Figure 5. 6 Serum concentration of (poly)phenol metabolites and conjugates (ng/mL) which 

significantly changed after intake of control, blueberries and protein bar. 

Olympia blueberry vs protein bar similarities. Seventy percent (14 of 20) of analytes in serum 

satisfying time*treatment, treatment, and time effects (p≥0.116, Table 5.15) were similar between 

the Olympia blueberry and the Elliott berry-rich protein bar; including primarily hydroxycinnamic 

acids, 3-(hydroxyphenyl)propanoic acids, and hydroxybenzoic acids. 

The total cumulative excretion of 15 analytes in urine (p≥0.256) was similar between the 

Olympia blueberry and the protein bar, primarily hydroxycinnamic acids (n=4); hydroxybenzoic 

acids (n=2); hippuric acids (n=2); and hydroxyphenylacetic acids (n=3). This was reflected by 16 

analytes having similar serum AUC (p≥0.397) for 4 hydroxybenzoic, and hydroxycinnamic, 5 3-

(hydroxyphenyl)propanoic acids; 1 hydroxyphenylacetic acid; 1 hippuric acid, and benzenediol. 

Cmax of 14 analytes was similar following consumption of Olympia blueberry and protein bar 

(p≥0.491), and included 4 hydroxybenzoic; 5 3-(hydroxyphenyl)propanoic acids; 1 
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hydroxyphenylacetic; 2 hydroxycinnamic acids; 1 hippuric acid, and benzenediol. Tmax was similar 

for most analytes between Olympia blueberry and protein bar (19 analytes6; p≥0.056). Most of the 

analytes (out of 14 out of 16) presenting similar AUC after Olympia blueberry vs protein bar also 

presented similar Cmax and Tmax, except for 3-methoxycinnamic acid-4-sulfate and 3-hydroxy-4-

methoxycinnamic acid, which showed increased Cmax after protein bar (p≤0.013). 
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Table 5. 15 Blueberry-derived (poly)phenol metabolites concentration (ng/mL) which significantly changed in serum (time by 

treatment interaction) following the intake of Olympia blueberry and protein bar 

Analyte Olympia blueberry   Protein bar    

 0 h  9 h  0 h  9 h  P 

 N mean (95% CI) N mean (95% CI) N mean (95% CI) N mean (95% CI)  
1,3-dihydroxybenzene     

18 0.15 (-0.01,0.32) 17 

0.03 (-

0.01,0.07) 16 0.5 (-0.04,1.03) 17 0.37 (0.07,0.66) 0.523 

2,6-dimethoxybenzoic 

acid    18 0.89 (0.21,1.56) 15 

0.0001 

(0.0001,0.0001) 14 0.34 (-0.12,0.8) 16 0.96 (-0.04,1.95) 1.000 

2,6-dihydroxybenzoic 

acid* 13 

466.21 (-

86.56,1018.97) 13 

535.89 (-

148.7,1220.48) 14 

394.48 (-

131.45,920.4) 13 

440.37 (-

109.33,990.07) 1.000 

3,4-

dimethoxyphenylacetic 

acid    18 5.25 (2.96,7.54) 18 

12.64 

(9.23,16.05) 18 6.59 (3.69,9.48) 17 

20.12 

(11.54,28.69) 0.054 

3-methoxycinnamic acid-

4-O-glucuronide 18 1.67 (0.75,2.58) 18 6.25 (4.31,8.2) 18 1.6 (0.57,2.63) 17 7.27 (4.53,10) 

6.37435E-

10 

3-methoxycinnamic acid-

4-sulfate 16 0.99 (0.17,1.82) 16 3.06 (1.73,4.38) 16 0.93 (0.21,1.65) 15 3.51 (1.29,5.73) 0.001 

3-methoxyphenylacetic 

acid-4-sulfate 17 0.16 (0.08,0.24) 17 0.17 (0.1,0.24) 18 0.15 (0.08,0.22) 16 0.17 (0.09,0.25) 1.000 

3-

methoxyphenylpropanoic 

acid* 2 

211.76 (-

203.29,626.81) 1 0.0001 (0,0) 1 0.0001 (0,0) 2 

654.63 

(245.76,1063.51) NA 

3-hydroxy-4-

methoxycinnamic acid 11 2.49 (0.97,4.01) 16 2.41 (1.35,3.47) 10 1.83 (0.53,3.12) 14 2.19 (1.12,3.26) 0.161 

3-hydroxy-4-

methoxyphenylacetic acid    3 2.7 (0.52,4.87) 6 4.14 (3.57,4.7) 1 3.23 (0,0) 4 3.35 (2.15,4.55) NA 

3-(3-hydroxy-4-

methoxyphenyl)propanoic 

acid 17 3.83 (0.49,7.17) 18 

7.05 

(3.68,10.41) 16 3.82 (0.89,6.75) 17 4.57 (2.24,6.91) 1.000 

3-hydroxyhippuric acid    18 3.27 (1.85,4.7) 18 4.88 (2.72,7.05) 18 3.06 (1.51,4.62) 17 4.91 (2.87,6.96) 1.000 

3-(3-

hydroxyphenyl)propanoic 

acid  18 7.37 (3.67,11.08) 18 

13.87 

(8.58,19.16) 18 6.23 (2.71,9.75) 17 14.77 (5.24,24.3) 1.000 

 



   

308 

 

Table 5.15 (continued) 
Analyte Olympia blueberry   Protein bar   

 0 h  9 h  0 h  9 h  P 

4-methoxyphenylacetic 

acid 18 1.53 (-1.4,4.47) 18 

0.17 (-

0.02,0.35) 18 

1.54 (-

1.36,4.43) 17 0.37 (0.08,0.66) 0.002 

3-(4-

methoxyphenyl)propanoic 

acid-3-sulfate  17 0.69 (0.39,1) 16 0.83 (0.58,1.07) 17 0.56 (0.35,0.78) 15 0.71 (0.51,0.92) 1.000 

4-hydroxy-3,5-

dimethoxybenzoic acid    18 0.08 (0.01,0.14) 18 0.6 (0.36,0.83) 17 0.08 (0.02,0.14) 17 1.38 (0.91,1.84) 

1.89524E-

53 

3-(3-methoxy-4-

hydroxyphenyl)propanoic 

acid    18 5.18 (2.92,7.44) 18 

12.47 

(9.09,15.86) 18 6.29 (3.35,9.23) 17 

20.19 

(11.48,28.9) 0.152 

cis-4-hydroxycinnamic 

acid 17 0.82 (0.39,1.26) 17 0.99 (0.57,1.4) 18 0.58 (0.27,0.88) 17 0.68 (0.35,1.02) 0.116 

3-(4-

hydroxyphenyl)propanoic 

acid    18 11.23 (6.15,16.32) 18 

20.02 

(14.46,25.58) 18 

10.99 

(4.8,17.18) 17 

22.6 

(10.37,34.84) 1.000 

3,5-dihydroxybenzoic 

acid sulfate* 18 0.27 (0.16,0.38) 18 0.25 (0.18,0.33) 18 0.25 (0.16,0.34) 17 0.32 (0.19,0.44) 

1.24573E-

06 

dihydroxybenzenediol-O-

glucuronide* 18 0.34 (0.25,0.42) 17 0.31 (0.22,0.4) 17 0.29 (0.2,0.37) 14 0.33 (0.21,0.45) 1.000 

hippuric acid    18 

308.37 

(110.3,506.43) 18 

313.41 

(203.19,423.62) 18 

267.16 

(109.2,425.11) 17 

380.2 

(211.77,548.63) 1.000 

4-hydroxy-3-

methoxybenzoic acid 

methyl ester    12 1.16 (0.41,1.92) 17 1.21 (0.74,1.69) 11 1.46 (0.76,2.15) 13 1.59 (1.11,2.08) 0.380 

malvidin-3-O-

galactoside* N.D. N.D. N.D. N.D. N.D. N.D. 17 0.26 (0.19,0.33) 

4.26544E-

30 

malvidin-O-glucuronide 

isomer 2* 4 0.13 (0.09,0.17) 5 0.12 (0.11,0.14) 5 0.14 (0.11,0.17) 7 0.08 (0.02,0.14) 1.000 

myricetin-3-O-

galactoside* 2 

0.0001 

(0.0001,0.0001) 1 0.0001 (0,0) N.D. N.D. 1 2.63 (0,0) NA 

methoxybenzoic acid-O-

glucuronide (3/4 isomer) 18 2.21 (1.31,3.1) 18 4.45 (3.33,5.57) 18 2.18 (1.12,3.23) 17 4.2 (2.74,5.66) 0.498 
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Table 5.15 (continued) 

Analyte Olympia blueberry  Protein bar    

 0 h  9 h  0 h  9 h  P 

methoxybenzoic acid-

sulfate (3/4 isomer) 18 0.75 (0.65,0.85) 18 1.1 (0.92,1.28) 18 0.7 (0.6,0.8) 17 0.93 (0.78,1.08) 1.000 

methoxycinnamic acid-

O-glucuronide isomer 1 18 5.67 (2.33,9) 18 4.69 (1.46,7.93) 17 

5.66 

(1.84,9.47) 17 

9.18 

(5.55,12.81) 

1.22252E

-14 

methoxycinnamic acid-

O-glucuronide isomer 3 18 0.84 (0.24,1.44) 18 5.81 (3.57,8.05) 18 1.3 (-0.31,2.9) 17 4.23 (2.35,6.12) 0.800 

hydroxybenzaldehyde-O-

glucuronide 13 0.49 (0.03,0.95) 11 

0.18 (-

0.02,0.37) 17 

0.17 (-

0.02,0.36) 16 0.05 (-0.01,0.11) 0.714 

hydroxybenzoic acid-

sulfate isomer 3 15 0.18 (0.11,0.25) 17 0.27 (0.18,0.37) 17 

0.21 

(0.13,0.28) 17 0.23 (0.16,0.31) 1.000 

hydroxybenzenediol-

sulfate isomer 1 18 9.81 (4.96,14.67) 18 

14.36 

(9.64,19.09) 18 

13.33 

(0.27,26.39) 17 

12.11 

(8.35,15.88) 1.000 

3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 18 

829.42 

(340.08,1318.75) 18 

499.45 

(285.66,713.25) 18 

454.44 

(242.85,666.02

) 17 

538.51 

(320.38,756.65) 1.000 

peonidin-3-O-

galactoside* 

N.D

. N.D. 2 

0.06 (-

0.01,0.13) 

N.D

. N.D. 1 0.02 (0,0) NA 

peonidin-3-O-glucoside* 4 0.04 (-0.01,0.09) 3 0.01 (0.01,0.02) 3 

0.01 

(0.01,0.02) 3 0.04 (-0.02,0.1) 1.000 

peonidin acetyl 

glucoside* 18 0.1 (0.08,0.13) 18 0.1 (0.08,0.13) 18 0.1 (0.08,0.13) 17 0.1 (0.08,0.13) 0.645 

Values are unadjusted means (95% CI) of serum concentrations (ng/mL). N.D. indicates that no analyte was detected at a given time; 

NA reflects insufficient data for post-hoc analysis. One outlier (>5 SD) was excluded from the analysis. P is the post-hoc p-value 

between treatments based on linear mixed effects model with repeated measurements (p-values <0.05 are indicated in bold); only 

metabolites that significantly changed as per time x treatement interaction are shown. The time shown in this table reflects the average 

time at maximum concentration across treatment groups. An asterisk indicates compounds that do not meet quantitative performance 

criteria (i.e., linearity≥0.94, and/or concentration above the lower limit of quantitation). Analytes that are reported together could not be 

sufficiently resolved. 



 

310 

 

Olympia blueberry vs protein bar differences. Six analytes in serum (p≤0.054) were 

significantly different in individuals after having consumed Olympia blueberry vs the Elliott-rich 

protein bar, and included 3 hydroxycinnamic acids, 2 hydroyphenylacetic acids, and 1 

hydroxybenzoic acid.   

The cumulative urinary excretion of 2 analytes in urine were significantly higher (p≤1.78e-

5) following consumption of the berry-rich protein bar vs Olympia blueberry, and included 4-

hydroxy-3,5-dimethoxybenzoic acid (increased by 0.16 mg), and malvidin-3-O-galactoside 

(increased by 0.03 mg), whereas 5 analytes showed significantly higher total urinary recovery after 

Olympia blueberry (p≤0.046), including 2 anthocyanins, and 1  hydroxybenzoic acid, 

hydroyphenylacetic acid, and 3-(hydroxyphenyl)propanoic acid. Three serum analytes had 

significantly higher AUC (p≤0.0004), including 4-hydroxy-3,5-dimethoxybenzoic acid, 3-

methoxycinnamic acid-4-O-glucuronide, and methoxycinnamic acid-O-glucuronide isomer 1 

whereas 4-methoxyphenylacetic acid significantly increased by 3.76 ng*h/mL in serum (p=0.011) 

following consumption of Olympia blueberry vs protein bar. There was significant Cmax increase 

for 6 analytes post intake of protein bar (p≤0.013; Cmax of 4.2-20.83), including 4 hydroxycinnamic 

acids, one hydroxybenzoic acid, and one hydroxyphenylacetic acid. Tmax. Tmax was seen 

significantly later after intake of the protein bar for methoxycinnamic acid-O-glucuronide isomer 

1 by 2.91 h (p=0.001). Interestingly, of the analytes showing significantly different urinary 

recovery after Olympia blueberry and protein bar, only 4-hydroxy-3,5-dimethoxybenzoic acid 

showed significant difference in the serum area under the curve (increase by 24.01 ng*h/mL; 

p=1.03e-8) and in the serum Cmax (increase by 3.26 ng/mL; p=1.2e-16) after the protein bar, but 

similar Tmax after Olympia blueberry vs protein bar (p=0.056).  
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Elliott blueberry vs protein bar similarities. Sixty percent (12 of 20) of analytes were similar in 

serum (p≥0.085, Table 5.16) of individuals after intervention with Elliott blueberry and the protein 

bar, including primarily hydroxycinnamic acids, hydroxybenzoic acids, 3-

(hydroxyphenyl)propanoic acids, and hydroxyphenylacetic acids.  

Total urinary recovery of 18 analytes in urine was similar after intake of Elliott blueberry 

versus the protein bar (p≥0.126), and included primarily hydroxycinnamic acids (n=4); 

hydroxybenzoic acids (n=3); hydroxyphenylacetic acids (n=4); anthocyanins (n=3); and 3-

(hydroxyphenyl)propanoic acids (n=2). All 20 serum analytes showed similar area under the curve. 

Thirteen analytes displayed similar Cmax in serum (p≥0.071) between Elliott blueberry and protein 

bar, including 6 hydroxycinnamic acids; 3 hydroxybenzoic acids; 1 hydroxyphenylacetic acid; 1 

benzenediol, and 2 3-(hydroxyphenyl)propanoic acids. Tmax was similar for most analytes between 

Elliott blueberry and protein bar (19 analytes; p≥0.487), and significantly later after intake of 

Elliott blueberry for methoxybenzoic acid-O-glucuronide (3/4 isomer) by 2.97 h (p=0.023). Four 

analytes presenting similar total urinary recovery after Elliott blueberry vs protein bar (p≥0.407) 

also presented similar area under the curve (p≥0.264), Cmax (p≥0.079), and Tmax (p≥0.593), 

including 3-methoxycinnamic acid-4-O-glucuronide, methoxybenzoic acid-sulfate (3/4 isomer), 

methoxycinnamic acid-O-glucuronide isomers 1 and 3. 

 

 

 

 

 

 



 

312 

 

Table 5. 16 Blueberry-derived (poly)phenol metabolites concentration (ng/mL) which significantly changed in serum (time by 

treatment interaction) following the intake of Elliott blueberry and protein bar 

Analyte Elliott blueberry Protein bar  

 0 h  9 h  0 h  9 h  P 

 N mean (95% CI) N mean (95% CI) N mean (95% CI) N mean (95% CI)  
1,3-dihydroxybenzene     

17 0.68 (0,1.35) 18 

1.07 (-

0.24,2.37) 16 0.5 (-0.04,1.03) 17 0.37 (0.07,0.66) 1.000 

2,6-dimethoxybenzoic acid    

18 

0.59 (-

0.06,1.23) 16 1.57 (0.27,2.87) 14 0.34 (-0.12,0.8) 16 0.96 (-0.04,1.95) 1.000 

2,6-dihydroxybenzoic acid* 

12 

950.9 

(68.97,1832.83) 14 

536.79 (-

118.44,1192.01) 14 

394.48 (-

131.45,920.4) 13 

440.37 (-

109.33,990.07) 0.755 

3,4-dimethoxyphenylacetic acid    

18 6.83 (3.25,10.4) 18 

34.54 

(20.33,48.76) 18 

6.59 

(3.69,9.48) 17 

20.12 

(11.54,28.69) 1.000 

3-methoxycinnamic acid-4-O-

glucuronide 18 1.11 (0.64,1.58) 18 

8.22 

(6.02,10.41) 18 1.6 (0.57,2.63) 17 7.27 (4.53,10) 0.013 

3-methoxycinnamic acid-4-

sulfate 16 0.48 (0.25,0.71) 16 4.08 (2.14,6.03) 16 

0.93 

(0.21,1.65) 15 3.51 (1.29,5.73) 0.039 

3-methoxyphenylacetic acid-4-

sulfate 18 0.15 (0.08,0.22) 18 0.16 (0.09,0.23) 18 

0.15 

(0.08,0.22) 16 0.17 (0.09,0.25) 1.000 

3-methoxyphenylpropanoic 

acid* N.D. N.D. 1 152.21 (0,0) 1 0.0001 (0,0) 2 

654.63 

(245.76,1063.51) NA 

3-hydroxy-4-methoxycinnamic 

acid 12 3.22 (0.31,6.12) 16 3.39 (2.02,4.76) 10 

1.83 

(0.53,3.12) 14 2.19 (1.12,3.26) 1.000 

3-hydroxy-4-

methoxyphenylacetic acid    1 4.11 (0,0) 8 4.33 (2.99,5.68) 1 3.23 (0,0) 4 3.35 (2.15,4.55) NA 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 15 2.63 (0.74,4.53) 18 

10.7 

(6.64,14.75) 16 

3.82 

(0.89,6.75) 17 4.57 (2.24,6.91) 1 

3-hydroxyhippuric acid    

18 5.74 (1.98,9.5) 18 

13.1 

(6.98,19.22) 18 

3.06 

(1.51,4.62) 17 4.91 (2.87,6.96) 0.051 

3-(3-hydroxyphenyl)propanoic 

acid  18 

13.94 

(2.37,25.51) 17 

43.01 

(18.89,67.13) 18 

6.23 

(2.71,9.75) 17 14.77 (5.24,24.3) 0.164 

4-methoxyphenylacetic acid 

18 

1.18 (-

0.48,2.85) 18 0.33 (0.07,0.6) 18 

1.54 (-

1.36,4.43) 17 0.37 (0.08,0.66) 1.000 
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Table 5.16 (continued) 
Analyte Elliott blueberry   Protein bar    

 0 h  9 h  0 h  9 h  P 

3-(4-methoxyphenyl)propanoic 

acid-3-sulfate  17 0.65 (0.34,0.95) 17 1.37 (0.77,1.96) 17 0.56 (0.35,0.78) 15 0.71 (0.51,0.92) 1.000 

4-hydroxy-3,5-

dimethoxybenzoic acid    18 0.08 (0.02,0.13) 18 1.68 (1.29,2.06) 17 0.08 (0.02,0.14) 17 1.38 (0.91,1.84) 

4.84E-

11 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    18 

6.74 

(3.08,10.41) 18 

33.77 

(20,47.54) 18 6.29 (3.35,9.23) 17 

20.19 

(11.48,28.9) 1.000 

cis-4-hydroxycinnamic acid 17 0.77 (0.47,1.07) 18 0.87 (0.51,1.23) 18 0.58 (0.27,0.88) 17 0.68 (0.35,1.02) 0.982 

3-(4-hydroxyphenyl)propanoic 

acid    18 

21.33 

(7.38,35.29) 18 

54.55 

(27.15,81.96) 18 

10.99 

(4.8,17.18) 17 

22.6 

(10.37,34.84) 0.085 

3,5-dihydroxybenzoic acid 

sulfate* 18 0.26 (0.18,0.33) 18 0.3 (0.21,0.39) 18 0.25 (0.16,0.34) 17 0.32 (0.19,0.44) 0.010 

dihydroxybenzenediol-O-

glucuronide* 18 0.33 (0.23,0.43) 17 0.41 (0.3,0.52) 17 0.29 (0.2,0.37) 14 0.33 (0.21,0.45) 0.196 

hippuric acid    18 

324.79 

(96.66,552.92) 18 

411.12 

(272.89,549.35) 18 

267.16 

(109.2,425.11) 17 

380.2 

(211.77,548.63) 1.000 

4-hydroxy-3-methoxybenzoic 

acid methyl ester    16 1.06 (0.43,1.69) 15 1.79 (1.26,2.33) 11 1.46 (0.76,2.15) 13 1.59 (1.11,2.08) 0.169 

malvidin-3-O-galactoside* N.D. N.D. 18 0.42 (0.32,0.52) N.D. N.D. 17 0.26 (0.19,0.33) 0.957 

malvidin-O-glucuronide isomer 

2* 3 0.12 (0.1,0.14) 10 0.1 (0.05,0.14) 5 0.14 (0.11,0.17) 7 0.08 (0.02,0.14) 1.000 

myricetin-3-O-galactoside* 4 

1.77 (-

0.28,3.82) 3 1.04 (-0.8,2.88) N.D. N.D. 1 2.63 (0,0) NA 

methoxybenzoic acid-O-

glucuronide (3/4 isomer) 18 1.43 (0.83,2.03) 18 5.46 (2.89,8.03) 18 2.18 (1.12,3.23) 17 4.2 (2.74,5.66) 

4.73E-

04 

methoxybenzoic acid-sulfate 

(3/4 isomer) 18 0.68 (0.61,0.75) 18 0.94 (0.81,1.07) 18 0.7 (0.6,0.8) 17 0.93 (0.78,1.08) 0.016 

methoxycinnamic acid-O-

glucuronide isomer 1 16 6.6 (2.14,11.06) 18 8.6 (4.64,12.56) 17 5.66 (1.84,9.47) 17 

9.18 

(5.55,12.81) 0.020 

methoxycinnamic acid-O-

glucuronide isomer 3 18 0.59 (0.21,0.97) 18 4.78 (3.24,6.32) 18 1.3 (-0.31,2.9) 17 4.23 (2.35,6.12) 0.001 
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Table 5.16 (continued) 

Analyte Elliott blueberry   Protein bar    

 0 h  9 h  0 h  9 h  P 

hydroxybenzaldehyde-O-

glucuronide 11 0.39 (0,0.77) 14 

0.11 (-

0.01,0.23) 17 

0.17 (-

0.02,0.36) 16 0.05 (-0.01,0.11) 1.000 

hydroxybenzoic acid-sulfate 

isomer 3 18 0.16 (0.1,0.23) 17 0.34 (0.22,0.45) 17 0.21 (0.13,0.28) 17 0.23 (0.16,0.31) 0.547 

hydroxybenzenediol-sulfate 

isomer 1 18 

12.78 

(1.29,24.27) 18 

15.41 

(6.47,24.35) 18 

13.33 

(0.27,26.39) 17 

12.11 

(8.35,15.88) 1.000 

3-hydroxycinnamic acid 4-

sulfate & 4-hydroxycinnamic 

acid 3-sulfate (mixture of 

isomers) 18 

340.22 

(110.76,569.68) 18 

414.49 

(195.72,633.26) 18 

454.44 

(242.85,666.02) 17 

538.51 

(320.38,756.65) 0.688 

peonidin-3-O-galactoside* N.D. N.D. 1 0.02 (0,0) N.D. N.D. 1 0.02 (0,0) NA 

peonidin-3-O-glucoside* 2 0.01 (0.01,0.02) 2 0.01 (0.01,0.01) 3 0.01 (0.01,0.02) 3 0.04 (-0.02,0.1) 0.960 

peonidin acetyl glucoside* 18 0.11 (0.08,0.13) 18 0.11 (0.08,0.13) 18 0.1 (0.08,0.13) 17 0.1 (0.08,0.13) 1.000 

Values are unadjusted means (95% CI) of serum concentrations (ng/mL). N.D. indicates that no analyte was detected at a given time; 

NA reflects insufficient data for post-hoc analysis. One outlier (>5 SD) was excluded from the analysis. P is the post-hoc p-value 

between treatments based on linear mixed effects model with repeated measurements (p-values <0.05 are indicated in bold); only 

metabolites that significantly changed as per time x treatement interaction are shown. The time shown in this table reflects the average 

time at maximum concentration across treatment groups. An asterisk indicates compounds that do not meet quantitative performance 

criteria (i.e., linearity≥0.94, and/or concentration above the lower limit of quantitation). Analytes that are reported together could not be 

sufficiently resolved. 
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Elliott blueberry vs protein bar differences. Eight analytes were significantly different in serum 

between the Elliott blueberry and protein treatment (p≤0.051) and included hydroxycinnamic acids 

(n=4), hydroxybenzoic acids (n=3), and 1 hippuric acid.  

Three urinary analytes were excreted to a higher extent following Elliott blueberry vs 

protein bar (p≤0.047), including 3-O-caffeoylquinic acid (increased by 0.08 mg), benzoic acid 

(increased by 1.42 mg), and 3-hydroxyhippuric acid (increased by 5.54 mg; Figure 5.3) whereas 

4-hydroxy-3,5-dimethoxybenzoic acid displayed significantly higher excretion following intake 

of the protein bar (p=0.022; increased by 0.06 mg). Cmax of 5 analytes significantly increased after 

Elliott blueberry (p≤0.044; Cmax of 16.44-63.75 ng/mL), including one hydroxyphenylacetic, 3 3-

(hydroxyphenyl)propanoic acids; one hippuric acid. Conversely, 2 analytes displayed significantly 

increased Cmax after the protein bar (p≤0.026; Cmax of 4.47-10.88 ng/mL), including 

methoxybenzoic acid-O-glucuronide (3/4 isomer) (increased by 3.98 ng/mL), and 4-hydroxy-3,5-

dimethoxybenzoic acid (increased by 1.43 ng/mL). Tmax was seen significantly later after intake 

of Elliott blueberry for methoxycinnamic acid-O-glucuronide isomer 1 by 2.97 h (p=0.023). 

Interestingly, of the urine analytes presenting significantly different excretion after Elliott 

blueberry vs protein bar, 3-hydroxyhippuric acid also showed significantly difference in Cmax 

(increase by 9.82 ng/mL after Elliott blueberry; p=0.004), but similar area under the curve 

(p=0.356), and Tmax after Elliott blueberry vs protein bar (p=1.0).  

 

Control vs treatment comparisons. The analytes that displayed no significant difference 

(p≥0.089) in serum across the treatments and control included primarily 3-

(hydroxyphenyl)propanoic acids, and hydroxycinnamic acid. 
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Olympia blueberry vs control similarities. Relative to the control, total urinary excretion of 14 

analytes were similar (p≥0.080) following the control and Olympia blueberry, including 3 

hydroxycinnamic acids; 2 hydroxybenzoic acids; 2 hydroxyphenylacetic acids, and 3-

(hydroxyphenyl)propanoic acids; 1 caffeoylquinic acid, and flavanol; and 3 anthocyanins. This 

reflected similar for 12 analytes in serum area under the curve (p≥0.056), and included 2 

hydroxyphenylacetic acids, and 3-(hydroxyphenyl)propanoic acids; 3 hydroxycinnamic acids; 2 

hydroxybenzoic acids; and 1 hippuric acid.  

Cmax of 11 analytes in serum (p≥0.074) was similar between Olympia blueberry and the 

control, including 2 hydroxyphenylacetic acids; 3 hydroxycinnamic acids, and 3-

(hydroxyphenyl)propanoic acids; 1 hydroxybenzoic acid, hippuric acid, and benzenediol. Tmax was 

similar for all 20 analytes between Olympia blueberry and control (p≥0.123). Of the urine analytes 

presenting similar excretion after Olympia blueberry and control, methoxycinnamic acid-O-

glucuronide isomer 1 also showed similar area under the curve, Cmax and Tmax (p=1.0 for the three 

parameters), whereas methoxybenzoic acid-sulfate (3/4 isomer) also showed similar Tmax 

(p=0.123), but increased area under the curve (p=5.6e-9) and Cmax (p=1e-6) after Olympia blueberry.  

 

Elliott blueberry vs control similarities. Nine analytes in urine (p≥0.106) showed similar 

cumulative urinary elimination following the control and Elliott blueberry, including 2 

hydroxycinnamic acids, hydroxybenzoic acids and anthocyanins; 1 hydroxyphenylacetic acid, 

flavanol, and 3-(hydroxyphenyl)propanoic acid (Figure 5.3). This was reflectec by 6 analytes in 

serum area under the curve (p≥0.191), and included 2 hydroxycinnamic acids, and 3-

(hydroxyphenyl)propanoic acids; 1 hydroxybenzoic acid and benzenediol; and 3 analytes in serum 

(p≥0.109) were observed to have similar Cmax between Elliott blueberry and the control, including 
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cis-4-hydroxycinnamic acid, 4-hydroxy-3-methoxybenzoic acid methyl ester  and 

hydroxybenzenediol-sulfate isomer 1 . Tmax was similar for most analytes between Elliott 

blueberry and control (19 analytes; p≥0.082), and significantly later after intake of Elliott blueberry 

for methoxycinnamic acid-O-glucuronide isomer 1 by 4.48 h (p=9.73e-5). Of the urine analytes 

presenting similar excretion after Elliott blueberry and control, methoxybenzoic acid-sulfate (3/4 

isomer) also showed similar Tmax (p=1.0), but increased area under the curve and Cmax (p=0.002 

for both parametes) after Olympia blueberry, whereas methoxycinnamic acid-O-glucuronide 

isomer 1 showed increased area under the curve (p=0.001), Cmax (p=0.007) and Tmax (p=9.73e-5) 

after Elliott blueberry. 

 

Olympia blueberry vs control differences. Overall 14 analytes showed a significant difference 

in serum concentration relative to the control meal after Olympia blueberry intake (p≤0.043, 

Supplementary Table 6), 16 analytes following Elliott blueberry consumption (p≤0.018), and 16 

following consumption of the protein bar (p≤0.021). Eight analytes displayed statistically 

increased recovery in urine (p≤0.027) after Olympia blueberry vs the control, including two 

hydroxybenzoic acids, hippuric acids and hydroxyphenylacetic acids; one hydroxycinnamic acid 

and valerolactone. Eight serum analytes were significantly increased AUC   after Olympia 

blueberry (p≤0.006), including 3 hydroxycinnamic acids, and hydroxybenzoic acids; 1 

benzenediol, and 3-(hydroxyphenyl)propanoic acid. Nine serum analytes displayed significantly 

increased Cmax after Olympia blueberry (p≤0.028), and included 4 hydroxybenzoic acids; 3 

hydroxycinnamic acids; and 2 3-(hydroxyphenyl)propanoic acids. No analyte displayed 

differences in Tmax after Olympia blueberry and control (p≥0.123). Of the analytes displaying 

significantly different total urinary elimination, 4-hydroxy-3,5-dimethoxybenzoic acid and 



   

318 

 

methoxycinnamic acid-O-glucuronide isomer 3 also displayed significantly increased serum area 

under the curve (by 8.33 and 107.12 ng*h/mL, respectively; p≤1.84e-9), and Cmax (by 0.87 and 

15.87 ng/mL, respectively; p≤7.3e-9) after Olympia blueberry, but similar Tmax (p≥0.164) between 

Olympia blueberry and control. Conversely, methoxycinnamic acid-O-glucuronide isomer 1 and 

3-hydroxyhippuric acid showed significant difference in urinary elimination, but similar serum 

area under the curve (p=1.0), Cmax (p=1.0) and Tmax (p≥0.136) after Olympia blueberry and control. 

 

Elliott blueberry vs control differences. Overall, 11 analytes displayed statistically increased 

recovery in urine (p≤0.035) after Elliott blueberry vs the control, including 2 hydroxybenzoic 

acids, hippuric acids and hydroxycinnamic acids; 1 hydroxyphenylacetic acid, 3-

(hydroxyphenyl)propanoic acid, caffeoylquinic acid, anthocyanin (malvidin-3-O-galactoside), and 

valerolactone, while 4-hydroxyphenylacetic acid decreased by 1.4 mg after Elliott blueberry 

(p=0.015), and hydroxyphenylacetic acid-O-glucuronide decreased by 191 mg (p=0.020).  

This was reflected by 13 serum analytes that showed significantly increased area under the 

curve after Elliott blueberry vs protein bar (p≤0.013) and included 4 hydroxybenzoic acids, and 

hydroxycinnamic acids; 3 3-(hydroxyphenyl)propanoic acids; and 1 hippuric acid while the area 

under the curve for 4-methoxyphenylacetic acid significantly decreased by 10.51 ng*h/mL after 

Elliott blueberry vs control (p=0.003). Seventeen analytes displayed significantly increased Cmax 

following Elliott blueberry intake vs control (p≤0.009; 3.04-63.75 ng/mL at 3.65-10.34 h), 

including 5 hydroxycinnamic acids, hydroxybenzoic acids, and 3-(hydroxyphenyl)propanoic acid; 

and 2 hydroxyphenylacetic acids. Also, methoxycinnamic acid-O-glucuronide isomer 1 was the 

only analyte that showed significant difference in Tmax after intake of Elliott blueberry and 

control, which was significantly later after Elliott blueberry (p=9.73e-5). Interestingly, of the 
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analytes displaying significant total urinary elimination, 3-methoxycinnamic acid-4-O-

glucuronide, 4-hydroxy-3,5-dimethoxybenzoic acid    and methoxycinnamic acid-O-glucuronide 

isomer 3 showed significantly increased area under the curve (by 87.42, 23.84 and 66.66 ng*h/mL, 

respectively; p≤2.58e-8), and Cmax (by 10.9, 2.7 and 9.6, respectively; p≤4.7e-11) after Elliott 

blueberry vs control, but similar Tmax (p≥0.374). 

 

Control vs protein bar. Sixteen analytes in urine (p≥0.074) showed similar total urinary excretion 

following the control and protein bar, including 2 hydroxycinnamic acids, 3-

(hydroxyphenyl)propanoic acids, hippuric acids, and anthocyanins; 3 hydroxybenzoic acids and 

hydroxyphenylacetic acids; 1 1 caffeoylquinic acid, and flavanol.  

Seven analytes displayed similar serum AUC (p≥0.444), and included 2 hydroxybenzoic 

acids; 3 3-(hydroxyphenyl)propanoic acids; 1 hydroxycinnamic acid and hippuric acid. The Cmax 

of 6 analytes in serum (p≥0.341) was similar between protein bar and the control, including 3 3-

(hydroxyphenyl)propanoic acids; 1 hydroxycinnamic acid, hippuric acids and benzenediol.. Tmax 

was similar for 16 analytes between protein bar and control (p≥0.168), including 5 hydroxybenzoic 

acids and 3-(hydroxyphenyl)propanoic acids; 3 hydroxycinnamic acids; 2 hydroxyphenylacetic 

acids; and 1 benzenediol. Of the urine analytes presenting similar excretion after Elliott blueberry 

and control, 3-hydroxyhippuric acid also showed similar area under the curve and Cmax (p=1.0 for 

both parameters), but increased Tmax (p=0.024) after the protein bar. Simialarly, methoxybenzoic 

acid-sulfate (3/4 isomer) also showed simialr Tmax (p=0.892), but increased area under the curve 

(p=2.4e-6) and Cmax (p=2.3e-7) after protein bar, whereas methoxycinnamic acid-O-glucuronide 

isomer 1 showed increased area under the curve (p=3.86e-6), Cmax (p=9.0e-5) and Tmax (p=9.68e-6) 

after the bar. 
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Six analytes displayed statistically increased recovery in urine (p≤0.018) after protein bar 

vs the control, including 2 hydroxycinnamic acids; 1 hydroxybenzoic acid, hydroxyphenylacetic 

acid, anthocyanin (malvidin-3-O-galactoside), and valerolactone. This was reflected by 13 serum 

analytes that displayed significantly increased area under the curve following intake of the protein 

bar (p≤0.032), including 5 hydroxycinnamic acids; 3 hydroxybenzoic acids; 2 

hydroxyphenylacetic acids; and 1 benzenediol. Also, 14 serum analytes showed significantly 

increased Cmax after the protein bar vs control (p≤0.019; 0.37-22.04 ng/mL at 2.48-10.85 h), 

including 5 hydroxycinnamic acids and hydroxybenzoic acids, 2 hydroxyphenylacetic acid and 3-

(hydroxyphenyl)propanoic acids. Tmax was significantly earlier after intake of protein bar for 3-

methoxycinnamic acid-4-O-glucuronide by 4.07 h (p=0.008), and 3-methoxycinnamic acid-4-

sulfate by 2.99 h (p=0.001), and significantly later for 3-hydroxyhippuric acid by 4.36 h (p=0.024), 

and methoxycinnamic acid-O-glucuronide isomer 1 by 4.49 h (p=9.68e-6). Interestingly, of the 

analytes presenting significant difference in urinary elimination extent, 3-methoxycinnamic acid-

4-O-glucuronide, 4-hydroxy-3,5-dimethoxybenzoic acid and methoxycinnamic acid-O-

glucuronide isomer 3 showed significant increase in serum area under the curve (by 121.91, 32.34 

and 115.23 ng*h/mL, respectively; p≤7.40e-11) and Cmax (by 16.04, 4.13 and 16.67 ng/mL, 

respectively; p≤5.1e-15) after intake of the protein bar vs control while they showed no significant 

difference in Tmax.(p≥0.593). 

5.5 Discussion 

The present study showed that there are limited overall differences in (poly)phenol metabolite 

bioavailability after consumption of one serving (equivalent to 150 g) of two different varieties of 

blueberries containing distinct phytochemical compositional and bioaccessible compounds, 

neither compared to a minimally processed protein bar containing Elliott blueberry variety, 
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presenting higher bioaccessible (poly)phenolic content. To our knowledge, this is the first study to 

compare (poly)phenol bioavailability between consumption of two different genotypic varieties of 

blueberries, while previous studies have evaluated bioavailability after consumption of different 

amounts of blueberries (17, 32) or compared processed foods (i.e,. juice and bun) containing 

blueberries (18). Given that consumption of fruits is correlated with health benefits, such as 

blueberries, and consumption levels of fruits are low in the United States, the development of a 

consumer-friendly and accessible product such as a snack bar, that delivers the same benefits as 

the whole fruit (in this case berry), could be important to achieving optimal health. 

The intervention visits for this study occurred over COVID-19, and 34.5% dropout was 

observed over the clinical visits which took 21.5 months to complete. Although we had initially 

estimated that 23 participants would be required to achieve significant differences in (poly)phenol 

bioavailability (power of 80% and α=0.05), reevaluation of the recruitment strategy was performed 

based on recent berry bioavailability studies, which resulted in a minimum of 16 participants to 

observe significant differences. The results reported herein comprise of 18 participants across fours 

treatment groups (Olympia blueberry, Elliott blueberry, blueberry-rich protein bar, and control), 

satisfying the minimum sample size required to achieve significant differences with a power of 

80%. 

Thirteen percent of the analytes investigated (22 of 169) for differences in total urinary 

excretion (calculated in mg of total recovered analytes in the total urine volume adjusting for 

analyte molecular weight) displayed significant treatment effects, comprising primarily 

hydroxycinnamic acids, hydroxybenzoic acids and hydroxyphenylacetic acids, 5 of which were 

recently reported to have significantly increased in urine following blueberry consumption (17, 

31). The majority of these metabolites (45.45%) were free phenolic acids, followed by phase II 
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conjugates (glucuronide or sulfate) of small molecule microbial metabolites (40.91%), and only 

13.64% of the analytes which were significantly different in treatment effects ANOVA (for total 

urinary excretion) were unmetabolized precursors forms from the diet. Similarly, 12% of serum 

metabolites (20 out of 169) displayed significant treatment, time, and treatment by time interaction 

(in the main effects ANOVA), 7 of which were previously reported to have increased significantly 

in serum/plasma after blueberry intake (17, 18, 31, 34), while 34% of measured analytes (58 of 

169 analytes) displayed either a significant time*treatment, treatment, or time effect, and were also 

primarily hydroxybenzoic acids and hydroxycinnamic acids, and with nearly a third (27%) present 

as phase II conjugates (i.e., glucuronic acid or sulfate) in serum.  

Similarly, many serum metabolites (10 of 169) displayed significant treatment (p≤0.013) 

and time effects (p≤0.020), but no interaction between time and treatment, including: 2,  

hydroxybenzoic acids, and anthocyanins; 1, 3-(hydroxyphenyl)propanoic acid, 

hydroxyphenylacetic acid, hippuric acid, flavonol (gallocatechin-O-glucuronide isomer 1, 

valerolactone, and benzenediol. It is not surprising that our assay was able to quantify differences 

in such high numbers of metabolites (i.e., metabolites displaying time by treatment and treatment 

effects), as it is a targeted assay, developed and optimized to capture previously reported berry 

precursors and glucuronide and sulfate derivatives. 

As initially hypothesized, we observed that consuming berries and berry-rich protein bars 

would significantly increase the extent of urine and serum (poly)phenol metabolites relative to the 

control. Further, we hypothesized that most analytes would display similar responses in urine and 

blood following intake of each blueberry variety and protein bar, which was the case, and suggests 

general bioequivalence among the tested treatments. It is interesting that 14 analytes previously 

reported in blueberry intervention studies to have increased significantly in urine post consumption 
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(17, 29, 31) did not display significant treatment effects (p≥0.067) in the present study. Similarly, 

22 analytes previously reported to significantly increase in serum in blueberry intervention studies 

(17, 18, 31, 34) also did not display time by treatment interactions (p≥0.228) in the present study, 

including 1 hydroxybenzoic acid and hippuric acid which displayed treatment (p≤0.002) and time 

effects (p≤0.0004), and 5 others displaying treatment (p≤0.026) but no time effect (p≥0.208), 

including 2 hydroxybenzoic, and hydroxycinnamic acids, and 1 3-(hydroxyphenyl)propanoic acid. 

Further, 6 displayed significant time (p≤3.73e-5) but no treatment effect (p≥0.066), including 2 

hydroxyphenylacetic acids, and 1 hydroxybenzoic, hydroxycinnamic, hippuric, and glutamic acid 

while 9 displayed no significant effects. This suggests that either other (poly)phenol research 

groups have assays or instruments that are more sensitive to these analytes than ours, or differences 

in berry compositions, berry genotype or phenotype used, intervention study design, or populations 

studied. Differences in metabolites reported across studies is likely, as absorption, metabolism and 

pharmacokinetics is impacted considerably by the background diets, microbiome, and genetics of 

the study participants, which are distinct between studies. 

Among the three anthocyanins that showed significant treatment effects in urine, malvidin-

3-O-galactoside displayed the highest abundance in blueberries (69.51 mg/150g, Olympia and 

165.35 mg/150g, Elliott), while cyanidin-3-O-galactoside and peonidin-3-O-galactose were also 

abundant in blueberries (3.41-15.90 mg/150g), with peonidin-3-O-glucoside, displaying one of the 

lowest concentrations (0.03-0.23 mg/150g). Even though these anthocyanin metabolites displayed 

treatment effects, they appear to be only a minor secondary metabolites of anthocyanins, as 

reflected by their low concentrations (captured between the limits of detection and quantitation). 

Further, as peonidin-glucosides are found in extremely low concentrations in the berry treatments, 

and therefore was probably a metabolite of the more abundant cyanidin-3-O-galactoside, which 
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can be converted to peonidin-3-O-glucoside by catecholamine-O-methyltransferase, transferring a 

methyl group to a cyanidin-B ring catechol hydroxyl. Further, considering peonidin’s substrate is 

likely to be a cyanidin galactose, the identification of a peonidin-glucoside is likely an assay 

misclassification as peonidin-galactoside and peonidin-glucoside have the same monoisotopic 

mass (449.1078379) and chemical formula (C21H21O11) and negligible chromatographic 

separation. These results indicated that anthocyanins were derived from the interventions 

blueberries and blueberry protein bar, and that they were increasing across time as expected, 

however, their extremely low abundance indicates their lower molecular weight microbial 

catabolites are the primary metabolites following consumption.  

Among the berry-derived analytes displaying treatment*time interaction, treatment, and 

time effects in serum main effects ANOVA, 55% of the analytes differed in serum concentrations 

between berry varieties (11 out of 20; p≥0.062). This was not reflected in the cumulative urinary 

excretion where 85% of analytes (17 out of 22 analytes; p≥0.067) had similar recoveries between 

the berry treatments. The similar analytes in both matrices and analysis were primarily 

hydroxycinnamic, 3-(hydroxyphenyl)propanoic, hydroxybenzoic and hydroxyphenylacetic acids, 

suggesting that despite the substantially different levels and bioaccessible amounts of individual 

analytes, such as anthocyanins, phenolic acids, and other (poly)phenols, between the berry 

varieties (Table 5.17), their total phytochemical constituents were absorbed and excreted to similar 

extents, with about 21% less urinary excretion of total (poly)phenols following consumption of 

Olympia vs Elliott blueberry. This disconnect between absolute compositional abundance and 

bioavailability is most likely the consequence of differences in bioaccessibility, as a result of the 

impact of matrix components on digestion and absorption. Alternatively, the few analytes (5 in 

urine and 9 in serum) differing significantly, including hydroxycinnamic acids, hydroxybenzoic, 



   

325 

 

and 3-(hydroxyphenyl)propanoic acids, anthocyanins, a caffeoylquinic acid, a hippuric acid, and 

a hydroxyphenylacetic acid; possibly reflects differences in abundance of anthocyanins in the two 

berry varieties, or possibly differential microbial catabolism and absorption of microbial 

metabolites resulting from berry phenotypic differences, such as size, skin thickness, pectin, fiber, 

etc., impacting bioaccessibility. Additionally, although some of the anthocyanins presenting 

significant effects in blood and urine were below the limit of quantitation, their maximal 

concentrations (5 anthocyanins, Cmax=0.04-0.44 ng/mL) were reached rapidly (Tmax=3.11-25.5 

h,) which was mirrored by rapid and low recovery in the urine (recovery=0.0002-0.44 mg). Low 

serum anthocyanin concentration, and their rapid absorption and elimination have been previously 

reported (30), suggesting either a low absorption or a rapid metabolism to lower molecular weight 

phenolic microbial metabolites.  
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Table 5. 17 Concentration and absolute bioaccessibility of (poly)phenols in raw Elliott and Olympia blueberries, and total 

urinary recovery and serum area under the curve of (poly)phenols following consumption of blueberries  

 Mass in fruits (mg/150g) 

Absolute 

Bioaccessibility 

(mg/150g) 

Total urinary recovery 

(mg) 

Serum area under the curve 

(ng*h/mL) 

Sum of means n 

Elliott 

blueberry 

Olympia 

blueberry 

Elliott 

blueberry 

Olympia 

blueberry n 

Elliott 

blueberry 

Olympia 

blueberry n 

Elliott 

blueberry 

Olympia 

blueberry 

Polyphenols 16 446.49 262.22 140.38 21.62 5 2.63 1.61 1 368.99 467.43 

Phenolic acids 2 81.62 54.09 41.97 3.77 17 176.87 140.80 19 3520.35 2581.97 

Total 

(poly)phenols 18 528.11 316.31 182.35 25.39 22 179.50 142.41 20 3889.34 3049.40 

n indicates the number of analytes included in the sum of means. 
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The cumulative urinary excretion of 68.18-81.82% analytes was similar between the 

Olympia and Elliott blueberries and the protein bar, comprising primarily hydroxycinnamic, 

hydroxyphenylacetic, and hydroxybenzoic acids. These results suggest that for the majority of 

berry-derived metabolites, despite the substantially different food forms (i.e., whole berry vs 

minimally processed berry-rich protein bar) they are present in, the absorption and excretion of 

anthocyanins and phenolic acids was similar; demonstrating that processing had little effect on 

berry phytochemical bioavailability.  

Differences in urinary elimination were observed for 3 anthocyanins, and only 1 

hydroxybenzoic, hippuric, caffeoylquinic, hydroxyphenylacetic and 3-(hydroxyphenyl)propanoic 

acid, and the majority of these were increased after consumption of the berries. Two of these 

analytes also has significantly different Cmax. For example, 3-hydroxyhippuric acid showed higher 

urinary recovery and serum Cmax after consumption of Elliott blueberry vs protein bar, which was 

achieved earlier than the Cmax after the protein bar, reflecting possible differences in the digestion 

of whole blueberries versus the protein bar based matrix. Conversely, 4-hydroxy-3,5-

dimethoxybenzoic acid showed higher urinary recovery and serum Cmax after consumption of the 

protein bar vs each blueberry variety, but an earlier Cmax was observed after the blueberry 

treatments. Considering the phytochemical concentrations of the berry varieties differed 

considerably, it is suggesting that there was limited difference in absorption and metabolism of 

their phytochemical constituents relative to the protein bar. This may be a consequence of the 

forms of the protein consumed in the present study, as solid versus a liquid (i.e., the macronutrient-

matched beverage consumed as a control and with blueberry interventions), which was reported 

in a blueberry (poly)phenol bioavailability study after a bun and a juice containing blueberry, 

where significantly higher Cmax was observed for a few metabolites after consumption of the bun 



   

328 

 

versus the juice (18). These findings together indicate that the bioaccessible fraction of 

phytochemicals in berries and minimally processed products containing berries is relatively 

consistent, despite differences in phytochemical concentrations and matrices of the treatment 

foods. 

As expected, a large number of blueberry-derived metabolites were significantly increased 

in urine and serum after the berry treatments relative to the berry-free control; for example, 8 and 

8 analytes following Olympia blueberry; 11 and 13 analytes following Elliott blueberry; and 6 and 

13 analytes following the berry-rich protein bar treatment (urine and serum, respectively). 

Primarily these analytes consisted of hydroxybenzoic, hydroxycinnamic, and 3-

(hydroxyphenyl)propanoic acids, indicating these metabolites were primarily berry-derived. Some 

analytes were not significantly different than the control, including primarily hydroxycinnamic, 3-

(hydroxyphenyl)propanoic, and hydroxybenzoic acids in urine or  hydroxycinnamic acids, 3-

(hydroxyphenyl)propanoic acids, and hydroxyphenylacetic acids in serum, suggesting that these 

metabolites are primarily endogenous.  

It is important to note that a previous blueberry bioaccessibility study (9) has reported some 

blueberry-derived glycosides that are not reported in the present study, including glucosides and 

arabinosides of quercetin, cyanidin, malvidin, peonidin, and petunidin. These compounds together 

with their aglycones are not included in the present study because they displayed no signal on an 

MRM scan in serum samples from a previous blueberry intervention study (31) feeding 1/2 and 1 

cup of blueberries compared to blank samples during our method development. 

To our knowledge, this is the first study to assess a two consecutive 24-hour collection of 

baseline urine to establish stable background conditions prior to a berry intervention. The analysis 

of both urine samples revealed no significance between collections (p≥0.077), which ensured the 
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efficacy of the dietary washout week where participants consumed low-(poly)phenolic foods, 

suggesting that a single 24-hour urine collection before the intervention visit is appropriate for 

establishing a relatively stable baseline in nutrition metabolomic studies, provided background 

diets are tightly controlled. 

The present study showed that consumption of blueberry varieties containing 

phytochemicals of differential bioaccessibility yield similar bioavailability. This was also reflected 

in the bioavailability of berry phytochemicals after intake of a minimally processed blueberry-rich 

protein bar relative to whole berries. It is important to note that the minimally processed berry-rich 

protein bar analyzed herein represents a much higher content of (poly)phenols than commercially 

available blueberry-containing protein bars and, therefore, the findings of the present pilot study 

should not be equally compared with presently marketed bars. Instead, they may be applied to the 

development of nutrient-dense food products, targeting prolonged shelf-life, and use of various 

crops of fruits and vegetables, ideally followed by testing of bioaccessibility and bioavailability.   
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5.8 Supplementary Material 

Supplementary Table 5. 1 Food Exclusion and Alternatives List 
Food to Exclude from Diet Foods to Limit* Suggested Alternatives 

FRUITS (including products containing them) 

Berries: Bilberry, Blackberry, 

Blueberries, Cranberry, 

Elderberry, Lingonberry, 

Raspberry and Strawberry  

Blackcurrant and Currants 

Pomegranate      

Plum, Prunes 

Raisins         

Redcurrant 

Red apples  

Red or blood orange 

Red/purple/blue grape 

Apricots 

Orange/citrus 

Pear 

Mango 

Grapefruit 

Green apples 

Green grapes 

Avocado 

Banana 

Clementine 

Kiwi 

Lemon 

Melon 

Nectarine 

Peach 

Pineapple 

VEGETABLES (including products containing them) 

Barley 

Black olives 

Eggplant 

Nut skin 

Purple carrots 

Radish 

Red or black beans 

Red cabbage    Red onion 

Red/purple potato 

Soybean and soy-based foods 

Beetroot 

Brussel sprouts 

Green olives 

Oregano       

Parsley 

Purple basil 

Purple corn 

Rhubarb 

Spinach 

Sweet corn   

White onion 

Broccoli        Pepper 

Carrots         Peas 

Cauliflower      Pumpkin 

Celery           Tomato 

Cucumber       Shallot  

Lettuce        Zucchini 

Leek          Parsnip 

Lentil             

Rice  

Green bean           

Green/white cabbage 

BEVERAGES  (including products containing them) 

Juices derived from any above 

listed berries, fruits or vegetables 

Red wine 

Energy drinks, e.g. Red Bull, 

Powerade, Gatorade 

Coke/cola 

-a maximum of 2 medium cups (12-

16 oz.) a day of tea and coffee. 

-**Food and Drugs Administration 

recommends no more than 7 alcoholic 

drinks per week for women and 14 

drinks per week for men 

Carbonated drinks, e.g. Sprite 

Fruit juices from non-berry sources, 

e.g. green apple and white grape 

juice etc. 
Lager, cider, spirits/liquor, white wine 

Malted drinks  

Milk        

 Water  

OTHERS (including products containing them) 

Cinnamon 

Dark Cocoa/chocolate 

Jams, sauces or dessert toppings 

derived from any above listed 

berries or fruits 

Cured and canned meat (e.g. bacon, 

ham, sausage, corned beef), Smoked 

fish 

Purple corn tortillas or crisps 

Milk or white chocolate 

Fresh meat (e.g. chicken, turkey, 

beef, pork, lamb) 

Fresh fish 

*Please, consume a maximum combined intake of 10 portions per week from the ‘FOODS TO LIMIT’ (yellow 

column). Portion Sizes: a portion is about 1 medium sized piece of fruit such as an apple, 1 medium cup (12-16 oz.) 

of tea/coffee, or 3.5 oz. of vegetables. If you are in doubt about a specific food, a good rule of thumb is “if it’s red or 

blue, then it’s not for you”. **A drink of alcohol is defined as about 12 fl oz. of 5% alcohol beer, 5 fl oz. of 12% 

alcohol wine, 1.5 fl oz. of 80 Proof distilled spirits (40% alcohol) according to the U.S. Department of Health and 

Human Services and U.S. Department of Agriculture Dietary guidelines 2015-2020. 



 

337 

 

Supplementary Table 5. 2 Reference Standard list and number of MS transitions utilized 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

dihydroxyphenylacetic acid isomer 2 diOH-PAA-IS2 166.83-97.1-PQ 3-hydroxyphenylacetic 

acid    

4 N/A 

(2)-hydroxy(4-hydroxyphenyl)acetic 

acid 

2-OH-4-OH-

PAA 

1198-84-1 reference standard 3 168.04 

3-hydroxybenzyl alcohol    3-OH-Balc 620-24-6 reference standard 3 124.05 

3,5-dihydroxybenzyl alcohol    35-diOH-Balc 29654-55-5 reference standard 4 140.05 

3,4,5-trimethoxybenzoic acid 345-triOCH-BA 118-41-2 reference standard 3 212.07 

hydroxybenzoic acid-sulfate isomer 1 OH-BA-Sulf-

IS1 

233.1-153.1-PQ 3,5-dihydroxybenzoic 

acid sulfate 

4 N/A 

hydroxybenzenediol-sulfate isomer 1 OH-B-Sulf-IS1 189-109.1-PQ 3,5-dihydroxybenzoic 

acid sulfate 

4 N/A 

4-hydroxybenzyl alcohol    4-OH-Balc 623-05-2 reference standard 2 124.05 

alpha-hydroxyhippuric acid    alpha-OH-HA 16555-77-4 reference standard 4 195.05 

1,2-dihydroxybenzene     12-diOH-B 120-80-9 reference standard 3 110.04 

4-hydroxyhippuric acid    4-OH-HA 2482-25-9 reference standard 3 195.05 

3,4-dihydroxybenzoic acid 34-diOH-BA 99-50-3 reference standard 5 154.03 

3,4,5-trihydroxybenzaldehyde    345-triOH-Bald 13677-79-7 reference standard 3 154.03 

3,5-dihydroxybenzoic acid    35-diOH-BA 99-10-5 reference standard 5 154.03 

5-hydroxyphenylpropanoic acid-3-O-

glucuronide 

5-OH-PPA-3-

OGlcA 

356.69-113-S reference standard 3 N/A 

3-hydroxyhippuric acid    3-OH-HA 1637-75-8 reference standard 4 195.05 

3,5-dihydroxybenzoic acid sulfate 35-diOH-BA-3-

Sulf 

232.8-152.9-S reference standard 2 277.95 

hydroxyphenyl-gamma-valerolactone-O-

glucuronide isomer 1 

OH-phenyl-g-

Val-OGlcA-IS1 

383.01-207.03-

PQ 

5-(3,4-dihydroxyphenyl)-

gamma-valerolactone 

5 N/A 

3,4-dihydroxybenzaldehyde    34-diOH-Bald 139-85-5 reference standard 3 138.03 

3-methoxybenzoic acid-4-O-glucuronide   3-OCH-BA-4-

OGlcA 

N/A reference standard 3 342.10 

4-methoxybenzoic acid-3-O-glucuronide 4-OCH-BA-3-

OGlcA 

343.1-113.1-PQ reference standard 3 344.07 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

3,5-dihydroxybenzaldehyde    35-diOH-Bald 26153-38-8 reference standard 2 138.03 

3-hydroxybenzoic acid    3-OH-BA 99-06-9 reference standard 3 138.03 

4-hydroxybenzoic acid    4-OH-BA 99-96-7 reference standard 2 138.03 

2,4-dihydroxybenzaldehyde    24-diOH-Bald 95-01-2 reference standard 4 138.03 

13C6 hippuric acid 13C6-HA N/A reference standard 3 N/A 

hippuric acid    HA 495-69-2 reference standard 3 179.06 

benzoic acid-4-sulfate   BA-4-sulf 217-137-S reference standard 6 217.99 

hydroxyphenylacetic acid-O-glucuronide OH-PAA-

OGlcA 

321.05-151.11-

PQ 

5-

hydroxyphenylpropanoic 

acid-3-O-glucuronide 

4 N/A 

3-hydroxy-4-methoxyphenylacetic acid    3-OH-4-OCH-

PAA 

1131-94-8 reference standard 2 182.06 

3-(3,4-dihydroxyphenyl)propanoic acid    34-diOH-PPA 1078-61-1 reference standard 3 182.06 

2,6-dimethoxybenzoic acid    26-diOCH-BA 1466-76-8 reference standard 3 182.06 

3-methoxyphenylacetic acid-4-sulfate 3-OCH-PAA-4-

Sulf 

38339-06-9 reference standard 5 262.01 

4-hydroxy-3-methoxyphenylacetic acid 4-OH-3-OCH-

PAA 

306-08-1 reference standard 1 182.06 

cinnamic acid-4-O-glucuronide CIA-OGlcA 214689-30-2 reference standard 2 340.08 

3-methoxybenzoic acid-4-sulfate 3-OCH-BA-4-

Sulf 

N/A reference standard 3 248.00 

4-methoxybenzoic acid-3-sulfate   4-OCH-BA-3-

Sulf 

247.001-167-S reference standard 3 248.00 

3-hydroxyphenylacetic acid    3-OH-PAA 621-37-4 reference standard 3 152.05 

5-O-caffeoylquinic acid    5-CQA N/A 4-O-caffeoylquinic acid    4 354.10 

hydroxy-methoxybenzenediol-sulfate OH-OCH-B-

Sulf 

205.1-125.1-PQ 3,5-dihydroxybenzoic 

acid sulfate 

4 N/A 

hydroxyphenylvalerolactone-sulfate 

isomer 2 

OH-phenyl-Val-

Sulf-IS2 

287.01-207-PQ 5-(3-hydroxyphenyl)-

gamma-valerolactone-4-

O-sulfate  

4 N/A 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

hydroxybenzenediol-sulfate isomer 2 OH-B-Sulf-IS2 189.001-109.1-

PQ 

3,5-dihydroxybenzoic 

acid sulfate 

4 N/A 

2,3-dihydroxybenzoic acid 23-diOH-BA 303-38-8 reference standard 2 154.03 

2,5-dihydroxybenzoic acid    25-diOH-BA 490-79-9 reference standard 3 154.03 

3-hydroxybenzaldehyde    3-OH-Bald 100-83-4 reference standard 3 122.04 

4-hydroxybenzaldehyde    4-OH-Bald 123-08-0 reference standard 3 122.04 

phenylvalerolactone-sulfate-O-

glucuronide 

Phenyl-Val-

Sulf-OGlcA 

463.01-287.03-

PQ 

5-(3-hydroxyphenyl)-

gamma-valerolactone-4-

O-sulfate  

5 N/A 

1,3-dihydroxybenzene     13-diOH-B 108-46-3 reference standard 3 110.04 

2,4-dihydroxybenzoic acid    24-diOH-BA 89-86-1 reference standard 4 154.03 

dihydroxyphenylacetic acid isomer 1 diOH-PAA-IS1 166.832-123-PQ 3-hydroxyphenylacetic 

acid    

4 N/A 

4-hydroxy-3-methoxybenzoic acid 4-OH-3-OCH-

BA 

121-34-6 reference standard 2 168.04 

hydroxyphenylvalerolactone-sulfate 

isomer 1 

OH-phenyl-Val-

Sulf-IS1 

287.013-207-PQ 5-(3-hydroxyphenyl)-

gamma-valerolactone-4-

O-sulfate  

4 N/A 

N-benzoylglutamic acid N-Benzyglut-A 6094-36-6 reference standard 4 251.08 

3,4-dihydroxycinnamic acid    34-diOH-CIA 331-39-5 reference standard 6 180.04 

hydroxybenzoic acid-sulfate isomer 2 OH-BA-Sulf-

IS2 

233.105-153.1-

PQ 

3,5-dihydroxybenzoic 

acid sulfate 

4 N/A 

3-methoxycinnamic acid-4-O-

glucuronide 

3-OCH-CIA-4-

OGlcA 

1093679-70-9 reference standard 6 370.09 

hydroxy-methoxyphenylacetic acid-O-

glucuronide  

OH-OCH-PAA-

OGlcA 

356.91-113-PQ 3-methoxybenzoic acid-4-

O-glucuronide   

5 N/A 

3-(4-methoxyphenyl)propanoic acid-3-

sulfate  

4-OCH-PPA-3-

Sulf 

1258842-21-5 reference standard 3 276.03 

3-(3-methoxyphenyl)propanoic acid-4-

O-glucuronide 

3-OCH-PPA-4-

OGlcA 

86321-28-0 reference standard 5 372.11 

3-(4-methoxyphenyl)propanoic acid-3-

O-glucuronide 

4-OCH-PPA-3-

OGlcA 

1187945-72-7 reference standard 5 372.11 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

4-O-caffeoylquinic acid    4-CQA 905-99-7 reference standard 4 354.10 

2-hydroxybenzoic acid 2-OH-BA 69-72-7 reference standard 3 138.03 

5-(3,4-dihydroxyphenyl)-gamma-

valerolactone 

34-diOH-

Phenyl-g-Val 

191666-22-5 reference standard 6 208.07 

phenylacetic acid    PAA 103-82-2 reference standard 1 136.05 

3-O-caffeoylquinic acid 3-CQA 327-97-9 reference standard 5 354.10 

benzoic acid    BA 65-85-0 reference standard 1 122.04 

5-(3-hydroxyphenyl)-gamma-

valerolactone-4-O-sulfate  

3-OH-Phenyl-g-

Val-4-Sulf 

N/A reference standard 4 288.03 

3-hydroxy-4-methoxybenzoic acid    3-OH-4-OCH-

BA 

645-08-9 reference standard 3 168.04 

3-(3-hydroxyphenyl)propanoic acid    3-OH-PPA 621-54-5 reference standard 2 166.06 

3-(4-hydroxyphenyl)propanoic acid    4-OH-PPA 501-97-3 reference standard 3 166.06 

3,4-dimethoxybenzyl alcohol    34-diOCH-Balc 93-03-8 reference standard 3 168.08 

3,4-dihydroxybenzoic acid methyl ester    M-34-diOH-BA 2150-43-8 reference standard 4 168.04 

3,5-dihydroxybenzoic acid methyl ester    M-35-diOH-BA 2150-44-9 reference standard 4 168.04 

methoxycinnamic acid-O-glucuronide 

isomer 3 

OCH-CIA-

OGlcA-IS3 

369.102-193.1-

PQ 

cinnamic acid-4-O-

glucuronide 

4 N/A 

4-methylhippuric acid    4-M-HA 27115-50-0 reference standard 5 193.07 

3-methylhippuric acid    3-M-HA 27115-49-7 reference standard 3 193.07 

hydroxyhippuric acid isomer OH-HA-IS N/A 4-hydroxyhippuric acid    3 N/A 

O-methylcatechol sulfate M-OH-B-sulf N/A benzoic acid-4-sulfate   1 N/A 

hydroxybenzoic acid-sulfate isomer 3 OH-BA-Sulf-

IS3 

233.102-153.1-

PQ 

3,5-dihydroxybenzoic 

acid sulfate 

4 N/A 

hydroxyphenyl-gamma-valerolactone-O-

glucuronide isomer 2 

OH-phenyl-g-

Val-OGlcA-IS2 

383.012-207.03-

PQ 

5-(3,4-dihydroxyphenyl)-

gamma-valerolactone 

5 N/A 

3,4-dimethoxyphenylacetic acid    34-diOCH-PAA 93-40-3 reference standard 4 196.07 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    

4-OH-3-OCH-

PPA 

1135-23-5 reference standard 5 196.07 

cis-4-hydroxycinnamic acid cis-4-OH-CIA N/A reference standard 3 164.05 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

3-methoxycinnamic acid-4-sulfate 3-OCH-CIA-4-

Sulf 

273.001-134-S reference standard 6 274.01 

3-hydroxy-4-methoxycinnamic acid 3-OH-4-OCH-

CIA 

537-73-5 or 

25522-33-2 

reference standard 3 194.06 

trans-4-hydroxy-3-methoxycinnamic 

acid    

t-4-OH-3-OCH-

CIA 

1135-24-6 reference standard 6 194.06 

3-O-caffeoylquinic acid glucuronide CQA-OGlcA 529.31-353.31-

PQ 

cinnamic acid-4-O-

glucuronide 

6 N/A 

hydroxybenzaldehyde-O-glucuronide OH-Bald-

OGlcA 

137.121-92.9-

PQ 

3-methoxybenzoic acid-4-

O-glucuronide   

5 N/A 

(−)-epicatechin-O-glucuronide isomer Ecat-OGlcA-IS 465.002-289.1-

PQ 

quercetin-3-O-

glucuronide 

6 466.11 

2-hydroxy-1,3-dimethoxybenzene    2-OH-13-

diOCH-B 

91-10-1 reference standard 2 154.06 

3-hydroxybenzoic acid methyl ester    M-OH-BA 19438-10-9 reference standard 3 152.05 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 

3-OH-4-OCH-

PPA 

1135-15-5 reference standard 3 196.07 

2,6-dihydroxybenzoic acid 26-diOH-BA 303-07-1 reference standard 3 154.03 

gallocatechin-O-glucuronide GC-OGlcA 481.214-305.21-

PQ 

quercetin-3-O-

glucuronide 

6 N/A 

trans-3-hydroxycinnamic acid    t-3-OH-CIA 14755-02-3 reference standard 3 164.05 

phenylvalerolactone-sulfate Phenyl-Val-Sulf N/A 5-(3-hydroxyphenyl)-

gamma-valerolactone-4-

O-sulfate  

3 272.04 

3-phenylpropanoic acid 3-PPA 501-52-0  reference standard 1 150.07 

3-hydroxy-4-methoxybenzaldehyde    3-OH-4-OCH-

Bald 

621-59-0 reference standard 3 152.05 

4-hydroxybenzoic acid methyl ester    M-4-OH-BA 99-76-3 reference standard 3 152.05 

3,4-dimethoxybenzoic acid    34-diOCH-BA 93-07-2 reference standard 1 182.06 

4-hydroxy-3-methoxybenzoic acid 

methyl ester    

M-4-OH-3-

OCH-BA 

3943-74-6 reference standard 4 182.06 

dihydroxybenzoic acid diOH-BA 153.108-109-PQ 4-hydroxybenzoic acid    3 154.12 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

3-methoxyphenylacetic acid    3-OCH-PAA 1798-09-0  reference standard 2 166.06 

methoxycinnamic acid-O-glucuronide 

isomer 2 

OCH-CIA-

OGlcA-IS2 

369.1-193.1-PQ cinnamic acid-4-O-

glucuronide 

4 N/A 

2,4-dimethoxybenzoic acid    24-diOCH-BA 91-52-1 reference standard 1 182.06 

trans-4-hydroxy-3,5-dimethoxycinnamic 

acid 

t-4-OH-35-

diOCH-CIA 

530-59-6, 7362-

37-0 

reference standard 2 224.07 

2-hydroxycinnamic acid    2-OH-CIA 614-60-8 reference standard 3 164.05 

methoxycinnamic acid-sulfate isomer 1 OCH-CIA-Sulf-

IS1 

273.122-193.2-

PQ 

cinnamic acid-4-O-

glucuronide 

5 N/A 

2-hydroxy-6-methoxybenzoic acid    2-OH-6-OCH-

BA 

3147-64-6 reference standard 2 168.04 

2-hydroxy-4-methoxybenzoic acid    2-OH-4-OCH-

BA 

2237-36-7 reference standard 3 168.04 

methoxycinnamic acid-O-glucuronide 

isomer 1 

OCH-CIA-

OGlcA-IS1 

369.101-193.1-

PQ 

cinnamic acid-4-O-

glucuronide 

4 N/A 

2,3,4-trimethoxyphenylacetic acid 234-triOCH-

PAA 

22480-91-7  reference standard 4 226.08 

myricetin-3-O-galactoside Myr-3-OGal 15648-86-9 reference standard 1 480.09 

3-methoxyphenylpropanoic acid 3-OCH-PPA 10516-71-9 reference standard 4 180.08 

2-hydroxy-4-methoxybenzaldehyde    2-OH-4-OCH-

Bald 

673-22-3 reference standard 3 152.05 

trans-cinnamic acid t-CIA 140-10-3 reference standard 1 148.05 

3-(3,4,5 trimethoxyphenyl)propanoic 

acid    

345-triOCH-

PPA 

25173-72-2 reference standard 5 240.10 

gallocatechin-O-glucuronide isomer 1 GCat-OGlcA-

IS1 

481.213-305.21-

PQ 

quercetin-3-O-

glucuronide 

5 N/A 

rutin Rut 153-18-4 reference standard 5 610.15 

quercetin-3-O-glucuronide Que-3-OGlcA 22688-79-5 reference standard 4 478.07 

3,5-dimethoxybenzoic acid    35-diOCH-BA 1132-21-4 reference standard 3 182.06 

rosmarinic acid    Rosm-A 20283-92-5 reference standard 3 360.08 

myricetin     Myr 529-44-2 reference standard 4 318.04 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

gallocatechin-O-glucuronide isomer 2 GCat-OGlcA-

IS2 

481.211-305.21-

PQ 

quercetin-3-O-

glucuronide 

5 N/A 

resveratrol    Res 501-36-0 reference standard 5 228.08 

13C6 resveratrol 13C6-Res 1185247-70-4 reference standard 6 234.10 

phloridzin    Phloridzin 60-81-1 reference standard 3 436.14 

3-methoxycinnamic acid  3-OCH-CIA 6099-04-3 reference standard 3 178.06 

quercetin  Que 117-39-5 reference standard 4 302.04 

13C6 4-hydroxybenzoic acid propyl ester 13C6-4HBA-PE 185-97.9-S reference standard 5 N/A 

kaempferol    Kae 520-18-3 reference standard 5 286.05 

dihydroxybenzenediol-O-glucuronide diOH-B-OGlcA N/A 4-methoxybenzoic acid-3-

O-glucuronide 

1 N/A 

myricetin-O-glucuronide Myr-OGlcA 493.21-317.211-

PQ 

myricetin-3-O-galactoside 6 N/A 

hydroxy-methoxybenzoic acid sulfate   OH-OCH-BA-

Sulf 

264.95-184.95-

PQ 

4-methoxybenzoic acid-3-

sulfate   

1 N/A 

4-methoxycinnamic acid    4-OCH-CIA 830-09-1 or 

943-89-5 

reference standard 4 178.06 

phenylpropanoic acid-O-glucuronide PPA-OGlcA 325.05-149.11-

PQ 

3-(4-

methoxyphenyl)propanoic 

acid-3-O-glucuronide 

5 N/A 

luteolin-7-O-glucoside Lut-7-OGluc 5373-11-5 reference standard 7 448.10 

malvidin acetyl glucoside Mal-acetyl-gluc N/A malvidin-3-O-galactoside 1 N/A 

petunidin sulfate   Pet-Sulf 477.003-317-PQ petunidin-3-O-glucoside   1 N/A 

3-hydroxycinnamic acid 4-sulfate & 4-

hydroxycinnamic acid 3-sulfate (mixture 

of isomers) 

OH-CIA-Sulf-

Iso-mix 

N/A reference standard 6 N/A 

methoxyphenylacetic acid-sulfate isomer OCH-PAA-Sulf-

IS 

N/A 3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 

4 262.01 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

cyanidin sulfate   Cya-Sulf 367-287-PQ cyanidin-3-O-galactoside    1 N/A 

methoxyphenylpropanoic acid-sulfate OCH-PPA-Sulf 261.001-181-PQ 3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 

4 276.03 

methoxycinnamic acid-sulfate OCH-CIA-Sulf 273.122-193.2-

PQ 

3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 

4 N/A 

L-tyrosine-13C9,15N 13C9-L-Tyr 202407-26-9 reference standard 4 191.10 

delphinidin sulfate   Del-Sulf 383.001-229-PQ delphinidin-3-O-

glucoside   

1 N/A 

hydroxyphenylacetic acid-sulfate   OH-PAA-Sulf 231.8-151.81-

PQ 

3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 

4 N/A 

4-hydroxyphenylacetic acid    4-OH-PAA 156-38-7 reference standard 2 152.05 

peonidin acetyl glucoside Peo-acetyl-gluc N/A peonidin-3-O-glucoside 1 N/A 

1,2-dihydroxy-4-methylbenzene   12-diOH-4-CH-

B 

452-86-8 reference standard 3 124.05 

methoxybenzoic acid-sulfate isomer 1 OCH-BA-Sulf-

IS1 

233.14-153.14-

PQ 

3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 

5 N/A 

malvidin-O-glucuronide isomer 2 Mal-OGlcA-IS2 507-331-PQ malvidin-3-O-galactoside 4 507.11 

hippuric acid methyl ester    M-HA 1205-08-9 reference standard 5 193.07 

4-hydroxy-3,5-dimethoxybenzoic acid    4-OH-35-

diOCH-BA 

530-57-4 reference standard 3 198.05 
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Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

delphinidin-3-O-glucoside   Del-3-OGluc 50986-17-9 reference standard 1 465.10 

4-hydroxy-3,5-dimethoxyphenylacetic 

acid    

4-OH-35-

diOCH-PAA 

4385-56-2 reference standard 5 212.07 

2-methoxybenzoic acid 2-OCH-BA 579-75-9 reference standard 4 152.05 

cyanidin-3-O-galactoside    Cya-3-OGal N/A reference standard 3 449.11 

4-hydroxy-2-methoxybenzaldehyde    4-OH-2-OCH-

Bald 

18278-34-7 reference standard 3 152.05 

3,5-dimethoxybenzyl alcohol 35-diOCH-Balc 705-76-0 reference standard 4 168.08 

petunidin-3-O-glucoside   Pet-3-OGluc 71991-88-3 reference standard 1 479.12 

4-methoxyphenylacetic acid 4-OCH-PAA 104-01-8  reference standard 3 166.06 

peonidin-3-O-galactoside Peo-3-OGal 260256-26-6 peonidin-3-O-glucoside 1 463.12 

3-methoxybenzoic acid 3-OCH-BA 586-38-9 reference standard 4 152.05 

3,4-dimethoxybenzaldehyde 34-diOCH-Bald 120-14-9 reference standard 3 166.06 

peonidin-3-O-glucoside Peo-3-OGluc  68795-37-9 reference standard 1 463.12 

malvidin-3-O-galactoside Mal-3-OGal N/A reference standard 1 493.13 

3,4,5-trimethoxybenzaldehyde    345-triOCH-

Bald 

86-81-7 reference standard 4 196.07 

peonidin-O-galactoside-O-glucuronide Peo-OGal-

OGlcA 

639.37-463.37-

PQ 

peonidin-3-O-glucoside 5 N/A 

petunidin-O-galactoside Pet-OGal N/A petunidin-3-O-glucoside   3 479.12 

malvidin-O-glucoside   Mal-OGluc 7228-78-6 malvidin-3-O-galactoside 5 493.13 

3,4-dimethoxybenzoic acid methyl ester    M-34-diOCH-

BA 

2150-38-1 reference standard 3 196.07 

3,5-dimethoxybenzaldehyde    35-diOCH-Bald 7311-34-4 reference standard 3 166.06 

malvidin-O-glucuronide isomer 1 Mal-OGlcA-IS1 507.002-331-PQ malvidin-3-O-galactoside 4 507.11 

petunidin glucoside sulfate  Pet-OGluc-Sulf 558-317-PQ petunidin-3-O-glucoside   3 N/A 

peonidin-O-glucuronide   Peo-OGlcA 477.001-301-PQ peonidin-3-O-glucoside 5 N/A 

malvidin-O-galactoside-O-glucuronide   Mal-OGal-

OGlcA 

669.001-

493.001-PQ 

malvidin-3-O-galactoside 6 N/A 

cyanidin-O-glucuronide Cya-OGlcA 775284-61-2 cyanidin-3-O-galactoside    5 463.09 



   

346 

 

Supplementary Table 5.2 (continued) 

Analyte Full Name Abbreviation CAS Relative Quantifier Transitions 
Monoisotopic 

Mass (g/mol) 

peonidin-O-glucoside Peo-OGluc 463.2-301-PQ peonidin-3-O-glucoside 5 463.12 

kaempferol-O-glucuronide isomer Kae-OGlcA-IS 463.1-287.1-PQ luteolin-7-O-glucoside 1 462.08 

methoxyphenylacetic acid-O-

glucuronide 

OCH-PAA-

OGlcA 

166.85-167.13-

PQ 

3-methoxybenzoic acid 3 N/A 

methoxycinnamic acid-O-glucuronide OCH-CIA-

OGlcA 

355.11-179.11-

PQ 

3-methoxybenzoic acid 6 N/A 

petunidin acetyl glucoside Pet-acetyl-gluc N/A petunidin-3-O-glucoside   1 N/A 

petunidin disulfate   Pet-diSulf 477.002-317-PQ petunidin-3-O-glucoside   1 N/A 

cyanidin-O-glucoside   Cya-OGluc N/A cyanidin-3-O-galactoside    5 484.08 

hydroxy-methoxycinnamic acid-sulfate OH-OCH-CIA-

Sulf 

N/A 3-hydroxycinnamic acid 

4-sulfate & 4-

hydroxycinnamic acid 3-

sulfate (mixture of 

isomers) 

5 N/A 

Analytes are ordered by retention time within ionization mode; N/A: not available 
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Supplementary Table 5. 3 Optimized ADsMRM conditions for (poly)phenolic analysis by UPLC-ESI-MS/MS in serum and urine 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

dihydroxyphenylacetic acid isomer 2 97.1 0.62 113 500 1 -30 -10 -16 -3 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 123 0.99 91 10000 10 -20 -10 -14 -11 

3-hydroxybenzyl alcohol    92.9 1.00 87 300 10 -45 -10 -22 -13 

3,5-dihydroxybenzyl alcohol    97 1.48 125 500 1 -34 -10 -20 -13 

3,4,5-trimethoxybenzoic acid 125.1 1.53 114 5000 1 -25 -10 -27 -11 

hydroxybenzoic acid-sulfate isomer 1 153.1 1.91 141 100 1 -45 -10 -20 -13 

hydroxybenzenediol-sulfate isomer 1 109.1 2.07 222 60 1 -30 -10 -15 -13 

4-hydroxybenzyl alcohol    104.9 2.15 90 450 10 -20 -10 -14 -11 

alpha-hydroxyhippuric acid    73 2.34 146 350 1 -10 -10 -10 -11 

1,2-dihydroxybenzene     80.8 2.51 133 1000 1 -58 -10 -20 -13 

4-hydroxyhippuric acid    100.2 2.94 117 800 1 -30 -10 -20 -15 

3,4-dihydroxybenzoic acid 109.05 3.01 150 120000 1 -29 -11 -16 -6 

3,4,5-trihydroxybenzaldehyde    108.95 3.02 150 74000 1 -33 -10 -11 -15 

3,5-dihydroxybenzoic acid    108.9 3.03 160 120000 1 -30 -10 -15 -10 

5-hydroxyphenylpropanoic acid-3-O-

glucuronide 

113 3.07 191 3000 1 -15 -10 -24 -13 

3-hydroxyhippuric acid    150 3.42 120 2000 1 -30 -10 -18 -19 

3,5-dihydroxybenzoic acid sulfate 152.9 3.45 214 5000 1 -60 -10 -22 -13 

hydroxyphenyl-gamma-valerolactone-O-

glucuronide isomer 1 

207.03 3.9 60 1000 1 -40 -5 -20 -1 

3,4-dihydroxybenzaldehyde    107.9 4.21 190 800 1 -50 -10 -30 -20 

3-methoxybenzoic acid-4-O-glucuronide   167.2 4.38 180 2000 1 -45 -10 -25 -13 

4-methoxybenzoic acid-3-O-glucuronide 113.1 4.38 180 3000 1 -45 -10 -22 -13 

3,5-dihydroxybenzaldehyde    95 4.48 230 1000 1 -63 -10 -20 -13 

3-hydroxybenzoic acid    92.9 4.53 150 26000 1 -10 -10 -10 -15 

4-hydroxybenzoic acid    92.9 4.53 115 50000 1 -10 -10 -18 -10 
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Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

2,4-dihydroxybenzaldehyde    92.9 4.54 191 31000 1 -36 -6 -23 -10 

13C6 hippuric acid 139.900 4.58 208 7000 1 -44 -10 -15 -13 

hippuric acid    133.9 4.58 208 11000 1 -44 -10 -15 -13 

benzoic acid-4-sulfate   137 4.59 200 500 10 -33 -10 -19 -7 

hydroxyphenylacetic acid-O-glucuronide 107.1 4.7 60 12000 0.1 -39 -10 -19 -13 

3-hydroxy-4-methoxyphenylacetic acid    122 5.25 150 1000 10 -17 -10 -18 -19 

3-(3,4-dihydroxyphenyl)propanoic acid    137.111 5.25 171 145000 1 -5 -10 -13 -7 

2,6-dimethoxybenzoic acid    107 5.26 111 800 1 -50 -10 -15 -13 

3-methoxyphenylacetic acid-4-sulfate 180.9 5.26 230 12000 1 -65 -10 -22 -19 

4-hydroxy-3-methoxyphenylacetic acid 137 5.26 120 20000 1 -23 -10 -10 -21 

cinnamic acid-4-O-glucuronide 118.9 5.27 174 500 1 -120 -10 -47 -17 

3-methoxybenzoic acid-4-sulfate 167.1 5.40 190 1000 1 -45 -10 -21 -13 

4-methoxybenzoic acid-3-sulfate   167 5.40 190 2000 1 -45 -10 -21 -13 

3-hydroxyphenylacetic acid    107 5.47 120 25000 1 -12 -10 -10 -9 

5-O-caffeoylquinic acid    179.5 5.5 75 100 1 -13 -12 -20 -12 

hydroxy-methoxybenzenediol-sulfate 139.1 5.7 251 450 0.1 -30 -10 -15 -13 

hydroxyphenylvalerolactone-sulfate 

isomer 2 

207 5.7 60 700 1 -40 -8 -25 -5 

hydroxybenzenediol-sulfate isomer 2 109.1 5.75 222 60 1 -30 -10 -15 -13 

2,3-dihydroxybenzoic acid 109 5.80 135 100000 1 -35 -10 -19 -10 

2,5-dihydroxybenzoic acid    108.801 5.80 108 300000 1 -100 -10 -25 -20 

3-hydroxybenzaldehyde    92.2 5.94 124 1200 1 -60 -10 -27 -6 

4-hydroxybenzaldehyde    92.1 5.95 165 3300 1 -15 -10 -32 -7 

phenylvalerolactone-sulfate-O-

glucuronide 

287.03 6.2 60 500 1 -40 -8 -20 -5 

1,3-dihydroxybenzene     65 6.47 280 21000 1 -35 -10 -16 -7 

2,4-dihydroxybenzoic acid    109.15 6.47 180 105000 1 -45 -7 -15 -17 
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Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

dihydroxyphenylacetic acid isomer 1 123 6.52 113 4000 1 -30 -10 -10 -30 

4-hydroxy-3-methoxybenzoic acid 122.9 6.81 148 12000 10 -35 -10 -13 -11 

hydroxyphenylvalerolactone-sulfate 

isomer 1 

207 6.83 60 1000 1 -40 -8 -25 -5 

N-benzoylglutamic acid 206 6.89 150 3000 1 -23 -7 -19 -21 

3,4-dihydroxycinnamic acid    135 7.55 180 200000 1 -30 -12 -16 -15 

hydroxybenzoic acid-sulfate isomer 2 153.1 7.57 141 100 1 -45 -10 -20 -13 

3-methoxycinnamic acid-4-O-glucuronide 193.1 7.70 150 700 1 -53 -10 -23 -10 

hydroxy-methoxyphenylacetic acid-O-

glucuronide  

113 7.71 150 800 1 -5 -10 -6 -51 

3-(4-methoxyphenyl)propanoic acid-3-

sulfate  

195 8.03 260 1000 1 -55 -10 -25 -13 

3-(3-methoxyphenyl)propanoic acid-4-O-

glucuronide 

136.001 8.12 150 500 1 -45 -10 -42 -12 

3-(4-methoxyphenyl)propanoic acid-3-O-

glucuronide 

194.9 8.12 217 2000 1 -70 -10 -28 -9 

4-O-caffeoylquinic acid    173 8.32 220 500 1 -75 -9 -20 -21 

2-hydroxybenzoic acid 93 8.33 171 30000 1 -25 -10 -23 -6 

5-(3,4-dihydroxyphenyl)-gamma-

valerolactone 

163 8.37 265 14000 1 -70 -10 -22 -7 

phenylacetic acid    91 8.37 250 25000 1 -30 -10 -12 -11 

3-O-caffeoylquinic acid 191 8.50 312 8000 1 -25 -10 -24 -19 

benzoic acid    77 8.55 120 13000 10 -32 -7 -19 -10 

5-(3-hydroxyphenyl)-gamma-

valerolactone-4-O-sulfate  

207 8.62 340 500 1 -46 -10 -28 -14 

3-hydroxy-4-methoxybenzoic acid    122.9 8.62 120 14000 1 -43 -8 -19 -6 

3-(3-hydroxyphenyl)propanoic acid    120.7 8.69 152 44000 1 -40 -10 -20 -20 

3-(4-hydroxyphenyl)propanoic acid    121 8.69 146 55000 1 -60 -10 -17 -13 
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Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

3,4-dimethoxybenzyl alcohol    152 8.97 380 3000 1 -36 -10 -20 -20 

3,4-dihydroxybenzoic acid methyl ester    108 8.97 150 10000 1 -20 -10 -30 -23 

3,5-dihydroxybenzoic acid methyl ester    107.8 8.97 150 350 1 -30 -10 -20 -6 

methoxycinnamic acid-O-glucuronide 

isomer 3 

193.1 9 106 2000 1 -45 -10 -32 -6 

4-methylhippuric acid    148 9.06 195 200000 1 -20 -10 -16 -13 

3-methylhippuric acid    148.1 9.06 160 52000 1 -15 -10 -20 -15 

hydroxyhippuric acid isomer 150.2 9.1 238 1200 1 -30 -10 -20 -15 

O-methylcatechol sulfate 123.1 9.2 213 70 0.1 -30 -10 -15 -13 

hydroxybenzoic acid-sulfate isomer 3 153.1 9.4 141 100 1 -45 -10 -20 -13 

hydroxyphenyl-gamma-valerolactone-O-

glucuronide isomer 2 

207.03 9.9 60 1000 1 -40 -5 -20 -1 

3,4-dimethoxyphenylacetic acid    121 10.23 150 300 1 -35 -10 -40 -13 

3-(3-methoxy-4-

hydroxyphenyl)propanoic acid    

135.9 10.23 97 350 1 -45 -10 -22 -17 

cis-4-hydroxycinnamic acid 118.9 10.31 180 18000 1 -30 -10 -23 -6 

3-methoxycinnamic acid-4-sulfate 134 10.78 300 300 1 -15 -10 -40 -13 

3-hydroxy-4-methoxycinnamic acid 177.9 10.78 150 1500 10 -25 -10 -16 -26 

trans-4-hydroxy-3-methoxycinnamic acid    148.9 10.80 187 60000 10 -35 -10 -12 -10 

3-O-caffeoylquinic acid glucuronide 285 11 90 8500 0.1 -8 -12 -12 -15 

hydroxybenzaldehyde-O-glucuronide 92.9 11.08 60 20000 0.1 -36 -6 -20 -10 

(−)-epicatechin-O-glucuronide isomer 245 11.20 140 2000 0.1 -80 -10 -25 -21 

2-hydroxy-1,3-dimethoxybenzene    137.9 11.33 134 300 10 -20 -10 -14 -15 

3-hydroxybenzoic acid methyl ester    135.9 11.33 133 2700 1 -42 -10 -18 -12 

3-(3-hydroxy-4-

methoxyphenyl)propanoic acid 

136.1 11.57 104 300 1 -25 -10 -18 -9 

2,6-dihydroxybenzoic acid 109.1 11.77 330 140000 1 -30 -10 -17 -12 
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Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

gallocatechin-O-glucuronide 179.002 11.8 60 1350 0.1 -5 -6 -20 -5 

trans-3-hydroxycinnamic acid    119.2 12.21 136 3200 1 -38 -3 -30 -5 

phenylvalerolactone-sulfate 191 12.7 39 390 10 -60 -6 -30 -2 

3-phenylpropanoic acid 105 12.85 120 11000 10 -20 -10 -14 -11 

3-hydroxy-4-methoxybenzaldehyde    92 13.37 160 1500 10 -45 -10 -32 -6 

4-hydroxybenzoic acid methyl ester    92 13.37 180 2400 1 -43 -10 -25 -15 

3,4-dimethoxybenzoic acid    136.9 13.54 180 150000 1 -30 -10 -15 -15 

4-hydroxy-3-methoxybenzoic acid 

methyl ester    

106.9 13.56 163 1000 10 -15 -6 -30 -13 

dihydroxybenzoic acid 109 13.6 170 75000 1 -50 -10 -20 -30 

3-methoxyphenylacetic acid    106.1 13.68 150 1000 10 -22 -10 -28 -6 

methoxycinnamic acid-O-glucuronide 

isomer 2 

193.1 13.8 106 2000 1 -45 -10 -32 -6 

2,4-dimethoxybenzoic acid    136.8 14.20 100 95000 10 -10 -10 -10 -13 

trans-4-hydroxy-3,5-dimethoxycinnamic 

acid 

193 14.34 136 200 1 -25 -10 -30 -11 

2-hydroxycinnamic acid    119 14.78 152 11000 1 -30 -10 -27 -20 

methoxycinnamic acid-sulfate isomer 1 193.2 14.8 118 500 0.1 -45 -10 -32 -6 

2-hydroxy-6-methoxybenzoic acid    123 15.84 194 14500 1 -50 -10 -20 -20 

2-hydroxy-4-methoxybenzoic acid    108.1 15.84 165 450 1 -10 -10 -27 -7 

methoxycinnamic acid-O-glucuronide 

isomer 1 

193.1 16.4 106 2000 1 -45 -10 -32 -6 

2,3,4-trimethoxyphenylacetic acid 165.9 17.98 145 500 10 -23 -10 -11 -20 

myricetin-3-O-galactoside 317 19.88 210 1500 1 -10 -10 -30 -45 

3-methoxyphenylpropanoic acid 119.9 20.21 152 300 1 -20 -10 -18 -13 

2-hydroxy-4-methoxybenzaldehyde    107.9 20.60 210 500 10 -30 -10 -24 -47 

trans-cinnamic acid 77 20.84 168 1000 10 -15 -10 -28 -9 
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Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

3-(3,4,5 trimethoxyphenyl)propanoic 

acid    

178.9 22.31 172 2300 1 -55 -10 -30 -19 

gallocatechin-O-glucuronide isomer 1 305.21 22.6 60 1350 1 -5 -6 -20 -5 

rutin 300 22.98 220 300 1 -40 -10 -50 -15 

quercetin-3-O-glucuronide 300.9 23.09 240 1000 1 -55 -10 -30 -33 

3,5-dimethoxybenzoic acid    136.9 23.40 210 210000 1 -25 -10 -16 -15 

rosmarinic acid    161.1 24.16 149 60000 1 -30 -4 -25 -5 

myricetin     151 24.49 120 1000 10 -41 -10 -37 -13 

gallocatechin-O-glucuronide isomer 2 305.21 24.5 60 1350 1 -5 -6 -20 -5 

resveratrol    143 24.53 110 500 1 -100 -10 -34 -15 

13C6 resveratrol 149 24.53 90 8000 10 -100 -10 -36 -17 

phloridzin    167.1 24.56 100 1600 0.1 -60 -10 -50 -11 

3-methoxycinnamic acid  102.9 24.69 120 10000 1 -10 -10 -18 -13 

quercetin  150.9 25.67 180 5500 1 -50 -10 -28 -9 

13C6 4-hydroxybenzoic acid propyl ester 142.1 25.80 150 400 1 -45 -10 -22 -15 

kaempferol    184.9 25.95 180 10000 10 -100 -10 -42 -23 

dihydroxybenzenediol-O-glucuronide 125.1 25.98 153 260 0.1 -30 -10 -15 -13 

myricetin-O-glucuronide 151 26 150 2000 0.1 -24 -10 -30 -13 

hydroxy-methoxybenzoic acid sulfate   183.1 26.02 89 1000 0.1 -45 -10 -20 -13 

4-methoxycinnamic acid    132.9 26.08 400 30700 10 -5 -10 -16 -15 

phenylpropanoic acid-O-glucuronide 105 31.6 120 7000 0.1 -39 -10 -20 -6 

luteolin-7-O-glucoside 394.9 0.39 180 14000 10 11 10 17 24 

malvidin acetyl glucoside 331 0.49 131 140 0.1 12 10 20 10 

petunidin sulfate   317 0.56 194 800 0.1 20 10 20 10 

3-hydroxycinnamic acid 4-sulfate & 4-

hydroxycinnamic acid 3-sulfate (mixture 

of isomers) 

183 0.59 250 1500 1 20 5 13 13 
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Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

methoxyphenylacetic acid-sulfate isomer 167.12 0.6 60 5000 0.1 36 10 25 6 

cyanidin sulfate   287 0.61 182 800 0.1 60 5 20 10 

methoxyphenylpropanoic acid-sulfate 181 0.67 60 6000 0.1 74 10 25 6 

methoxycinnamic acid-sulfate 179 0.82 82 10000 1 50 10 25 16 

L-tyrosine-13C9,15N 145 0.91 60 1500 1 30 10 17 18 

delphinidin sulfate   229 1.10 170 260 0.1 20 10 20 10 

hydroxyphenylacetic acid-sulfate   151.81 2.43 60 1800 1 31 10 25 6 

4-hydroxyphenylacetic acid    107.9 4.85 86 2500 10 31 10 13 6 

peonidin acetyl glucoside 301 5.2 148 350 0.1 12 10 20 10 

1,2-dihydroxy-4-methylbenzene   77.3 5.64 124 4000 1 22 10 34 6 

methoxybenzoic acid-sulfate isomer 1 109 5.84 60 2000 0.1 28 10 33 6 

malvidin-O-glucuronide isomer 2 331 8.55 112 1000 1 20 10 25 10 

hippuric acid methyl ester    162 8.60 149 1400 1 37 10 11 2 

4-hydroxy-3,5-dimethoxybenzoic acid    140 8.94 194 24500 1 35 10 17 16 

delphinidin-3-O-glucoside   303 9.17 260 70000 1 105 10 25 20 

4-hydroxy-3,5-dimethoxyphenylacetic 

acid    

167 9.24 176 11500 1 36 10 18 6 

2-methoxybenzoic acid 135 9.44 177 52000 1 50 10 25 20 

cyanidin-3-O-galactoside    286.9 10.22 200 80000 1 100 10 30 15 

4-hydroxy-2-methoxybenzaldehyde    77.1 11.32 119 4000 1 30 10 27 16 

3,5-dimethoxybenzyl alcohol 151 13.32 222 27000 1 60 10 20 31 

petunidin-3-O-glucoside   316.9 13.51 380 20000 1 100 10 25 20 

4-methoxyphenylacetic acid 121 13.69 161 38000 10 36 10 20 6 

peonidin-3-O-galactoside 301 14.52 278 10000 1 100 10 19 17 

3-methoxybenzoic acid 109 15.07 140 21000 1 28 10 22 6 

3,4-dimethoxybenzaldehyde 139 16.70 180 68000 1 60 12 14 21 

 



   

354 

 

Supplementary Table 5.3 (continued) 

Analyte Full Name 

ADsMRM 

transition 

(m/z) 

Time 

(min) 

Window 

(Sec) 
Threshold 

Dwell 

Wt. 

Declustering 

potential 

(V) 

Entrance 

potential 

(V) 

Collision 

energy 

(V) 

Collision 

Cell Exit 

Potential 

(V) 

peonidin-3-O-glucoside 301 17.69 320 2500 1 86 10 30 15 

malvidin-3-O-galactoside 331 17.73 380 1000 1 100 10 25 19 

3,4,5-trimethoxybenzaldehyde    169.2 22.67 243 7000 1 70 10 25 14 

peonidin-O-galactoside-O-glucuronide 463.37 24.28 84 600 1 12 10 25 6 

petunidin-O-galactoside 317 24.55 190 8500 1 12 10 29 10 

malvidin-O-glucoside   331 24.6 130 700 1 20 10 30 10 

3,4-dimethoxybenzoic acid methyl ester    165.1 24.68 89 2000 1 15 10 15 13 

3,5-dimethoxybenzaldehyde    139.2 24.82 195 24000 1 60 10 20 31 

malvidin-O-glucuronide isomer 1 331 24.89 112 1000 1 20 10 25 10 

petunidin glucoside sulfate  317 25.81 92 800 1 20 10 28 10 

peonidin-O-glucuronide   301 25.87 177 5000 1 12 10 20 10 

malvidin-O-galactoside-O-glucuronide   493.001 25.9 129 1000 1 20 10 30 10 

cyanidin-O-glucuronide 287 25.99 173 7000 1 60 5 25 10 

peonidin-O-glucoside 301 25.99 160 3000 1 5 7 25 6 

kaempferol-O-glucuronide isomer 287.1 26.02 156 1100 0.1 26 10 20 40 

methoxyphenylacetic acid-O-

glucuronide 

121 26.03 74 10000 0.1 36 10 20 6 

methoxycinnamic acid-O-glucuronide 179.11 26.04 38 2000 1 52 12 20 45 

petunidin acetyl glucoside 317 26.12 132 800 0.1 12 10 20 10 

petunidin disulfate   317 26.15 123 700 0.1 20 10 30 10 

cyanidin-O-glucoside   287 26.19 177 4500 1 20 10 30 10 

hydroxy-methoxycinnamic acid-sulfate 211 32.25 60 100 0.1 33 10 25 20 
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Supplementary Table 5. 4 Method validation parameters for blueberry-derived (poly)phenols in serum 

        Intra-run (n=5) Inter-run (n= 11) 

Analyte 
Sensitivity 

(LLOQ, µM) 

MQC 

(µM) 

Linear range 

(µM) 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

cyanidin-3-O-galactoside 0.25 2.5 0.1-10 12.90 29.65 19.19 13.43 

petunidin-3-O-glucoside 0.1 1 0.05-5 4.58 -2.98 13.08 -18.39 

delphinidin-3-O-glucoside 0.25 2.5 0.1-10 10.81 25.48 19.11 8.09 

2,4-dihydroxybenzaldehyde 0.25 2.5 0.1-10 5.16 2.07 8.94 -3.81 

3,4,5-trihydroxybenzaldehyde 0.1 1 0.05-10 4.74 -3.62 6.10 -0.54 

3,4-dihydroxybenzaldehyde 0.025 0.25 0.01-1 8.09 -12.46 9.84 -5.46 

3,5-dihydroxybenzaldehyde 0.025 0.25 0.01-2.5 8.63 -6.60 7.85 -5.26 

3-hydroxybenzaldehyde 0.025 0.25 0.01-2.5 5.96 -1.06 7.34 -3.05 

4-hydroxybenzaldehyde 0.025 0.25 0.01-2.5 4.52 1.72 8.02 -2.40 

2-hydroxy-4-methoxybenzaldehyde 0.1 5 0.05-100 6.09 -14.34 9.59 -5.48 

3,4-dimethoxybenzaldehyde 0.1 1 0.05-10 3.37 -13.49 5.93 -7.59 

3,5-dimethoxybenzaldehyde 0.1 1 0.05-10 7.09 -5.01 6.13 -1.20 

4-hydroxy-2-methoxybenzaldehyde 0.1 1 0.05-10 3.84 -11.67 4.72 -8.15 

1,2-dihydroxybenzene   0.1 1 0.05-10 5.65 7.83 9.80 -0.13 

2,6-dimethoxyphenol 0.1 1 0.05-10 10.64 6.11 12.99 -0.27 

1,2-dihydroxy-4-methylbenzene 0.25 2.5 0.1-10 2.68 -1.35 6.38 4.24 

3,4,5-trihydroxybenzoic acid     0.05 1 0.05-5 3.77 0.83 6.52 -1.72 

2,6-dimethoxybenzoic acid 0.025 0.5 0.01-10 7.77 -1.10 8.32 -3.34 

2,4-dimethoxybenzoic acid 0.5 2.5 0.25-10 12.01 10.87 46.93 -2.04 

3,5-dimethoxybenzoic acid 0.5 2.5 0.25-10 6.14 9.42 20.04 10.42 

2,4-dihydroxybenzoic acid 0.1 1 0.05-10 4.09 -0.73 6.11 -0.03 

2,5-dihydroxybenzoic acid 0.1 1 0.05-10 4.51 0.32 8.11 -2.21 

2-hydroxy-4-methoxybenzoic acid 0.025 0.25 0.01-5 5.43 11.55 11.50 2.05 

2-hydroxy-6-methoxybenzoic acid 0.1 0.5 0.05-2.5 8.77 2.96 12.73 -8.85 

2-hydroxybenzoic acid 0.1 1 0.05-10 6.04 5.17 9.52 -1.26 

3,4-dihydroxybenzoic acid 0.05 0.5 0.025-2.5 3.32 -9.27 10.49 -3.77 

3-hydroxy-4-methoxybenzoic acid  0.1 1 0.05-10 11.40 -4.51 18.07 -2.66 
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Supplementary Table 5.4 (continued) 

    Intra-run (n=5) Inter-run (n= 11) 

Analyte 
Sensitivity 

(LLOQ, µM) 

MQC 

(µM) 

Linear range 

(µM) 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

3-hydroxybenzoic acid 0.1 0.5 0.05-2.5 4.95 -8.87 6.29 -5.91 

3-methoxybenzoic acid-4-O-glucuronide 0.05 0.5 0.025-5 5.15 -2.11 7.24 -7.64 

4-hydroxy-3-methoxybenzoic acid  0.1 1 0.05-10 13.78 3.67 11.20 2.66 

4-methoxybenzoic acid-3-O-glucuronide 0.025 0.25 0.01-5 2.82 1.81 10.80 -5.46 

2-methoxybenzoic acid 0.05 0.5 0.025-2.5 4.18 -11.61 8.49 -3.96 

3,5-dihydroxybenzoic acid 0.25 1 0.1-5 3.61 -4.98 5.69 -8.87 

4-hydroxy-3,5-dimethoxybenzoic acid 0.05 1 0.025-10 4.68 -16.63 6.36 -10.52 

3-methoxybenzoic acid 0.1 1 0.05-10 12.39 -8.70 8.57 -5.93 

3,4-dihydroxybenzoic acid methyl ester 0.025 0.5 0.01-10 5.69 9.39 16.26 7.35 

3,5-dihydroxybenzoic acid methyl ester 0.025 0.5 0.01-10 7.66 13.98 25.13 3.09 

3-hydroxybenzoic acid methyl ester 0.025 0.5 0.01-10 7.57 0.80 7.58 0.26 

4-hydroxy-3-methoxybenzoic acid methyl ester 0.25 2.5 0.1-10 5.08 8.12 10.03 10.22 

4-hydroxybenzoic acid methyl ester    0.025 0.5 0.01-10 6.43 4.73 7.52 2.42 

3,5-dihydroxybenzyl alcohol 0.025 0.25 0.025-1 8.77 10.20 11.11 3.05 

4-hydroxybenzyl alcohol 0.1 1 0.1-10 6.45 5.94 5.97 7.41 

3,5-dimethoxybenzyl alcohol 0.05 1 0.025-10 6.34 -2.96 4.73 -1.06 

trans-cinnamic acid 0.25 2.5 0.1-10 2.45 7.51 3.33 6.52 

2-hydroxycinnamic acid 0.025 0.5 0.01-10 6.53 -2.77 8.54 -0.03 

3-hydroxy-4-methoxycinnamic acid 0.025 0.5 0.01-10 6.60 -2.63 10.32 4.49 

trans-4-hydroxy-3,5-dimethoxycinnamic acid 0.25 2.5 0.1-10 12.07 0.97 13.81 10.80 

4-hydroxycinnamic acid 0.025 0.5 0.01-10 4.36 7.16 7.10 6.65 

trans-3-hydroxycinnamic acid 0.025 0.5 0.01-10 4.21 -0.79 7.02 -2.76 

3-methoxycinnamic acid 0.05 1 0.025-10 3.92 11.80 9.03 6.78 

3,4-dihydroxycinnamic acid 0.25 2.5 0.1-10 3.22 6.68 4.13 5.84 

myricetin 0.5 2.5 0.25-10 5.91 29.25 33.34 -6.63 

kaempferol 0.5 2.5 0.25-10 21.41 -15.21 26.18 -8.93 

n-benzoylglutamic acid 0.025 0.25 0.01-2.5 3.64 0.01 5.67 -1.43 
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Supplementary Table 5.4 (continued) 

    Intra-run (n=5) Inter-run (n= 11) 

Analyte 
Sensitivity 

(LLOQ, µM) 

MQC 

(µM) 

Linear range 

(µM) 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

alpha-hydroxyhippuric acid 0.25 2.5 0.25-10 3.68 5.76 3.45 5.77 

4-hydroxyhippuric acid 0.05 0.5 0.025-5 3.74 -12.31 5.57 -11.09 

4-methylhippuric acid 0.05 1 0.025-10 2.74 -4.42 9.61 -10.36 

3-methylhippuric acid 0.05 1 0.025-10 3.13 -4.40 5.58 -5.27 

3-hydroxyhippuric acid 0.025 0.25 0.01-2.5 3.46 1.22 9.54 -4.06 

methyl hippurate 0.05 1 0.025-10 2.73 -16.53 4.78 -11.72 

3-hydroxy-4-methoxyphenylacetic acid 0.025 0.5 0.01-10 4.48 6.91 9.94 -0.19 

2,3,4-trimethoxyphenylacetic acid 0.025 0.5 0.01-10 3.05 4.62 7.74 3.40 

3,4-dimethoxyphenylacetic acid 0.05 1 0.025-10 10.59 12.26 11.24 7.08 

4-hydroxy-3-methoxyphenylacetic acid 0.1 1 0.05-10 3.46 3.92 102.54 -138.34 

3-methoxyphenylacetic acid 0.025 0.5 0.01-10 7.34 8.86 8.86 7.06 

3-hydroxyphenylacetic acid 0.25 2.5 0.1-10 5.49 -5.27 8.44 1.25 

4-hydroxy-3,5-dimethoxyphenylacetic acid 0.05 1 0.025-10 4.75 -11.88 7.68 -4.60 

4-hydroxyphenylacetic acid 0.25 2.5 0.1-10 7.10 -14.08 10.02 -5.28 

4-methoxyphenylacetic acid 0.1 1 0.05-10 6.24 1.16 5.56 0.98 

3-(3-methoxyphenyl)propanoic acid 0.1 1 0.05-10 1.97 8.33 10.90 3.56 

3-(4-hydroxy-3-methoxyphenyl)propanoic acid 0.025 0.5 0.01-10 5.31 -4.15 7.96 -7.98 

3-(3,4,5-trimethoxyphenyl)propanoic acid 0.1 1 0.05-10 6.26 7.98 12.83 -0.43 

3-(3,4-dihydroxyphenyl)propanoic acid 0.25 2.5 0.1-10 11.27 -7.56 10.73 -2.27 

3-(3-hydroxy-4-methoxyphenyl)propanoic acid 0.025 0.5 0.01-10 5.26 -2.86 8.94 -2.20 

3-(3-hydroxyphenyl)propanoic acid 0.1 1 0.05-10 2.93 -1.06 4.54 -1.59 

3-(4-hydroxyphenyl)propanoic acid 0.25 2.5 0.1-10 4.42 3.77 5.84 3.45 

3-phenylpropanoic acid 0.5 2.5 0.25-10 5.86 13.96 9.73 6.71 

rosmarinic acid 0.25 2.5 0.1-10 4.36 5.44 4.67 6.09 

resveratrol 0.025 0.5 0.01-10 3.60 7.60 7.52 12.93 

peonidin-3-O-galactoside chloride 0.025 0.5 0.01-10 2.10 -3.11 N.A. N.A. 

malvidin-3-O-galactoside 0.1 1 0.05-10 4.96 -10.67 N.A. N.A. 
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Supplementary Table 5.4 (continued) 

    Intra-run (n=5) Inter-run (n= 11) 

Analyte 
Sensitivity 

(LLOQ, µM) 

MQC 

(µM) 

Linear range 

(µM) 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

Precision 

(CV%)* 

Accuracy 

(%RE)* 

3,4,5-trimethoxybenzaldehyde 0.025 0.5 0.01-10 4.56 -4.68 N.A. N.A. 

3-hydroxy-4-methoxybenzaldehyde 0.025 0.5 0.01-10 6.46 5.11 N.A. N.A. 

1,3-dihydroxybenzene     0.25 2.5 0.1-10 3.18 -3.03 N.A. N.A. 

benzoic acid 0.5 2.5 0.25-10 46.20 52.28 N.A. N.A. 

2,6-dihydroxybenzoic acid 0.5 2.5 0.25-10 4.32 -0.11 N.A. N.A. 

4-methoxybenzoic acid-3-sulfate 0.05 1 0.025-10 2.04 6.34 N.A. N.A. 

4-hydroxybenzoic acid 0.25 1 0.1-5 2.25 -13.09 N.A. N.A. 

3,4-dimethoxybenzoic acid methyl ester 0.025 0.5 0.01-10 5.63 1.21 N.A. N.A. 

3,4-dimethoxybenzyl alcohol 0.025 0.5 0.01-10 3.99 10.29 N.A. N.A. 

3-caffeoylquinic acid 0.05 0.5 0.025-2.5 5.98 6.76 N.A. N.A. 

trans-4-hydroxy-3-methoxycinnamic acid 0.1 1 0.05-10 6.02 -4.35 N.A. N.A. 

4-methoxycinnamic acid 0.5 2.5 0.25-10 8.45 4.26 N.A. N.A. 

myricetin 3-O-galactoside 0.5 2.5 0.25-10 5.81 23.01 N.A. N.A. 

hippuric acid 0.25 2.5 0.1-10 3.54 1.47 N.A. N.A. 

phenylacetic acid 0.5 2.5 0.25-10 8.40 4.76 N.A. N.A. 

(2)-hydroxy(4-hydroxyphenyl)acetic acid 0.25 2.5 0.1-10 5.10 0.16 N.A. N.A. 

3-methoxyphenylacetic acid-4-sulfate 0.025 0.25 0.01-5 5.96 6.59 N.A. N.A. 

3-(4-methoxyphenyl)propanoic acid-3-sulfate 0.05 1 0.025-10 3.41 4.64 N.A. N.A. 

*Parameter reported at the middle quality control concentration. LLOQ: lower limit of quantification; MQC: middle quality control 

concentration; CV: coefficient of variation; RE: relative error; N.A.: not applicable, parameter was not analyzed for this analyte. 

Acceptability: ±16% of %CV (precision); ±16% of nominal concentrations [accuracy; modified from (27, 28)]. 
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Supplementary Table 5. 5 Main effects of blueberry-derived (poly)phenol metabolites in serum following the intake of 

blueberries and protein bar 

Analyte p Time x treatment p Treatment effect p Time effect 

3-OCH-CIA-4-OGlcA 1.73293E-48 6.04701E-58 1.3565E-145 

3-OCH-CIA-4-Sulf 2.58392E-22 4.91406E-26 3.70194E-78 

3-OCH-PPA* 0.000481891 1.14265E-06 0.000456977 

3-OH-4-OCH-CIA 0.001128639 0.000415632 9.748E-11 

3-OH-4-OCH-PPA 9.63795E-07 1.83758E-06 6.6414E-23 

3-OH-HA 0.001733341 0.007574635 7.90652E-07 

3-OH-PPA 0.000126859 0.005689161 8.53753E-11 

34-diOCH-PAA 1.66185E-11 6.24565E-10 5.41601E-26 

4-OCH-PAA 5.21647E-05 1.59244E-06 8.00762E-05 

4-OCH-PPA-3-Sulf 3.01419E-06 1.32197E-06 5.42916E-16 

4-OH-3-OCH-PPA 7.83814E-11 2.23028E-08 1.44888E-25 

4-OH-35-diOCH-BA 1.08506E-88 5.8656E-106 1.9917E-134 

4-OH-CIA 0.031295118 0.000114603 3.30467E-07 

4-OH-PPA 0.000326071 0.008034534 1.30953E-09 

35-diOH-BA-3-Sulf* 3.53711E-09 1.50847E-16 8.90719E-39 

M-4-OH-3-OCH-BA 0.005832929 2.29992E-09 8.61645E-15 

Mal-3-OGal* 3.60236E-18 4.79878E-35 9.63782E-42 

OCH-BA-OGlcA (3/4 iso) 3.10553E-15 2.9334E-25 1.23272E-73 

OCH-BA-Sulf (3/4 iso) 4.41677E-13 2.22015E-25 5.16981E-40 

OCH-CIA-OGlcA_IS1 5.4042E-05 1.28557E-22 1.54695E-24 

OCH-CIA-OGlcA_IS3 7.57782E-33 6.53292E-44 2.07569E-88 

OH-B-Sulf_IS1 0.010021452 0.010445845 1.19012E-14 

OH-BA-Sulf_IS3 5.2433E-05 9.26501E-13 6.89758E-17 

Peo-3-OGal* 0.000463063 0.04193516 0.000127648 

3-OH-4-OCH-PAA 0.026665022 0.019361669 0.064861408 

3-OCH-PAA-4-Sulf 0.031525599 0.186300773 0.003075177 

HA 0.006399837 0.057855678 1.51595E-05 

Myr-OGal* 0.00757963 0.07618793 0.032831715 
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Supplementary Table 5.5 (continued) 

Analyte p Time x treatment p Treatment effect p Time effect 

OH-Bald-OGlcA 0.00070015 0.330813615 0.029423063 

Peo-acetyl-gluc* 0.010255342 0.166066183 7.70215E-25 

13-diOH-B 0.033136672 0.120567131 0.646453583 

26-diOCH-BA 0.019299627 0.99534899 0.622230279 

26-diOH-BA* 0.049425121 0.309772756 0.98295414 

diOH-B-OGlcA* 0.037291677 0.176775533 0.9255148 

OH-CIA-Sulf-Iso-mix* 0.035311158 0.176076168 0.886202507 

Peo-3-OGluc* 0.002814309 0.054245252 0.34099074 

3-OCH-PPA-4-OGlcA 0.09714246 0.004554734 1.63299E-06 

3-OH-PAA* 0.975183548 0.002168342 1.99191E-05 

345-triOCH-BA 0.400220217 0.000691719 0.019801165 

4-OH-3-OCH-BA 0.31967961 2.73597E-05 0.000364723 

4-OH-HA 0.478373467 0.001507204 0.000139744 

Cya-OGal 0.886621406 4.25843E-05 0.00859643 

Del-3-OGluc 0.970215181 0.00037158 0.008483305 

GCat-OGlcA_IS1 0.873372587 0.013261728 0.019831123 

M-OH-B-sulf 0.885599083 0.005137115 3.75721E-08 

phenyl-Val-Sulf 0.636239333 0.008862612 0.020265296 

2-OH-BA 0.71138701 0.026150892 0.207941567 

3-OCH-CIA 0.699391013 0.000364255 0.750421999 

3-OH-4-OCH-Bald 0.995145613 0.001409625 0.123529228 

34-diOH-PPA 0.342873448 0.010962316 0.477327252 

35-diOCH-BA 0.79378617 0.008788127 0.456057228 

35-diOCH-Balc 0.895367663 0.009162561 0.977730243 

35-diOH-Bald 0.114529352 0.03751631 0.817502781 

4-CQA 0.221585231 0.006424674 0.066748168 

BA 0.858886115 0.005402245 0.920563132 

Cya-OGlcA 0.839011286 0.000433216 0.899907542 
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Supplementary Table 5.5 (continued) 

Analyte p Time x treatment p Treatment effect p Time effect 

Cya-OGluc 0.998180224 3.79187E-07 0.860016464 

GCat-OGlcA_IS2 0.690099829 0.000846499 0.226499006 

Lut-7-Ogluc* 0.679611022 0.03932748 0.497995564 

M-4-OH-BA 0.911286995 0.002650916 0.098430213 

M-HA 0.703985552 0.027662222 0.205977705 

Mal-acetyl-gluc* 0.966070676 0.018384221 0.630971984 

Mal-OGal-OGlcA 0.784432788 0.000207234 0.330723435 

Mal-OGluc 0.921126241 0.003468491 0.285905885 

Myr* 0.858585694 0.01371264 0.078935301 

OCH-CIA-OGlcA_IS2 0.831511163 3.95907E-06 0.480094254 

OH-phenyl-Val-Sulf_IS1 0.947760742 0.004550389 0.10599732 

Peo-OGlcA 0.726254109 4.4145E-07 0.198187969 

Peo-OGluc* 0.938814864 0.002327892 0.348064386 

PPA-OGlcA 0.934608756 5.34086E-05 0.992667971 

PPA* 0.238848878 0.031746931 0.578462235 

Que-3-OGlcA 0.691961611 1.01515E-05 0.224943408 

Que 0.996511494 1.81965E-07 0.201755352 

Rosm-A 0.965648019 9.22676E-05 0.064500688 

Rut* 0.294221236 0.000104719 0.408028476 

t-3-OH-CIA 0.66436142 0.002550069 0.346817388 

12-diOH-4-CH-B 0.494457453 0.400321913 0.005852108 

2-OCH-BA* 0.741327887 0.342697569 0.033143549 

2-OH-CIA 0.763270476 0.383876596 0.028738613 

23-diOH-BA 0.741122751 0.133334639 4.31013E-09 

24-diOH-Bald* 0.699387809 0.060280321 0.003399891 

25-diOH-BA 0.628780595 0.066391933 1.41497E-08 

3-OH-Bald 0.118531411 0.080090564 9.52272E-27 

3-OH-phenyl-g-Val-4-Sulf 0.0857165 0.485928415 0.000444696 
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Supplementary Table 5.5 (continued) 

Analyte p Time x treatment p Treatment effect p Time effect 

345-triOCH-PPA 0.989975819 0.062632581 0.001554084 

345-triOH-Bald 0.969168778 0.217068516 0.000414603 

4-OCH-PPA-3-OGlcA 0.249107131 0.877533873 6.83312E-07 

4-OH-2-OCH-Bald 0.629272271 0.123217325 7.17611E-10 

4-OH-35-diOCH-PAA 0.241147761 0.117457168 3.20392E-05 

4-OH-Bald 0.100799862 0.079083495 1.48571E-26 

4-OH-PAA 0.228023285 0.310019644 3.73083E-05 

5-OH-PPA-3-OGlcA 0.938458228 0.257267475 0.009971474 

BA-4-Sulf 0.759457145 0.1748053 0.00017632 

diOH-BA (34/35 iso) 0.864257907 0.10190422 0.002386389 

Mal-OGlcA_IS1 0.53941138 0.073277119 3.44819E-06 

N-Benzyglut-A 0.64315075 0.551946635 8.43516E-07 

OH-HA_IS1 0.332815898 0.843027993 3.24078E-07 

OH-PAA-OGlcA 0.071938003 0.846848432 0.00057245 

Peo-OGal-OGlcA 0.947443907 0.234596772 2.10116E-06 

Pet-3-OGluc 0.981069811 0.063771822 0.049333902 

2-OH-13-OCH-B NA 0.999045961 0.999077065 

OH-PAA-Sulf* NA 1 1 

12-diOH-B 0.252079493 0.303753809 0.059432074 

2-OH-4-OCH-BA 0.369331305 0.40554328 0.801709754 

2-OH-6-OCH-BA 0.860422622 0.219443921 0.491891958 

24-diOCH-BA* 0.842109357 0.073125722 0.058519396 

24-diOH-BA 0.640197618 0.054933647 0.732339761 

3-CQA 0.532287353 0.149605287 0.674559259 

3-OCH-BA 0.098110866 0.286446844 0.48123461 

3-OH-4-OCH-BA 0.114330484 0.558214865 0.128578476 

34-diOCH-BA 0.180555023 0.183207724 0.855995823 

34-diOCH-Balc* 0.482968665 0.412512254 0.282908814 
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Supplementary Table 5.5 (continued) 

Analyte p Time x treatment p Treatment effect p Time effect 

34-diOCH-Bald 0.849874396 0.126375505 0.191588024 

34-diOH-Bald 0.336983876 0.763144417 0.166910429 

34-diOH-CIA 0.204081079 0.237704629 0.050332705 

34-diOH-phenyl-g-Val 0.310144691 0.707885515 0.292804866 

345-triOCH-Bald* 0.584486398 0.530896312 0.906859221 

35-diOCH-Bald 0.075281506 0.749895806 0.565127781 

35-diOH-Balc 0.642170645 0.792107082 0.613040445 

4-OCH-CIA-Sulf* 0.319426505 0.522650046 0.272248344 

4-OCH-CIA* 0.768695642 0.662091166 0.98262796 

4-OH-3-OCH-CIA* 0.322485624 0.913418823 0.203308806 

4-OH-3-OCH-PAA 0.663158189 0.077619326 0.293153595 

2-OH-4-OH-PAA* 0.780324581 0.84293204 0.650600299 

5-CQA 0.633466133 0.217850963 0.292429318 

CIA-OGlcA 0.877677163 0.478122353 0.138059581 

CLGA-OGlcA 0.758654729 0.281965129 0.241960715 

Cya-Sulf 0.527496413 0.110023331 0.600572572 

Del-Sulf 0.380167289 0.163870254 0.378101852 

diOH-BA* 0.135824321 0.309218365 0.441218678 

diOH-PAA_IS1* 0.174537148 0.518941468 0.600839722 

diOH-PAA_IS2* 0.694696854 0.711526836 0.781047492 

Ecat-OGlcA 0.438838737 0.192231387 0.859202898 

Gcat-OGlcA 0.174010018 0.359316994 0.094575613 

Kae-OGlcA* 0.622426628 0.278485967 0.997041217 

Kae* 0.689006161 0.778477036 0.569691623 

M-34-diOCH-BA* 0.482951546 0.846700865 0.738081909 

M-34-diOH-BA 0.086268972 0.634567075 0.584275982 

M-35-diOH-BA 0.190022927 0.632270533 0.099500967 

M-HA (3/4 iso) 0.384328293 0.736395526 0.309945101 
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Supplementary Table 5.5 (continued) 

Analyte p Time x treatment p Treatment effect p Time effect 

M-OH-BA* 0.460739314 0.276204713 0.820164828 

Myr-OGlcA 0.330861085 0.146744791 0.518818718 

Mal-OGlcA_IS2* 0.052205253 0.100483664 0.116768088 

OCH-BA-Sulf_IS1* 0.327590723 0.411062209 0.244478277 

OCH-CIA-OGlcA 0.35146788 0.269761737 0.55194107 

OCH-CIA-Sulf* 0.311873864 0.520321343 0.269065631 

OCH-CIA-Sulf_IS1 0.669172485 0.26751465 0.343247228 

OCH-PAA-OGlcA 0.882370333 0.06029469 0.087165115 

OCH-PAA-Sulf_IS1* 0.303540503 0.547091378 0.261874829 

OCH-PPA-Sulf_IS1* 0.322065089 0.523294727 0.276079014 

OH-B-Sulf_IS2* 0.780050219 0.911759284 0.63202287 

OH-BA-Sulf_IS1* 0.743653994 0.755413627 0.805255431 

OH-BA-Sulf_IS2 0.915440522 0.098476361 0.086298457 

OH-BA (3/4 iso) 0.300664137 0.166803487 0.43634941 

OH-OCH-B-Sulf* 0.170099537 0.256660003 0.614528978 

OH-OCH-BA-Sulf 0.804538968 0.076721117 0.427766371 

OH-OCH-PAA-OGlcA* 1 1 1 

OH-phenyl-g-Val-OGlcA_IS1* 1 1 1 

OH-phenyl-g-Val-OGlcA_IS2* 1 1 1 

OH-phenyl-Val-Sulf_IS2* 0.770678325 0.811177977 0.136237071 

PAA 0.600484962 0.49778116 0.828225986 

Pet-acetyl-gluc 0.671719813 0.076128538 0.52614797 

Pet-diSulf 0.798660805 0.073988088 0.394348449 

Pet-OGal 0.537337516 0.173163249 0.526226063 

Pet-OGluc-Sulf 0.666259064 0.144743858 0.566817779 

Pet-Sulf 0.363208243 0.312591325 0.403752721 

Phenyl-Val-Sulf-OGlcA* 0.172617598 0.753790488 0.713040542 
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Supplementary Table 5.5 (continued) 

Analyte p Time x treatment p Treatment effect p Time effect 

Res 0.203852779 0.583906099 0.655818714 

t-CIA 0.998075028 0.998023072 0.997965069 

P-values reflect treatment comparisons based on linear mixed effects model with repeated measurements (p-values <0.05 are indicated 

in bold). NA indicates that analyte was there was insufficient amount of data for statistical analysis. One outlier (>5 SD) was excluded 

from the analysis. Analyte full name is in Supplementary Table 5.2. An asterisk indicates compounds that do not meet quantitative 

performance criteria (i.e., linearity≥0.94, and/or concentration above the lower limit of quantitation). Analytes that are reported together 

could not be sufficiently resolved. 
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Supplementary Table 5. 6 Treatment effect for total urinary recovery of blueberry-derived (poly)phenol metabolites following 

the intake of blueberries and protein bar 

Analyte p Treatment effect 

34-diOH-CIA 0.035228888 

3-CQA 2.88244E-09 

3-OCH-CIA-4-OGlcA 0.008118478 

3-OH-HA 8.55471E-06 

3-OH-PAA 0.003324074 

4-OH-35-diOCH-BA 3.45867E-18 

4-OH-35-diOCH-PAA 3.71315E-08 

4-OH-PAA 0.009744802 

BA 0.009578786 

Cya-OGal* 7.29255E-10 

Ecat-OGlcA 0.015456598 

HA 0.000269453 

Mal-3-OGal 1.8516E-09 

Mal-OGlcA_IS2* 0.000134427 

OCH-BA-Sulf (3/4 iso) 0.037097316 

OCH-CIA-OGlcA_IS1 0.040481162 

OCH-CIA-OGlcA_IS3 0.001081175 

OH-BA-Sulf_IS2 0.000470604 

OH-PAA-OGlcA 0.012700396 

OH-phenyl-Val-Sulf_IS1 1.88212E-07 

OH-PPA (3/4 iso) 0.026488003 

Peo-3-OGal 5.30101E-06 

Peo-3-OGluc* 0.045889129 

Pet-acetyl-gluc 0.042809872 

PPA-OGlcA 0.031495964 

12-diOH-4-CH-B 0.296618135 

12-diOH-B 0.396256441 

13-diOH-B 0.640754716 
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Supplementary Table 5.6 (continued) 

Analyte p Treatment effect 

2-OCH-BA 0.491068981 

2-OH-13-OCH-B 0.988033351 

2-OH-4-OCH-BA 0.679881545 

2-OH-6-OCH-BA 0.164895549 

2-OH-BA 0.35895885 

2-OH-CIA 0.522699447 

234-triOCH-PAA 0.999019836 

24-diOCH-BA* 0.5591729 

24-diOH-BA 0.689704002 

24-diOH-Bald 0.865666562 

26-diOCH-BA 0.762441439 

26-diOH-BA 0.232862331 

3-OCH-BA 0.347726717 

3-OCH-CIA-4-Sulf 0.353810941 

3-OCH-CIA 0.321947444 

3-OCH-PAA-4-Sulf 0.79810992 

3-OCH-PAA 0.658823134 

3-OCH-PPA 0.430600346 

3-OH-4-OCH-BA 0.21591419 

3-OH-4-OCH-Bald 0.691969799 

3-OH-4-OCH-CIA 0.178377998 

3-OH-4-OCH-PAA 0.89261211 

3-OH-4-OCH-PPA* 0.65005269 

3-OH-Balc 0.695105477 

3-OH-Bald 0.197530942 

3-OH-phenyl-g-Val-4-Sulf 0.165352922 

34-diOCH-BA 0.353794295 

34-diOCH-Balc 0.568638503 
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Supplementary Table 5.6 (continued) 

Analyte p Treatment effect 

34-diOCH-Bald 0.145857551 

34-diOCH-PAA 0.492982658 

34-diOH-Bald 0.494820219 

34-diOH-phenyl-g-Val 0.797986724 

34-diOH-PPA 0.728328749 

345-triOCH-BA 0.45904874 

345-triOCH-Bald* 0.534794443 

345-triOCH-PPA 0.816009854 

345-triOH-Bald 0.093443414 

35-diOCH-BA 0.076252013 

35-diOCH-Balc 0.890142029 

35-diOCH-Bald 0.737885082 

35-diOH-Balc 0.767892315 

35-diOH-Bald 0.193346564 

4-CQA 0.546887306 

4-OCH-CIA-Sulf* 0.059819503 

4-OCH-CIA* 0.264846645 

4-OCH-PAA 0.850497545 

4-OCH-PPA-3-Sulf 0.71329132 

4-OH-2-OCH-Bald 0.620239757 

4-OH-3-OCH-BA 0.16747964 

4-OH-3-OCH-CIA 0.104332162 

4-OH-3-OCH-PAA 0.497903003 

4-OH-3-OCH-PPA 0.119123171 

4-OH-Balc 0.77158297 

4-OH-Bald 0.205119459 

4-OH-CIA 0.231348315 

4-OH-HA 0.95976461 
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Supplementary Table 5.6 (continued) 

Analyte p Treatment effect 

2-OH-4-OH-PAA 0.539553097 

5-CQA 0.607375899 

35-diOH-BA-3-Sulf 0.394820336 

5-OH-PPA-3-OGlcA 0.457394575 

alpha-OH-HA* 0.849168604 

BA-4-Sulf 0.131602499 

CIA-OGlcA 0.460314685 

CLGA-OGlcA 0.170551421 

Cya-OGlcA 0.546363077 

Cya-OGluc 0.201194049 

Cya-Sulf 0.339027154 

Del-3-OGluc 0.12258819 

Del-Sulf 0.719098712 

diOH-B-OGlcA 0.82279487 

diOH-BA (23/25 iso) 0.412553165 

diOH-BA (34/35 iso) 0.066970273 

diOH-BA 0.781920544 

diOH-PAA_IS1 0.080282125 

diOH-PAA_IS2 0.549728323 

GCat-OGlcA_IS1 0.063537587 

GCat-OGlcA_IS2 0.440674351 

Gcat-OGlcA* 0.107423858 

Kae-OGlcA* 0.72857899 

Kae 0.674021749 

Lut-7-OGluc 0.284654746 

M-34-diOCH-BA* 0.312881941 

M-4-OH-3-OCH-BA 0.237914258 

M-4-OH-BA 0.64113485 
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Supplementary Table 5.6 (continued) 

Analyte p Treatment effect 

M-diOH-BA (34/35 iso) 0.318599487 

M-HA (3/4 iso) 0.125717209 

M-HA 0.095976623 

M-OH-B-sulf 0.337029986 

M-OH-BA* 0.277590385 

Mal-acetyl-gluc* 0.214511687 

Mal-OGal-OGlcA 0.220626913 

Mal-OGlcA_IS1 0.357446251 

Mal-OGluc 0.370586733 

Myr-OGal 0.206112441 

Myr-OGlcA 0.745488144 

Myr* 0.888106114 

N-Benzyglut-A 0.141738235 

OCH-BA-OGlcA (3/4 iso) 0.406047894 

OCH-BA-Sulf_IS1* 0.270781372 

OCH-CIA-OGlcA 0.522347682 

OCH-CIA-OGlcA_IS2 0.274367907 

OCH-CIA-Sulf* 0.151917937 

OCH-CIA-Sulf_IS1 0.318077409 

OCH-PAA-OGlcA 0.401006889 

OCH-PAA-Sulf_IS1* 0.193746613 

OCH-PPA-OGlcA (3/4 iso) 0.770923373 

OCH-PPA-Sulf_IS1* 0.19123754 

OH-B-Sulf_IS1 0.989307291 

OH-B-Sulf_IS2 0.626393115 

OH-BA-Sulf_IS1 0.241699984 

OH-BA-Sulf_IS3 0.635217254 

OH-BA (3/4 iso) 0.748053347 
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Supplementary Table 5.6 (continued) 

Analyte p Treatment effect 

OH-Bald-OGlcA 0.247935372 

OH-CIA-Sulf-Iso-mix* 0.14518428 

OH-HA_IS1 0.90375022 

OH-OCH-B-Sulf 0.865871014 

OH-OCH-BA-Sulf 0.384271514 

OH-OCH-PAA-OGlcA 0.316212775 

OH-PAA-Sulf* 0.130405156 

OH-phenyl-g-Val-OGlcA_IS1 0.811937024 

OH-phenyl-g-Val-OGlcA_IS2 0.290351055 

OH-phenyl-Val-Sulf_IS2 0.323947675 

PAA 0.763068579 

Peo-acetyl-gluc 0.085736551 

Peo-OGal-OGlcA 0.500384761 

Peo-OGlcA 0.64597139 

Peo-OGluc 0.539826752 

Pet-diSulf 0.193683615 

Pet-OGal 0.257884452 

Pet-OGluc-Sulf 0.334359165 

Pet-Sulf 0.292845871 

Phenyl-Val-Sulf-OGlcA 0.806397833 

phenyl-Val-Sulf 0.375487135 

PPA* 0.568184718 

Que-3-OGlcA 0.340594667 

Que 0.090790792 

Res 0.294726322 

Rosm-A 0.615542321 

Rut* 0.215417255 
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Supplementary Table 5.6 (continued) 

Analyte p Treatment effect 

t-3-OH-CIA 0.126238065 

t-CIA 0.773699352 

P-values reflect treatment comparisons based on linear mixed effects model with repeated measurements (p-values <0.05 are indicated 

in bold). Analyte full name is in Supplementary Table 5.2. An asterisk indicates compounds that do not meet quantitative performance 

criteria (i.e., linearity≥0.94, and/or concentration above the lower limit of quantitation). Analytes that are reported together could not be 

sufficiently resolved. 
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CHAPTER 6. SUMMARY, FUTURE RESEARCH AND CONCLUSIONS 

Consumption of a diverse diet comprised of nutrient-dense fruits and vegetables offers 

many benefits for healthy living. Unfortunately, such a diet is pursued by a minority of Americans, 

precipitating the need for researching ways to increase the consumption of fruits and vegetables 

while maximizing the delivery of phytonutrients such as (poly)phenols, which have been 

correlated with health benefits. Since increasing the production of fruits and vegetables alone can 

cause excessive environmental damage and food waste, strategies beyond increased production 

should be explored. For example, the application of genotyping and phenotyping techniques to 

select crops based on higher delivery of (poly)phenols may provide consumers with nutrient-dense 

food. Contrary to the common belief that consumption of fruits containing higher (poly)phenol 

content delivers proportionally more (poly)phenols, it is also important to evaluate the 

bioaccessibility of (poly)phenols between fruit accessions. Equally critical is the development of 

food products with optimal (poly)phenol bioavailability and consequently, the evaluation of the 

impact of processing on the (poly)phenol bioavailability following consumption. Blueberries are 

well-characterized, genotypically and phenotypically, are abundant in (poly)phenols, and they can 

easily be processed into multiple food forms, making them an appropriate fruit model for the study 

of the effect of bioaccessibility and processing on (poly)phenol bioavailability.  

The (poly)phenol bioavailability analysis performed in the present dissertation was 

comprised of 186 (poly)phenol metabolites, including 119 authentic and 67 putative compounds, 

in biological matrices using ultra-performance liquid chromatography-electrospray ionization 

tandem mass spectrometry (UPLC-ESI-MS/MS). Previous studies have validated quantitative 

methods using LC-MS for mixtures between 13 and 67 references standards. In order to ensure 

that this method was quantitatively suitable for the analysis of such a broad number of analytes in 
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the present study, Chapter 2 consisted of the validation of a broad-spectrum LC-MS/MS 

quantitative method for 99 blueberry-derived (poly)phenol analytes in solid-phase extracted 

serum. This method was validated for system suitability, carryover effect, linearity, sensitivity, 

precision, and accuracy across 14 subclasses, including: anthocyanins, benzenediols, benzyl 

acohols, caffeoylquinic acids, flavonols, glutamic acids, hippuric acids, hydroxybenzaldehydes, 

hydroxybenzoic acids, hydroxybenzoic acid methyl esters, hydroxycinnamic acids, 

hydroxyphenylacetic acids, 3-(hydroxyphenyl)propanoic acids, and stilbenes. The linearity of 

regression curves for blueberry-derived (poly)phenols satisfied the range where these compounds 

are usually observed in nutrition research. Equally, the quantitative method was sensitive and 

showed no carryover effects across sample analysis, ensuring suitability in the use of LC-MS to 

analyze these analytes. We also observed satisfactory precision and accuracy for the majority of 

analytes (71-94%) across subclasses and the four concentrations tested. Even though method 

validation for individual analytes usually yields optimal results, it is not realistic in metabolomics 

research where an extensive number of metabolites are analyzed and minimal biological sample is 

available for individual analysis of multiple metabolites within a reasonable time frame. 

Otherwise, the stability of these metabolites in pre-extracted matrices may be compromised due to 

potential analyte reactivity as a result of prolonged analysis. Consequently, the performance of this 

type of quantitative method is compromised since it is optimized for capturing a large number of 

(poly)phenols of differential structures, consequently impacting chromatography retention and 

resolution and ionization efficiency. The performance of this assay may be improved further via 

the use of labeled reference standards to avoid interference with endogenous analytes that may be 

on the background matrix, and advancement in the composition of stationary phases that are 

specific to the analytes tested. This would consequently improve analyte capture. Therefore, this 
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method was satisfactory for application in the analysis of (poly)phenols in biological matrices 

following nutrition interventions.  

Building upon the method validation work, Chapter 3 evaluated the stability of 99 

blueberry-derived analytes in pre-extracted biological tissues across four thaw cycles. Even though 

rodent tissue was used in this study, the results of this analysis would likely apply to other post-

extracted matrices such as serum and urine considering that background matrix components such 

as protein, and salts would have been removed from the biological sample during solid phase 

extraction.  We observed that most analytes were stable for one freeze-thaw cycle and showed 

greater degradation across cycles. The degradation of these analytes is potentially due to sample 

condensation, evaporation, analyte precipitation, reactivity or binding. Future studies could 

evaluate the impact of each of these variables by using a control sample containing a mixture of 

the reference standards explored that would not undergo the same thawing as the actual freeze-

thaw samples. Even though hydroxylation and methoxylation did not seem to have impacted 

freeze-thaw results in this study, further investigation on potential reactivity of analytes within 

distinct structures could be assessed via freeze-thaw analysis of defined grouping of analytes. 

Additionally, comparison between neat vs biological matrices in the same design could reveal if 

there was analyte binding to the matrix. Overall, this study indicates that secondary analysis of 

blueberry-derived (poly)phenols in pre-extracted biological matrix is minimally impacted after one 

freeze-thaw cycle, which may save materials and clinical samples when unexpected instrument 

performance issues occur in nutrition research and re-injection is required. 

 Chapter 4 evaluated the quantitative accuracy of the current extensive use of a surrogate 

(poly)phenol analyte to quantify another analyte based on a similar structure in metabolomics 

when reference standards are not available. Our results showed that this approach can result in 
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high inaccuracy, reflected on over 200-fold under and overestimation. Such an impact in 

concentration is most likely the impact of differences in dilution integrity and regression curves; 

but other factors such as differential number of mass transitions captured per analyte within the 

time window; gradient of organic and inorganic solvent where each analyte elutes; and their 

ionization efficiency, are likely a factor. Consequently, the use of surrogate analytes was most 

accurate when the regression curves of analytes were similar. Also, response factors applied at for 

low concentration analytes had the highest inaccuracy. While response factors applied using an 

authentic reference standard were most accurate when calculated based on the middle or high 

concentrations of analytes, possibly due to more stability at the higher ends of regression curves. 

Equally, performing such analysis using regression curves that were prepared in a single biological 

matrix, serum in this study, compared to combining regression curves prepared in different 

matrices resulted in less variation in slopes. Also, slopes generated using the same instrument 

settings and analytical time period were also the most appropriate for more accurate calculation 

and application of response factors. A limitation of this study was that a single mass transition was 

evaluated per analyte. Future studies should look at the response factor performance at other mass 

transitions per analyte to evaluate the response exerted by their ionization fragments. This study 

indicated that the application of response factors in metabolomics is most appropriate when the 

quantitative performance of the analytes tested is known, including similar slopes and linear range, 

pre-established accuracy, matrix and assay condition of the analytical methods used to quantify 

these analytes.  

The findings of the prior works were applied to Chapter 5, which evaluated the effect of 

bioaccessibility and processing on the bioavailability of blueberry-derived (poly)phenols 

following consumption of the equivalent to one serving of a blueberry variety containing high 
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bioaccessible content (Elliott), one of lower bioaccessible content, a protein bar containing the 

Elliott blueberry, and a macronutrient-matched beverage for control in healthy adults. Based on 

previous literature comparing (poly)phenol bioavailability after intake of processed blueberries (as 

a bun and juice), and intake of different amounts of blueberries, and showing overall 

bioequivalence, and differences in the pharmacokinetics of some metabolites, we initially 

hypothesized that consumption of the three blueberry foods would display similar (poly)phenol 

bioavailability, although different from the control, and having differences in clearance kinetics. 

Whilst the bioavailability of berry-derived (poly)phenols has been explored extensively, and many 

times correlated to disease biomarkers, no human study has compared the bioavailability and 

pharmacokinetics of a comprehensive number of (poly)phenol metabolites (169 compared in the 

present study) following consumption of two varieties of blueberries differing in their 

bioaccessible amount of (poly)phenols in the same study design. Among the analytes evaluated in 

this study that showed significant main effects, malvidin-3-O-galactoside and chlorogenic acid 

(i.e., 3-O-caffeoylquinic acid) were the most abundant and bioaccessible anthocyanin and phenolic 

acid, respectively, in the blueberries tested, and about ten times higher in Elliott blueberry. 

Interestingly, they both showed significant differences in cumulative urinary recovery after 

consumption of the blueberries. Urinary recovery of chlorogenic acid doubled after Elliott 

blueberry consumption relative to Olympia blueberry and differed from the control after Elliott 

blueberry only. Similarly, recovery of malvidin-3-O-galactoside was three times higher after 

Elliott blueberry, and it differed from the control after Elliott blueberry and protein bar. Also, 

recovery of both metabolites was different from the control after all interventions. Together, these 

results indicate that these metabolites were derived from the berries. The majority of the 

metabolites that showed similar total urinary recovery and serum area under the curve after 
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consumption of the blueberries and protein bar were free forms of phenolic acids. This indicates 

that there was similar microbial catabolism related to these compounds across the blueberry-

derived interventions. Also, a large number of phenolic metabolites increased after the blueberry-

derived treatments compared to the control, suggesting that they are products of berry-derived 

metabolites as well. As expected, the majority of the metabolites showing similarities in total 

urinary recovery and/or serum area under the curve displayed either higher maximum 

concentration (Cmax) or lower between blueberries. This may be related to the matrix composition 

of these interventions, which could be evaluated through further research on the composition of 

the berries tested in this study. Comparing both blueberry varieties, differential composition in 

fibers, starch and sugars likely explains the differential Cmax observed. On the other hand, Cmax 

differences following consumption of the protein and the blueberries – mostly significantly higher 

after Elliott blueberry and lower after Olympia blueberry- are likely related to the consumption of 

a solid versus a liquid form of protein as each blueberry was consumed with a macronutrient-

matched beverage. Such effect on pharmacokinetics has been previously reported in a study 

evaluating (poly)phenol bioavailability after a blueberry-containing bun and juice. These results 

suggest that (poly)phenols in blueberries with differential bioaccessibility and in a berry-rich 

protein bar are similarly bioavailable in healthy adults. Therefore, they reveal that consumption of 

blueberries with higher (poly)phenol content is not proportionally related to the delivery of more 

(poly)phenols nor do processed blueberries reduce the delivery of (poly)phenols compared to fresh 

blueberries. Furthermore, other crops should be evaluated for the same effects evaluated in this 

study as a means of improving the nutrient density in fruits and vegetables, and their delivery 

following consumption. 
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Collectively, the findings of this dissertation contribute to the field of quantitative 

metabolomics and nutrition research by 1) validating a broad-spectrum quantitative metabolomics 

method for analysis of berry-derived (poly)phenols in biological samples; 2) evaluating the use of 

berry-derived (poly)phenol surrogate analytes between similar and distinct structures, and 

providing nutrition researchers with a tool to apply surrogate analytes across a comprehensive 

number of analytes; and 3) establishing limited overall differences in (poly)phenol bioavailability 

as a consequence of processing using blueberries as a model. Such study outcomes provide a 

foundation for future investigation of (poly)phenol bioavailability across genotypic varieties with 

differential bioaccessibility and product forms applying a validated broad-spectrum targeted 

metabolomics. Therefore, it initially promotes the selection of fruits and vegetables based on their 

genotype in correlation with (poly)phenol bioaccessibility, followed by testing and optimization 

of consumer-relevant products derived from fruits and vegetables concerning the delivery of 

(poly)phenols. Such food products should consist of ingredients that would not significantly hinder 

the bioavailability of (poly)phenols while having a stable shelf-life and being accessible and 

pleasing to consumers. Also, evaluation of the bioavailability of vitamins and minerals after 

consumption of a diversity of crops and products would greatly cover the nutritional bioavailability 

provided in their consumption. Further, the same design applied in the bioavailability pilot study 

presented can be used for a wide variety of fruit and vegetable crops aiming to provide consumers 

with a more bioavailable nutrient-dense diet, and consequently healthy living. 
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Appendix A. Blueberry Clinical Study: Institutional Review Board Protocol  

 
NORTH CAROLINA STATE UNIVERSITY 

INSTITUTIONAL REVIEW BOARD FOR THE USE OF HUMAN 

SUBJECTS IN RESEARCH SUBMISSION FOR NEW STUDIES 

 

Protocol Number 19138 

 
Project Title 

Establishing optimal nutritional quality of blueberries: a proof of concept study to improve the nutritional 

quality of the average diet using common plant breeding and processing practices. 
 

IRB File Number: 

 

Original Approval Date: 

09/24/2019 

Approval Period 

07/29/2021 - 01/01/2100 

Source of funding (provide name of funder not account number): 

Foundation for Food and Agriculture Research 

NCSU Faculty point of contact for this protocol:NB: only this person has authority to submit the protocol 

Granillo, Cheryl Dianne: Kannapolis Research 

Does any investigator associated with this project have a significant financial interest in, or other conflict of interest involving, the 

sponsor of this project? (Answer No if this project is not sponsored) 

No 

Is this conflict managed with a written management plan, and is the management plan being properly followed? 

No 

Preliminary Review Determination 

   
Category: 

Full Board - Closed 

In lay language, briefly describe the purpose of the proposed research and why it is important. Provide a brief synopsis of the study including 

who is targeted to participate and the data collection methods employed (limit text to 1500 characters) 

The 4-phase crossover study focuses on within participant variation in the clearance kinetics of (poly)phenols 

in 2 different commercial blueberry varieties, a minimally processed blueberry-rich protein bar, and a control 

beverage of matched-nutritive content in healthy human volunteers to identify the impact of berry content and 

processing on absorption and elimination kinetics. Sex will be used as a covariate in statistical analysis and as within 

participant variation is the primary outcome, population diversity is not required. There is no attempt to recruit or 

limit or stratify by socioeconomic statuses. We will establish clearance in blood and urine over a 48-hour period 

across 4 treatment phases. The entire study will last 3-months involving a consent visit, screening visit, four weeks 

of restricted food intake, four visits of 9.5 hours in the clinic, and additional 8 visits that will take 1 hour each. The 

total study requires a total commitment of 54.5 hours over the 3 month enrollment period. 
 

If any investigator on the project (or the spouse, domestic partner or any members of the investigator's immediate family who reside in 

the same household) has a financial or other type of conflict of interest that could potentially affect the design, conduct, or reporting of this 

research project, please describe the conflict of interest here or indicate that it has been fully disclosed in the investigator's most recent 

COI disclosure filed with NC State. If your team does not have any conflicts of interest, please respond with N/A. If you are uncertain how to 

respond or have questions, please contact coi-noi-compliance@ncsu.edu. 

N/A 

My research qualifies for Exemption. Exempt research is minimal risk and must fit into the categories d.1 - d.8 found here: 

http://www.hhs.gov/ohrp/humansubjects/guidance/45cfr46.html 

0 

mailto:coi-noi-compliance@ncsu.edu
http://www.hhs.gov/ohrp/humansubjects/guidance/45cfr46.html
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Is this research being conducted by a student? 

Yes 

Is this research for a thesis/disseration/capstone? 

Yes 

Is this research for a dissertation? 

No 

Is this independent research? 

No 

Is this research for a course? 

No 

Do you currently intend to use the data for any purpose beyond the fulfillment of the class assignment? 

No 

Please explain 

   
If so, please explain 

 
If you anticipate additional NCSU-affiliated investigators (other than those listed on the Title tab) may be involved in this research, list them 

here indicating their name and department. 

Monique Carvalho de Santana, PhD student under the supervision of Dr. Colin D. Kay at the Department of 

Food, Bioprocessing and Nutrition Sciences in the NCSU, Cheri Granillo, Translational Nutrition Program 

Manager at the Plants for Human Health Institute of the NCSU at North Carolina Research Campus, Harry Schulz, 

Laboratory Managing Technician at Dr. Colin D. Kay’s laboratory in the Plants for Human Health Institute of the 

NCSU at North Carolina Research Campus, Jessica Everhart, Research Technician at Dr. Colin D. Kay’s laboratory 

in the Plants for Human Health Institute of the NCSU, and Atul Rathore, Postdoctoral Research Scholar at Dr. 

Colin D. Kay’s laboratory in the Plants for Human Health Institute of the NCSU. 
 

Will the investigators be collaborating with researchers at any institutions or organizations outside of NC State? 

Yes 

List collaborating institutions and describe the nature of the collaboration. If researchers from both institutions are doing any of the following 

activities: recruitment, consent process, data collection or handling of identifiable information/specimens a reliance agreement may be 

appropriate. For more information, please contact irb-coordinator-admin@ncsu.edu 

University of North Carolina Chapel Hill, Clinical Services Facility at the Nutrition Research Institute-Human 

Research Core; located at the North Carolina Research Campus (Kannapolis, NC) will act as a sub-contracted 

facility providing clinical examination and leisure space, licensed kitchen and dining facilities, and phlebotomist 

and physician support. The NRI phlebotomists and physician will be responsible for phlebotomy services, 

consultation, blood pressure and anthropometric analysis, medical questionnaires, and review of abnormal clinical 

screening results and adverse events.  

What is NCSU's role in this research? 

Lead. NCSU investigators led the design of this intervention and will lead on recruitment, implementation, and data 

collection, handling and destruction. Investigators will follow Good Clinical Practice (GCP) and Good Clinical 

Laboratory Practice (GCLP). 
 

Describe funding flow, if any (e.g. subcontractors) 

The present clinical study is funded by the Foundation for Food and Agriculture Research, with the clinical 

intervention run (phlebotomy, clinical monitoring, MD oversight) under subcontract at the University of North 

Carolina Chapel Hill, Nutrition Research Institute-Human Research Core, located at the North Carolina Research 

Campus (Kannapolis, NC).  

Is this international research? 

No 

Identify the countries involved in this research 

 

mailto:irb-coordinator-admin@ncsu.edu
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An IRB equivalent review for local and cultural context may be necessary for this study. Can you recommend consultants with cultural expertise 

who may be willing to provide this review? Consultants may not be a part of the research team or have a stake in the research project. Provide 

email contact information for consultant(s). A local context review may lengthen the time it takes for your approval. 

 

Adults 18 - 64 in the general population? 

Yes 

NCSU students, faculty or staff? 

Yes 

Adults age 65 and older? 

No 

Minors (under age 18--be sure to include provision for parental consent and/or child assent). If minors are included in your research, please 

read through the NC State University Regulation for your additional responsibilities. Following this regulation is a requirement of your 

affiliation with NC State.? 

No 

List ages or age range: 

 

Could any of the children be "Wards of the State" (a child whose welfare is the responsibility of the state or other agency, institution, or entity)? 

No 

Please explain: 

 
Prisoners (any individual involuntarily confined or detained in a penal institution -- can be detained pending arraignment, trial or sentencing)? 

No 

Pregnant women? 

No 

Are pregnant women the primary population or focus for this research? 

No 

Provide rationale for why they are the focus population and describe the risks associated with their involvement as participants 

 

Fetuses? 

No 

Students? 

No 

Does the research involve normal educational practices? 

No 

Is the research being conducted in an accepted educational setting? 

Yes 

Are participants in a class taught by the principal investigator? 

No 

Are the research activities part of the required course requirements? 

No 

Will course credit be offered to participants? 

No 

Amount of credit? 

No 

If class credit will be given, list the amount and alternative ways to earn the same amount of credit. Note: the time it takes to gain the same 

amount of credit by the alternate means should be commensurate with the study task(s) 

 

How will permission to conduct research be obtained from the school or district? IRB approval is not permission to conduct the research. You 

need to access a gatekeeper. If you are implementing a survey with NC State populations, please make sure you follow the NC State survey 

regulation. 

 

Will you utilize private academic records? 
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No 

Explain the procedures and document permission for accessing these records. 

 
Employees? 

No 

Describe where (in the workplace, out of the workplace) activities will be conducted. 

 
From whom and how will permission to conduct research on the employees be obtained? 

 
How will potential participants be approached and informed about the research so as to reduce any perceived coercion to participate? 

 
Is the employer involved in the research activities in any way? 

No 

Please explain: 

 
Will the employer receive any results from the research activities (i.e. reports, recommendations, etc.)? 

No 

Please explain. How will employee identities be protected in reports provided to employers? 

 
Impaired decision making capacity/Legally incompetent? 

No 

How will competency be assessed and from whom will you obtain consent? 

 
Mental/emotional/developmental/psychiatric challenges? 

No 

Identify the challenge and explain the unique risks for this population. 

 
Describe any special provisions necessary for consent and other study activities (e.g., legal guardian for those unable to consent). 

 
People with physical challenges? 

No 

Identify the challenge and explain the unique risks for this population. 

 
Describe any special provisions necessary for working with this population (e.g., witnesses for the visually impaired). 

 
Economically or educationally disadvantaged? 

No 

Racial, ethnic, religious and/or other minorities? 

No 

Non-English speakers? 

No 

Describe the procedures used to overcome any language barrier. 

 
Will a translator be used? 

No 

Provide information about the translator (who they are, relation to the community, why you have selected them for use, confidentiality measures 

being utilized). 
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Explain the necessity for the use of the vulnerable populations listed. 

There is no need for vulnerable populations in this study. No sex/gender or racial/ethnic group will be excluded. 

 
Amendment request (November/2020): We are including participants who are 65 years old. The necessity for the 

use of vulnerable populations is because we have had volunteers who are 65 years old interested in enrolling in this 

study and fitting in every eligibility criteria of our study. Since we have been delayed extensively as a result of the 

COVID-19 pandemic, the inclusion of this population may facilitate our recruitment. 
 

State how, where, when, and by whom consent will be obtained from each participant group. Identify the type of consent (e.g., written, 

verbal, electronic, etc.). Label and submit all consent forms. Consent Form Template for NC State Research -- Adults Parental Permission and 

Minor Assent After showing interest in taking part in the study by response to a posted study advertisement 

(printed or online) via email or phone (Annexes 1A and 1B), potential participants will be 

contacted (by clinical coordinator or research technician) via email or phone for an eligibility 

pre-screen phone interview (Annex 2A), describing the protocol in further detail, including full 

inclusion and exclusion criteria. 

 

If participants are deemed eligible (i.e., meeting inclusion criteria) at the initial interview, a package providing a 

description of the study and consent procedures (Annex 3), will be mailed or emailed to them (depending on their 

preference). Potential participants meeting the inclusion criteria and willing to participate will be invited (Annex 

4) (via email or phone) to participate in a brief consent presentation (30 min) by the clinical study team at the Plants 

for Human Health Institute (PHHI; North Carolina Research Campus, 600 Laureate Way; Kannapolis, NC 28081). 

Here, participants will be provided a summary of the clinical and study procedures, be invited to ask questions to 

the clinical study team, review eligibility and describe consent practices. Briefly, the study coordinator (Monique 

Carvalho de Santana) or the clinical team will describe the procedures involved in this study (e.g. screening, dietary 

restriction, blueberries, blueberry product or matched-control feeding, blood and urine collection and fasting 

procedures, etc.) and encourage any questions from the participants. 

Compensation will also be discussed. Those potential participants holding visas may fall under additional 

circumstances (see “Compensation” tab). 

Once the participant is satisfied and wishes to continue to the clinical screening stage, he/she will sign the consent 

form (Annex 5), pre-approved by the NCSU IRB. Participants may also sign the consent form at home if requested 

(returning via email, mail or in person). The consent form describes aims, methods, benefits, termination from the 

study, and potential hazards of participating. 

 

The consent form must be signed prior to inclusion into the trial, and prior to any sample collection. Once consent 

form is signed, we will initiate a request (via email or phone) to schedule a clinical screening session. It will be made 

completely and unambiguously clear to each participant that they are free to refuse to take part in the study, or 

withdraw their consent at any time and for any reason, without incurring any penalty. The participant will be given 

another copy of the participant information materials (Annex 3) and signed consent form. The original signed 

informed consent will be kept on file by the Principal Investigator (Dr. Colin D. Kay) following established 

archiving and data handling protocols compliant with NCSU IRB procedures. No sex/gender or racial/ethnic group 

will be excluded, and there is no need to recruit vulnerable population in this study. 

 

Participants giving their consent to participate will be assigned a numerical study code. The information linking 

codes to volunteers will have restricted access. All personal information at the study site will be kept confidential 

and stored securely. Only the Principal Investigator (Dr. Colin D. Kay), clinical coordinator, study 

phlebotomists and medical practitioner/consultant will be given access to participant identifiers if deemed 

necessary by the Principal investigator (Dr. Colin D. Kay) such as instances where adverse events are reported and 
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blinding has to be broken to establish treatment group. 

 

Participants who give consent to proceed in the study will be given a cooling-off period of at least 24 hrs before 

arranging a clinical screening visit (when biological samples will be collected for screening) (Annex 7A). A 

reminder about the clinical screening visit will be sent to participants 48h prior to it (Annex 7B). Volunteers will be 

reminded that they are not obligated to participate further and that they can withdraw from the trial at any time. We 

estimate to start the feeding visits for the first cohort in March/2020. 

 

Participants will also be informed that at the end of each feeding visit, they will have the option to have their travel 

expenses to and from the research facility (at the mileage rates applicable at the time of involvement) reimbursed 

via a NCSU reimbursement form (Annex 8). Participants are responsible for filling the travel reimbursement form 

out and submitting it to the PHHI Administrative Support Analyst, who will process their payment, via direct deposit 

or a single check. 

 

We estimate to recruit volunteers (rolling-recruitment) in December/2019-January/2020, and March/2020 and 

May/2020 and through the end of 2020 as needed. Amendment COVID-19: the consent visit will occur in 

room 1308 of the UNC-CH Human Research Core clinical suite, on the North Carolina Research Campus (500 

Laureate Way, Kannapolis, NC 28081) or virtually via the study coordinator’s NC State University Zoom account. 

We will also offer the possibility of reading and signing the consent form online (using electronic signature or 

emailing us a scanned and signed document) or via mail. 
 

If any participants are minors, describe the process for obtaining parental consent and minor's assent (minor's agreement to participate). 

N/A 

Are you applying for a waiver of the requirement for consent (no consent information of any kind provided to participants) for any participant 

group(s) in your study? 

No 

For each participant group that you are requesting a waiver of consent for, please state what method this waiver is needed for, why it is 

needed and address each of the above 5 criteria to justify why your study qualifies for a waiver of consent. 

 

Are you applying for an alteration (exclusion of one or more of the specific required elements) of consent for any participant group(s) in your 

study? 

No 

Identify which required elements of consent you are altering, describe the participant group(s) for which this waiver will apply, and justify 

why this waiver is needed. 

 

Are you applying for a waiver of signed consent (consent information is provided, but participant signatures are not collected)? A waiver of 

signed consent may be granted only if: The research involves no more than minimal risk. The research involves no procedures for which consent 

is normally required outside of the research context. 

No 

Would a signed consent document be the only document or record linking the participant to the research? 

No 

Is there any deception of the human subjects involved in this study? 

No 

Describe why deception is necessary and describe the debriefing procedures. Does the deception require a waiver or alteration of informed 

consent information? Describe debriefing and/or disclosure procedures and submit materials for review. Are participants given the option to 

destroy their data if they do not want to be a part the study after disclosure? 

 

For each participant group please indicate how many individuals from that group will be involved in the research. Estimates or ranges of the 

numbers of participants are acceptable. Please be aware that participant numbers may affect study risk. If your participation totals differ by 

10% from what was originally approved, notify the IRB. 

Twenty-eight healthy participants will be recruited and randomized for 4 different treatments (in a crossover 

design), with the probability that 24 will complete the study (15% drop out rate). No between group comparisons 
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will be made aside from using sex as a covariate in statistical analysis. The study focuses on within participant 

variation so population diversity is not required. 

 

We will not target participants that are unemployed or from a low socioeconomic background. All who 

express an interest will undergo a telephone pre-screen and full screening visit, until participant enrollment 

numbers are met. We will exclude participants and/or alter the recruitment advertisement strategy if greater than 

20% of the participant pool identifies their income is below 23k/y. No data on income will be recorded with the 

study documentation, we will only record a tally of numbers of people answering below 23k/y in a separate single 

column excel workbook conditionally formatted to detect when the proportion of individuals reaches 20%. At 

the screening interviews participants will be made clear the time commitment is approximately 55 hours; this 

includes 4 full 9h days over a 3 month period. This is described in detail in the participant information package. 

 

We have extensive experience conducting this type of research over the past 15y and most recently successfully 

completed a 6mo intervention in over 100 individuals. 
 

How will potential participants be be found and selected for inclusion in the study? 

The recruitment strategy is extensive and includes initially posting on the NRCR campus, which targets individuals 

of high and low socioeconomic status and extensive ethnic diversity including professionals across the globe. The 

campus also employs locals of diverse ethnic and economic status. The planned recruitment areas have been pre-

determined by NCSU extensions teams (including Extensions Health Alliance) to reach the broadest of community 

groups and have been used by PHHI extensions for over 5 years now. Further planned recruitment through use of 

local newspapers and Magazines (Cabarrus County Magazine, Salisbury County Magazine) rounds out this 

recruitment strategy, if required. As the studies primary purpose is to establish the difference in bioaccessibility of 

blueberries in healthy, middle age individuals, we feel we have gone above and beyond attempting to be as inclusive 

as possible for a study requiring less than 30 individuals and not controlling for ethnic diversity or genetic 

differences in metabolism. We expect we will hit are recruitment target within weeks of posting the initial flyers 

and will therefore use a phased advertisement approach to avoid unnecessary expression of interest. Recruitment 

will be made on a first approached basis, provided eligibility criteria are met and having equal distribution of male 

and female participants. 

 

Detailed Strategy: 

Study recruitment will be conducted via posting flyers (Annexes 1A and 1B) on pre-approved bulletin boards on 

the NCRC buildings, NCRC public listservs; postings with the Parish Nurses at Carolina HealthCare System 

(Atrium Health) and "Faith Community Health Ministry”; posting on local public bulletin boards: West Cabarrus 

YMCA, Harrisburg YMCA, Kannapolis YMCA, South Rowan - J. Fred Corriher Jr. YMCA, Salisbury - J. F. Hurley 

YMCA, Rowan Public Library-Headquarters, South Rowan Regional Library, Concord Library, Harrisburg 

Library, Kannapolis Library, Mt. Pleasant Library; Extensions and Health Alliances: Cabarrus Health Alliance, 

Rowan County Health Department, Cabarrus County Extension, Rowan County Extension, eNews at Salisbury 

Pediatrics; and/or newspapers and local magazines (Annex 1B): Independent Tribune, Salisbury Post, Cabarrus 

County Magazine, Salisbury County Magazine. 

 

After responding to the recruitment flyer via phone or email, volunteers will be interviewed about their eligibility 

by phone (Annex 2A) or email (Annex 2B), or in-person interviewers for NCRC campus employees if requested 

(following interview script Annex 2A). For all study literature / advertising, the Clinical Coordinator will be 

identified as the first point of contact. Participants will be selected based on the inclusion criteria: male and female 

adults between 25-65 years. This age range was chosen because there is evidence of changes in absorption and 

metabolic process in adolescence and the elderly which would confound the findings of the present study; non-

smokers or non-tobacco users [no vaping or dipping (tobacco chewing)], or who ceased it ≥6 months ago because it 

is known to affect metabolic processes such as phase II metabolism; who have a body mass index (BMI) ≥18.5 
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to ≤30 (lb/in2x703), as obesity is known to impact physiological processes associated with digestion, absorption 

and metabolic clearance/kinetics; successful biochemical, haematological and urinalysis assessed, as it can impact 

physiological processes associated with digestion and absorption; who present no allergies to fruits or vegetables 

containing polyphenolic (e.g. anthocyanins, flavonoids) and phenolic acids such as blueberries, red apple, 

strawberry, red orange, purple onion and broccoli because participants will be asked to consume blueberries; who 

present no allergies to whey protein or salicylates because participants will be served with blueberries, which 

contain traces of salicylates, and the blueberry-rich protein bar containing whey protein; who are generally 

healthy and without chronic diseases including cancer, type 1 and 2 diabetes, as individuals with diabetes 

have altered metabolism; who are not prescribed thyroid, hypoglycemic medication or hormone replacement 

therapy (HRT) (due to the likely concomitant effects that these medications cause on the objectives of the trial); 

who have not been consuming any phytonutrient or willing to cease intake during, and 1 month preceding the trial, 

otherwise, it would interfere with the analysis of the phytonutrients in the present study; those willing to stop 

existing intake of other supplements (minerals, vitamins, plant extracts, plant or animal oils, amino acids, energy 

drinks) or regular use of large-dose nutrient, herbal, and dietary supplements during the past one to two weeks, and 

not planning to use them during the study, as it can impact physiological processes associated with digestion and 

absorption, however, one-month washout of supplements would make the participant eligible; those having donated 

blood at least more than 1 month before recruitment; individuals that do not consume more than 1 and 2 

drinks of alcohol per day for women and men, respectively, or more than 7 and 14 drinks per week for women and 

men, respectively (U.S. Department of Health and Human Services and U.S. Department of Agriculture Dietary 

guidelines 2015-2020), as excessive alcohol intake can alter phase II metabolism; who are not currently on a weight-

reducing plan or using weight-loss medications (e.g., selective serotonin reuptake inhibitors, steroids, Ritalin, 

appetite suppressants, Xenical, Diethylpropion), or planning to continue this treatment during the 10-week period 

of the study, which are known to affect physiological processes associated with digestion and absorption; those 

agreeing to restrict dietary intake of rich sources of phytonutrients targeted in the study (Annex 9) during the wash-

out and clinical visit periods otherwise, it can interfere with the analysis of the phytonutrients in this study; and 

who lives within 40 miles from the NCRC campus to avoid drop-outs and to comply with early morning 

scheduling/visits. The volunteers should also be willing to comply with the study procedures, which involves the 

collection of urine and blood samples, and the record of their additional dietary intake over 2 days before each 

feeding visit. 
 

For each participant group, how will potential participants be approached about the research and invited to participate? Please upload 

necessary scripts, templates, talking points, flyers, blurbs, and announcements. 

Potential participants, from the diverse socioeconomic statuses represented by the surrounding communities, 

will be encouraged to take part in the study through the use of advertisements. Initially, flyers/posters (Annexes 1A 

and 1B) will be placed on pre-approved bulletin boards on the NCRC buildings, NCRC public listservs; postings 

with the Parish Nurses at Carolina HealthCare System (Atrium Health) and "Faith Community Health Ministry”; 

posting on local public bulletin boards: West Cabarrus YMCA, Harrisburg YMCA, Kannapolis YMCA, South 

Rowan - J. Fred Corriher Jr. YMCA, Salisbury - J. F. Hurley YMCA, Rowan Public Library-Headquarters, South 

Rowan Regional Library, Concord Library, Harrisburg Library, Kannapolis Library, Mt. Pleasant Library; 

Extensions and Health Alliances: Cabarrus Health Alliance, Rowan County Health Department, Cabarrus County 

Extension, Rowan County Extension, eNews at Salisbury Pediatrics; and/or newspapers and local magazines 

(Annex 1B): Independent Tribune, Salisbury Post, Cabarrus County Magazine, Salisbury County Magazine. These 

locations (such as community centres, community magazines and newspapers) target populations from a variety of 

socioeconomic statuses. In all cases, the advertisement will encourage interested participants to contact the study 

coordinator for further information via phone or email. 
 

Describe any inclusion and exclusion criteria for your participants and describe why those criteria are necessary (If your study concentrates on 

a particular population, you do not need to repeat your description of that population here.) Inclusion and exclusion criteria should be reflected 

in all of your recruitment materials and consent forms. 

The inclusion of participants into the study will be established based on the inclusion and exclusion criteria 

through a preliminary inclusion questionnaire/interview, and the clinical screening session. The clinical significance 
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of screening results, past and present medical conditions and medications, will be judged at the discretion of the 

study’s clinical advisor (Martin Kohlmeier, MD, PhD). 

 

The inclusion questionnaire/interview will select the average healthy adult population for analysis of the clearance 

rate of blueberry components (phytonutrients) through the body over time. Thus, the study will include male and 

female adults between 25-65 years because there is evidence that adolescence and the elderly have different 

metabolic processes (particularly differing absorption and metabolism) compared to this age range; non-smokers, 

non-tobacco users [no vaping or dipping (tobacco chewing)], or who ceased it â‰¥ 6 months ago because it is 

known to affect metabolic processes; who present no allergies to fruits or vegetables containing polyphenolic (e.g. 

anthocyanins, flavonoids) and phenolic acids such as blueberries, red apple, strawberry, red orange, purple onion 

and broccoli because participants will be served blueberries; who present no allergies to whey protein or salicylates 

because participants will be served with blueberries, which contain traces of salicylates, and the blueberry-rich 

protein bar containing whey protein; who are generally healthy and without chronic diseases including cancer, type 

1 and 2 diabetes; who are not prescribed thyroid or hypoglycemic medication or hormone replacement therapy 

(HRT) (due to the likely concomitant effects that these medications cause on the primary endpoint in the trial), 

otherwise, it can impact physiological processes associated with digestion and absorption; who has not been 

consuming any phytonutrient-containing supplements (e.g. with berry, cocoa, coffee or tea extracts) for at least a 

month before the study and willing to not consume it during the study, otherwise, it would interfere with the 

analysis of the phytonutrients after consumption of the treatments for this study; who lives within 40 miles from 

the NCRC campus to avoid drop-outs due to traffic and the required early morning visits; those agreeing to restrict 

dietary intake of rich sources of phytonutrients targeted on the study (Annex 9) during the wash-out and clinical 

sampling periods, agreeing to comply with study procedures involving the collection of urine and blood samples, 

and to record their additional dietary intake over 2 days before each feeding visit, and two days after the intake of 

the blueberries or blueberry product, otherwise, this study would not be suitable for them. The clinical 

screening will enroll/include those who have BMI ≥18.5 and ≤30 (lbs/in2x703) and a successful (i.e., within 

normal range for healthy individuals) biochemical, hematological and urine analyses assessed by the clinical 

advisor, as the design of the study is to establish bioequivalence in healthy middle aged humans and unhealthy, or 

adolescence or the elderly have altered absorption and metabolism. Studying these groups would require 

considerably higher participant numbers, which will be the focus of future investigations. 

 

Exclusion criteria will include those who are current smokers [including vaping and dipping (i.e., tobacco 

chewing) users], or ex-smokers ceasing < 6 months before recruitment, pregnant or breastfeeding, subjects with 

existing or significant past medical history of vascular disease or medical conditions likely to affect the study 

measures i.e. vascular disease, circulatory (i.e. Reynaud’s), diabetes, hepatic, renal, digestive, hematological, 

cancer, or thyroid disease as any of these conditions can affect physiological processes associated with digestion 

and absorption; fructose intolerant subjects or those with known allergy to salicylates, whey protein or to berries 

because participants will be served with blueberries, which contain fructose and traces of salicylates, and the protein 

bar containing whey protein; those unprepared to adhere to dietary restrictions for 1 week preceding and during 

each feeding visit or unwilling to comply with the study procedures; who are in parallel participation in another 

research project involving dietary intervention and/or sampling of biological fluids/material for the safety of the 

individual; those on therapeutic diets or having experienced substantial weight loss (to be judged by clinical advisor) 

within 3 months of clinical screening because it can affect physiological processes associated with digestion and 

absorption; those taking phytonutrient-containing supplements (e.g. with berry, cocoa, coffee or tea extracts), 

unwilling to cease intake during, and 1 month preceding the trial, or unwilling to stop existing intake of other 

supplements (minerals, vitamins, plant extracts, plant or animal oils, amino acids, energy drinks) or regular use of 

large-dose nutrient, herbal, and dietary supplements during the past one to two weeks, or planning to use them during 

the study because it can affect physiological processes associated with digestion and absorption, however, one-

month washout of supplements would make participant eligible; those prescribed thyroid, hypoglycemic 
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medication or HRT medication because it can affect physiological processes associated with digestion and 

absorption-other medications will be assessed for suitability by the clinical advisor; those having donated blood in 

the last month for the safety of the individual; individuals that consume more than 1 and 2 drinks of alcohol 

per day for women and men, respectively, or more than 7 and 14 drinks per week for women and men, respectively 

(U.S. Department of Health and Human Services and U.S. Department of Agriculture Dietary guidelines 2015-

2020) because excessive alcohol consumption alters metabolic processes such as phase I and phase II conjugation; 

currently on a weight-reducing plan or using weight-loss medications (e.g., selective serotonin reuptake inhibitors, 

steroids, Ritalin, appetite suppressants such as Diethylpropion or Amfepramone, and weight loss medications such 

as Alli, Xenical, Qsymia, Belviq, Contrave, and Saxenda), or planning to continue this treatment during 

the 10-week period of the study because any of these situations can affect physiological processes associated with 

digestion and absorption. After the clinical screening, who presents abnormal biochemical, hematological or urinary 

results, and measurements considered to be counter-indicative for the study, including: kidney and liver function, 

fasting glucose (especially if indicative of diabetes), lipid abnormalities, full blood count, and who has BMI<18.5 

and >30 (lbs/in2x703) will be excluded as the design of the study is to establish bioequivalence in healthy middle 

aged humans and unhealthy, or adolescence or the elderly have altered absorption and metabolism. Studying these 

groups would require considerably higher participant numbers, which will be the focus of future investigations. 

 

Medical diets to control for metabolic disorders, including obesity are an exclusion criteria of the present study as 

it will negatively impact our primarily study focus; however healthy individuals on vegetarian or vegan 

diets will not be excluded and we will make concessions for their meal choices during the study days. 

 

Here we define a supplement or health supplement refers to any dietary ingredient which is consumed in a format 

which is extracted from a food or plant. For example, vitamins, minerals, amino acids, herbs or botanicals, or even 

components or extracts from plants or animals such as extracts from fruits or omega-3-fatty acids from fish are 

generally considered supplements. These are most often consumed as a powder, pill or beverage, like an energy 

shot or drink. You may consume vitamins or minerals or amino acids or protein drinks or bars consumed as a meal 

replacement as long as it is typical to your usual diet and you consume this regularly. 

 

In the case where these are consumed accidentally, participants are asked to simply write this in their food intake 

diary and try to avoid it in the future, or if its within one week of the study visit, to repeat it on 

subsequent visits for consistency. 
 

Is there any relationship between researcher and participants - such as teacher/student; employer/employee? 

No 

What is the justification for using this participant group instead of an unrelated participant group? Please outline the steps taken to mitigate 

risks to participants from the pre-existing relationship, including power dynamics of this relationship and/or perceived coercion. 

 

Describe any risks associated with conducting your research with a related participant group. 

 
Describe how this relationship will be managed to reduce risk during the research. 

 
How will risks to confidentiality be managed? 

 
Address any concerns regarding data quality (e.g. non-candid responses) that could result from this relationship. 

 
In the following questions describe in lay terms all study procedures that will be experienced by each group of participants in this study.For 

each group of participants in your study, provide a step-by-step description of what they will experience from beginning to end of the study 

activities. 

1. After showing interest through response to study advertisements on previously mentioned pre-approved 
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bulletin boards and listservs via email or phone call, volunteers will be recontacted to answer a 

questionnaire administered over the phone (Annex 2A) or email (Annex 2B) to establish if they meet the 

study eligibility criteria. 

 

2. After eligibility is confirmed through phone or email inclusion questionnaire (Annex 2A or 2B), the potential 

participants will receive a package providing complete description of the study and consent procedures (Annex 3) 

via email or mail. If still willing to participate, they will be scheduled for a consent visit at the Plants for Human 

Health Institute (PHHI; North Carolina Research Campus, 600 Laureate Way; Kannapolis, NC 28081), when they 

will be provided a brief presentation of the study and volunteers will be encouraged to ask questions. A reminder 

will be sent 48h before this visit. It will be explained that volunteers will be given a list of foodstuffs to ‘avoid’ and 

‘limit’, and alternatives to them, during the wash-out week and visit days (Annex 9); the intake of tea and coffee (as 

major providers of berry phytonutrients in the US diet) will be limited to a combined intake of 2 medium cups 

(12-16 oz) per day during washout, but none on the day before the feeding visit and on study visit days 1 and 2, and 

the intake of alcohol will also be regulated based on the recommendations of the Food and Drug Administration. 

Adherence to the low-berry-phytonutrient diet will be assessed using the food intake record (Annex 10), which the 

participants will be asked to provide during the two days preceding each feeding visit day, and the day of the feeding 

visit and following day. Participants will also be required to refrain from taking phytonutrient-containing 

supplements (e.g. with cocoa or coffee or berry extracts) for at least 1 month prior to the assessment visits, and 

throughout the trial. Volunteers will be advised to maintain their habitual lifestyle during the study (e.g. dietary 

intake, exercise levels and non-smoking habits). It is especially important that participants do not experience 

substantial shifts in body weight/body composition during the study, as fluctuations are likely to affect the endpoints 

in the study (i.e. phytonutrient metabolism). If still interested in participating in the study, they will be asked to sign 

the study consent form (Annex 5). After signing the consent form, inclusion/exclusion of participants will be 

verified via confirmation of their BMI, and via a medical history and medication use questionnaire (Annex 16). 

During this visit, participants will manifest availability for scheduling a clinical screen after a cooling-off period of 

a minimum of 24 hours. The clinical screening at the Clinical Services Facility at the Nutrition Research Institute-

Human Research Core will be scheduled via email or phone (Annex 7A), and a reminder about it will be sent 48h 

before this visit (Annex 7B). Participants will be advised to follow 10-hour fasting (except for water) and to arrive 

hydrated at the clinical screening visit. Any sample will be collected only after the consent form is signed by the 

volunteer. 

 

3. In the clinical screening visit, BMI, measurement of resting BP, medical history and medication use questionnaire 

will be assessed. Participants will also be asked to provide a midstream urine sample to establish kidney, liver and 

urinary tract health via a dipstick test (Urispec 11 way) for content of blood erythrocytes, urobilinogen, bilirubin, 

protein, nitrate, ketones, ascorbic acid, glucose, pH, specific gravity, and leukocytes. Female participants will also 

be assessed for pregnancy. Those of eligible BMI will provide a fasting blood sample (approximately 0.29 oz or ½ 

tablespoon) through venipuncture and used to establish health status via comprehensive metabolic panel test to 

assess the blood content for glucose, calcium, albumin, total protein, sodium, potassium, carbon dioxide, 

chloride, blood urea nitrogen (BUN), creatinine, BUN/Creatinine ratio, total globulin, albumin/globulin ratio, 

alkaline phosphatase, alanine aminotransferase (SGPT), aspartate aminotransferase (SGOT) and total bilirubin. 

Abnormalities can indicate: bacterial, viral or parasitic infections, inflammation and inflammatory disorders, 

leukemia or bone marrow injury, trauma, stress or toxicity (drug or other), diseases of the immune system, lupus, 

HIV infection, congenital heart disease, dehydration, obstructive lung disease, anemia, bleeding, kidney disease, 

allergic disorders and hypersensitivity food reactions, kidney disease and cirrhosis of the liver, and malnutrition. 

Screening blood samples will be anonymized (e.g. identified with study ID, date of birth and gender) and sent to 

the Laboratory Corporation of America Holdings (Labcorp) for analysis. Volunteers will also be asked about 

their meal preferences for the study visits (Annex 6). At the end of the screening assessment, breakfast will be 

provided to the participants. The clinical screening visit is expected to take no more than 1 hour with parking 
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provided at no cost. The results of the urine and blood analyses will be available in approximately 24-48h, when 

the participants will be notified about their eligibility and scheduled for the feeding visits via phone and/or email 

(Annex 11A), or a notification about their ineligibility (Annex 11B). 

 
4. A total of 28 subjects that comply with the eligibility criteria will be recruited and will provide written, informed 

consent, with the anticipation that 24 will complete the study. A total of 3.79 oz (or 112 mL) of blood will be 

collected over the course of seven to thirteen weeks, depending on the participant’s availability. We will examine 

the 48h (post-consumption) rate of phytonutrient clearance by the body following the consumption of the equivalent 

of one serving of blueberries (approximately 5.3 oz) per participant or protein bar enriched with blueberries or 

macronutrient-matched control, over four feeding visits. Participants will be asked to consume a whey protein 

beverage together with the berry treatments in order to provide equivalent macronutrient content across 

the treatments. UPLC-MS/MS techniques established in our group will be applied to track the recovery 

of phytonutrient metabolites in the participants' blood and urine. 

 

The blueberry fruit (>10Kg) will be harvested by Dr. Chad Finn, a Research Scientist at the USDA-ARS breeding 

and research station within the Horticultural Crops Research Station. Corvallis. Dr. Finn has previously provided 

blueberry fruit for human consumption and human research involving sensory characterization analysis. The berries 

are grown following approved USDA farming practices; therefore, they are determined to be Generally Recognized 

As Safe (GRAS). These berry varieties are presently commercially available and chosen for their phytochemical 

content. 

 

Protein bars (113 g each) will deliver 27.5 g protein and 789 mg total phenolics (equivalent to 1 serving of 

blueberries) and will be produced in a food-grade lab by hand mixing a 0.7:1.5:1 weight ratio of Crisco pure 

vegetable oil: Golden Barrel Corn Syrup: protein (from freeze-dried particles formed by homogenizing blueberry 

puree and 10% w/w whey protein isolate) for two minutes. Bars will be placed into silicon molds and 

refrigerated for 1 h at 4 °C prior to demolding. After demolding, bars will be placed in vacuum-sealed bags and 

stored at room temperature (25 °C). The protein bars will have the following composition: 27.5 g protein, 20 g fat, 

41.25 g carbohydrates, and 440 total calories. The protein bars will not contain any peanuts, soybeans or soy, eggs, 

fish, crustaceans, tree nuts, wheat, gluten, or sulfites. 

 

5. The participants will have at least one week of washout before starting each of the four feeding visits, when they 

will consume a diet low in berry phytonutrients as directed by the dietary exclusion list (Annex 9). Participants will 

be reminded (either via mail or email; Annex 12) about the starting day of the dietary washout procedure 48h 

prior to it. They will be scheduled (either via mail or email; Annex 12) to pick up two 24h-urine collection 

kits with further instructions for use (Annex 13). Participants will be provided with standardized blueberry-

phytonutrient-free meals and beverages during the treatment visit days 1 and 2 of each feeding visit. The 

arrangement of meals, blueberries, protein bar and macronutrient-matched beverages to be served to participants 

will occur in the Metabolic Research Kitchen at the UNC-CH Nutrition Research Institute, established on the 

NCRC campus. The standardization of the pre-feeding visit meals (two days prior to feeding visit) across the four 

pre-blueberry product feeding periods is necessary to control for any effect of recent background dietary intake on 

repeat biological assessments. Five days before the feeding visit day participants will be reminded (either via mail 

or email; Annex 14) to pick up two 24h-urine collection kits and be provided with further instructions for use 

(Annex 13), which will coincide with the last 48h of the washout. Three days prior to the feeding visit, at the time 

of urine collection kit pick up, participants will be reminded to fill out the two-day food intake record, and to come 

fasted for the visit day at the Clinical Services Facility at the Nutrition Research Institute-Human Research Core. A 

reminder about each feeding visit day will be sent via email or phone call 24h prior to that (Annex 15). 
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6. The visit days will occur during weekdays. In the first feeding visit day, volunteers will arrive at the research 

facility in a fasted state (having consumed only water for the preceding 10 hours), the clinical team will take receipt 

of previously collected biological samples (-48h and -24h urine collections) and the study coordinator will check 

the food intake record from the two preceding days. Also, a researcher or suitably qualified phlebotomist will 

complete a basic medications assessment/questionnaire (Annex 16A) to establish fitness to proceed (e.g. to assess 

if the participant has fasted correctly, is free from symptoms indicative of compromised health), and record any 

medications being used onto the medical questionnaire. Modification to these medications (e.g. dose changes) 

during the study must be reported, and amended to this original record. The participant’s resting blood pressure, 

height, and weight will be measured by the study coordinator, research technician or a suitably qualified 

phlebotomist. Additionally, urine (0-9h, 9-24h and 24-48h) and blood samples (at 0, 1, 3, 6, 9, 24 and 48 h) will be 

collected to assess aspects of absorption, distribution, metabolism and excretion (ADME) of berry phytonutrients. 

On visit day 1 of every study period, participants will have the option to have their blood drawn via single needlestick 

or cannula. For either option, the phlebotomist will make two attempts per vein and, if unsuccessful, a second 

qualified person may attempt one time. If the participant opts for cannula placement, he/she will be instructed not 

to bend the arm in which the cannula is inserted. They are not to leave the building with the cannula in place and 

are to come back to the lab area every hour to have the cannula flushed with saline. Even though the cannula is 

flushed with saline between successive blood draws, there is a possibility it could become blocked in which case 

remaining samples would be collected via single needlestick venipuncture, with the consent of the participant. 

Otherwise, the participant who chooses to have blood drawn via a cannula and who is comfortable with it 

will have it up to the last blood draw on visit day 1, which is for up to 9.5 hours. The participant will be 

instructed not to access the cannula at any time. Access to the cannula should be by study staff only. 

Those failing to comply with fasting or dietary restrictions at first visit will require a further one week 

washout period; repeated failure to follow the fasting or dietary guidance during the study may result in 

withdrawal from the trial (Annex 17) and compensation (when applicable) for their inconvenience of 

potentially taking some time off from work for the study, disrupting their lifestyle via restricted 

consumption of certain foods during the study, and for any undertaken feeding visits (Annex 8) will 

be provided. This procedure will be repeated across 3 other visits. In the first feeding visit, the participant 

will receive either, in randomized order, one serving (approximately 5.3 oz) of a standard commercially 

available blueberry variety (i.e., cultivar), one serving of the blueberry variety screened for either having 

a high or low phytochemical content, a protein bar enriched with the equivalent of one serving of 

blueberries or a macronutrient-matched control beverage. After the blueberries, the protein bar or the 

control beverage is given on day 1 of each feeding visit, breakfast will be provided, as well as lunch, 

dinner and snacks. All food will be purchased pre-packaged at a local grocery store, including Foodlion 

LLC, stored within their expiration date at the UNC Metabolic Kitchen. Any food that requires 

preparation for single serving such as breakfast will be handled by personnel certified with ServSafe® 

Food Handler certification. Food that needs to be taken home by participants will be pre-packaged, 

commercially available and transported in a cooler for safe handling. Blood pressure, height, and weight 

measurements, and potential medication and physical activity change record will be done on days 2 and 

3 of each feeding visit. Participants will be asked to record their food and beverage intake during visit 

days 1 and 2, and to repeat these intakes on the following three feeding visits. 

 

The participants will be asked to choose their standardized low-berry-phytonutrient meals from a list of foods 

provided (breakfast, lunch, dinner and snacks) based on the following foods: white bread*/ bagel*/white roll* with 

cheese, cream cheese, honey, butter, salad dressing, ham, turkey, chicken, and or roast beef, chickpeas, plain 

breakfast biscuit, hard boiled eggs, chips, white rice, macaroni and cheese, noodles, cucumber, baby carrots, peas, 

canned or dried pineapple, canned or dried peaches, crackers (no wholemeal, dark chocolate, red fruits), butter 



   

394 

 

cookies; and beverages: water (mineral, flavored or sparkling), milk (1% or 2% reduced fat, skim, lactose-free, 

or rice milk), diet soda, artificial fruit drink. During their full day visit to the clinic and the following morning, 

they will be asked to abstain from consuming coffee or tea which may result in the development of a headache 

which can be caused from caffeine withdrawal. Caffeinated diet beverages will be provided should participants 

wish to consume them as an alternative to coffee or tea. 

*Available as plain or gluten-free 

 
7. Between the feeding visits, subjects will receive a “ thank you” email about their participation and a reminder 

that they can observe approximately 2 weeks (11 to 20 days depending on scheduling constraints) of free-living 

compliance break (Annex 18), allowing them to return to their normal dietary habits and take a break from the study 

regime. This will be followed again by seven days of wash-out, urine collection (one collection at -48h and another 

collection at -24h) and recording of their food intake for two days before the next feeding visit day. This will be 

repeated for the remaining three feeding visits, including the reminder emails or phone calls previously mentioned. 

 

8. The circumstances by which researchers may initiate participant withdrawal from the trial will be stated at 

each visit, as well as the need for participants to inform the research team regarding adverse events and serious 

adverse events during the study. At the end of the approximate 3-month trial, an exit questionnaire will be completed 

by the participant (Annex 19), which will give an opportunity to capture information regarding the participant 

experience and including questions related to adequate blinding during the two berry treatments. In addition, 

participants will receive an email about their contribution to the study, which will be conducted following Good 

Clinical Practice. 

 

There is no intent to make a claim about the impact of a nutritional product on a diagnosis, cure, mitigation, 

treatment, or prevention of a disease or health related condition. Only clearance kinetics are being explored in the 

present trial. Amendment COVID-19: the consent visit will occur in room 1308 of the UNC-CH Human Research 

Core clinical suite, on the North Carolina Research Campus (500 Laureate Way, Kannapolis, NC 28081) or virtually 

via the study coordinator’s NC State University Zoom account. We will also offer the possibility of reading and 

signing the consent form online (using electronic signature or emailing us a scanned and signed document) or via 

mail. 

 

In addition to the normal study procedures stated here, we will also follow all procedures and materials described 

in the COVID-19 Additional Procedures packet. Once a vaccine is developed to Address COVID-19, we will cease 

all COVID related procedures and communication and only implement normal study procedures as described in 

this IRB application. 

 

Amendment request (November/2020): At the consent visit, date of birth is collected by the study coordinator into 

a password-protected Drive to label blood tubes that are used at the clinical screening and study visits to confirm 

the identity of each participant during blood draw by our UNC-CH partner’s phlebotomists. At the clinical 

screening, the blood tubes and paperwork that are filled out with the participant’s date of birth by phlebotomists are 

sent to LabCorp. 
 

Are you requesting the use of existing information to be used as data for this research project or are you requesting secondary data to be used 

as data for this research project? (Discuss the following: access, transfer, storage, destruction, (re)identifiable nature of the data and if data is 

subject to FERPA or HIPAA) 

No 

Social/Reputational? 

No 

Psychological/Emotional? 

No 
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Financial/Employability? 

No 

Legal? 

No 

Physical? 

Yes 

Academic (affect grades, graduation)? 

No 

Employment (affect job)? 

No 

Financial (affect financial welfare)? 

No 

Medical (harm to treatment)? 

Yes 

Insurability (harm to eligibility)? 

No 

Legal (reveals unlawful behavior)? 

No 

Private behavior (harm to relationships/reputation)? 

No 

Religious Issues/Beliefs? 

No 

Describe the nature and degree of risk that this study poses. Describe the steps taken to minimize these risks. You CANNOT leave this blank, 

say 'N/A', none' or 'no risks'. You can say "There is minimal risk associated with this research." For each 'Yes' selected above, describe the 

probability of the risk occurring and the magnitude of harm should the risk occur. Discuss how you are mitigating those risks through participant 

selection, study design, and data security. 

There are limited social or reputational risks associated with taking part in the present study as we are not 

actively recruiting individuals by societal or economic or ethnic status or diversity. Our open recruitment targets all 

healthy adult populations from the surrounding area. Nor will we recruit, screen, record, store or report data on 

psychological, emotional, financial or employability status. Our recruitment is targeted on healthy disease-free 

adults who are free from medications or supplements with alter metabolic processing involving digestion, 

absorption or metabolism. We are not collecting or accessing private or sensitive information aside for questions 

regarding healthy status or medication usage which might impact metabolic processing involving digestion, 

absorption or metabolism. This information will be destroyed immediately if individuals fail to meet our inclusion 

criteria or drop out of the study for any reason. Health questionnaire data will not be used as an endpoint in any 

analysis and is only captured to ensure health status remains consistent throughout the study or in any case, where 

it may not, this will be used as a coded confounding variable in statistical analysis or to identify outliers. This 

information will be destroyed immediately following publication of the first manuscript from the study and or 

completion of the project grant. No legal, behavior or insurability data will be used to establish eligibility nor stored 

for use as an endpoint in the present study. The only outcome parameters used in the present study include biological 

sample type (blood or urine), time of sample, dietary phytochemical (i.e., (poly)phenol metabolite content), age and 

sex. 

 

There are minimal risks associated with this nutritional intervention which involves participants eating single 

portions of berries, a protein bar or control beverage matched for the protein, carbohydrate and fat, which are all 

food grade and comprised of foods or ingredients already present in the diet. There is a risk that the body may react 

to some of the food that is provided. This is not expected to happen due to the food being prepared in commercial 

grade kitchens using food safe practices. Minor risks relate to the collection of blood samples and storage of data 

(as discussed above). There are minimal risks involved in the urine collection and exit questionnaires will be stored 

in a secured location and only used internally to improve study practice. Risk for salicylate intolerance is minimal 



   

396 

 

as the treatment will provide only 3.75 mg of salicylate (Aresta & Zambonin, 2016). Even though there are no 

expected adverse effects resulting from the consumption of blueberries, as a precaution, we have decided to exclude 

individuals in our study that have perceived food allergies or adverse reactions/intolerances to salicylates or any 

berries or berry derived products; which will be established during initial interview and again at the consent visit. 

 

No adverse symptoms are anticipated following consumption of the blueberries or blueberry product because 

participants with allergies to the blueberries will not be enrolled and the foods and levels consumed fall within 

normal dietary patterns. Evidence indicates the foods explored in the present proposal have no adverse effects at 

the doses of individual phytonutrients they contain. We have reported studies that fed doses of single phytonutrients 

derived from berries far in excess of those in the present intervention (doses between 700 mg and 1.3 g), and 

presented no adverse reaction, high compliance and no indication of bioaccumulation or changes in clearance 

kinetics over 12 weeks (Kay et al. 2005; 2004). Presently licensed polyphenol/phytonutrient-rich supplements on 

the market derived from berry extracts often contain a single polyphenol/phytonutrient dose around 2000 mg/d. 

 

Risks will be enumerated in the informed consent form and described orally during the consent process and relate 

to procedures involving blood and urine samples collection. The IRB Committee from North Carolina State 

University has an established adverse event reporting process which will be adhered too (Annex 20). 

 

The consent process will inform the potential study participants about the study, indicate that participation is 

voluntary, and that he/she has the right to stop at any time. The procedures to protect against risks associated with 

blood collection include a safe, hygienic environment for all biospecimen collection procedures, and an experienced 

clinical research group at the Clinical Services Facility at the Nutrition Research Institute-Human Research Core. 

Collected samples will be processed and analyzed in laboratories which are certified at biosafety level-2 (BSL-2), 

have chemical hygiene plans registered with environmental health and safety and follow GCLP. The Clinical 

Services Facility at the Nutrition Research Institute-Human Research Core has automated external defibrillator 

(AED), and key personnel (phlebotomists) are cardiopulmonary resuscitation (CPR) certified. 

 

The study will involve the collection of a total of 4.07 oz (or 120.5 mL) of blood; approximately 8.5 mL (1/2 

tablespoon) will be collected at the screening visit and 112 mL across 28 separate blood samples of 4-ml each over 

approximately 14-week period (i.e., the entirety of the study). Risks associated with drawing blood from the arm 

include momentary discomfort and/or bruising from the introduction of either a single needlestick or a single 

cannula into their forearm vein during venipuncture. With a needlestick venipuncture, a single needle will be 

inserted into a vein in the arm to collect blood. The needle is inserted and removed fairly quickly, but the 

disadvantage of this approach is that we will need you to have multiple needlesticks during the 9.5-hour study 

visits. With cannulation, a small tube (“cannula”) is inserted into a vein in the arm so that a needle can be 

inserted into the tube to draw blood. The initial procedure to place the tube is a bit more complicated than the 

needlestick. There is also a risk that the tube can become blocked. The tube will be flushed between blood draws. 

The advantage of cannulation is that there will only be one needle stick once instead of multiple times. With the 

cannulation method, the cannula will remain in the arm for the entire 9.5h of the feeding day. If the tube becomes 

blocked at any point, it will be removed and the needlestick venipuncture will replace the cannula method for the 

remaining blood draws. The cannula can also be removed at any point before the final blood draw at the request of 

the participant. 

 

To minimize risk, only trained phlebotomists will collect blood. Infection, excessive bleeding, clotting, and/or 

fainting are also possible, although unlikely. The choice of cannulation will also be offered to participants on study 

visit day-1 to minimize pain or possible trauma due to repeated needle sticks (i.e. at 0h, 1h, 3h, 6h and 9h after berry 

feeding). Even though the cannula is flushed with saline between successive blood draws, there is a possibility it 

could become blocked in which case remaining samples would be collected via single needlestick venipuncture, 
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with the consent of the participant. Otherwise, the participant who chooses to have blood drawn via a cannula and 

who is comfortable with it will have it up to the last blood draw on visit day 1, which is for up to 9.5 hours. The 

amount of blood being collected will not influence the ability of the subject to participate in normal daily activities. 

Blood draws will be limited to attempts to 2 per vein. If we are unsuccessful drawing blood from a vein in your 

arm, 1 additional experienced medical professional will try the venipuncture one time, for a maximum of 3 attempts 

at the venipuncture per arm. The cannula should be accessed by lab or study personnel only. The participant will be 

instructed to return to the lab if the cannula becomes dislodged at any time throughout the day. The participant will 

also be told that he/she cannot leave the NRI building, where the phlebotomy laboratory is located, while the cannula 

is in his/her arm. 

 

In case human blood or other potentially infectious material gets in contact with an unprotected break in the skin of 

the clinical research team, during any procedure, or splashes into the eyes, nose or mouth, the exposed area 

will be washed thoroughly for at least five minutes with soap and water and/or flush eyes or mucous tissues. Anyone 

who is exposed to it will be asked to proceed to the hospital emergency room or outpatient clinic within two hours, 

taking the Corvell WC Authorization/Physician's Report/Pharmacy Guide and filling it out, and to dial 919-515-

3000 to report the exposure to the NCSU Emergency personnel. Employees must notify their supervisor and contact 

Rx Urgent Care (919-719-2250) the following day, and if possible bring the source individual with them. 
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If you are accessing private records, describe how you are gaining access to these records, what information you need from the records, and 

how you will receive/record data. Private records may include: educational, medical, financial, employment. Some of these private records may 

be subject to laws such as FERPA and HIPAA. Your content here should match what you've discussed on the procedures tab. 

N/A No private records are being accessed 

Are you asking participants to disclose information about other individuals (e.g., friends, family, co-workers, etc.)? 

No 

You have indicated that you will ask participants to disclose information about other individuals (see Populations tab). Describe the data you 

will collect and discuss how you will protect confidentiality and the privacy of these third-party individuals. 

 

If you are collecting information that participants might consider personal or sensitive or that if revealed might cause embarrassment, harm to 

reputation or could reasonably place the subjects at risk of criminal or civil liability, what measures will you take to protect participants 

from those risks? 

We will be collecting data relevant to a person's health history, medication use, age, height, weight and BMI, 

which might be considered personal or sensitive. Personal data will be handled in line with the regulations of the 

Health Insurance Portability and Accountability Act of 1996. Each participant will be allocated a unique randomly 

generated three digit study code number. All personal data and biological samples will be coded with this number 

to ensure confidentiality. The printed information linking codes to participants will have restricted access to the 

Principal Investigator (Dr. Colin D. Kay), the study coordinator (Monique Carvalho de Santana) and assigned 

research team (research technician and associate working at the laboratory of the Principal Investigator), and will 

be stored in a locked cabinet at the PI’s office. Only the code will appear on the acquired specimens/samples and 

outcome datasheets. 

Electronic identifiers will be stored in one NCSU network drive with access to the Principal Investigator and study 

coordinator, while analytical coded data will be stored in a secondary NCSU network drive with access to the 
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Principal Investigator study coordinator, and assigned research team. It will not be possible for an individual to be 

identified solely from their code number. 
 

If any of the study procedures could be considered risky in and of themselves (e.g. study procedures involving upsetting questions, stressful 

situations, physical risks, etc.) what measures will you take to protect participants from those risks? 

To minimize risk, only trained phlebotomists will collect blood. Infection, excessive bleeding, clotting, and/or 

fainting are also possible, although unlikely. The choice of cannulation will also be offered to participants on study 

visit day-1 to minimize pain or possible trauma due to repeated needle sticks (i.e. at 0h, 1h, 3h, 6h and 9h after berry 

feeding). Even though the cannula is flushed with saline between successive blood draws, there is a possibility it 

could become blocked in which case remaining samples would be collected via single needlestick venipuncture, 

with the consent of the participant. Otherwise, the participant who chooses to have blood drawn via a cannula and 

who is comfortable with it will have it up to the last blood draw on visit day 1, which is for up to 9.5 hours. The 

amount of blood being collected will not influence the ability of the subject to participate in normal daily activities. 

Blood draws will be limited to attempts to 2 per vein. If we are unsuccessful drawing blood from a vein in your 

arm, 1 additional experienced medical professional will try the venipuncture one time, for a maximum of 3 attempts 

at the venipuncture per arm. 

 

The study coordinator and Principal Investigator will report all adverse events occurring during the study in the case 

report form (Annex 20) to the North Carolina State University IRB. An adverse event is defined as any unfavorable 

and unintended sign, disease or symptoms related to the use of an intervention, or worsened during the study, 

regardless of a direct relationship with the intervention. An adverse event can become a serious adverse event if it 

results in death or persistent disability/incapacity, is life-threatening or medically significant, or requires 

hospitalization. 
 

Describe the anticipated direct benefits to be gained by each group of participants in this study (compensation is not a direct benefit). 

As the present study is intended to establish the concentration of the phytonutrients present in the participant’s 

biological samples (urine and blood), the data and findings are not likely to be directly beneficial to the participant. 

In addition, after the study is completed and the data analyzed, participants will be sent a single A4 page letter 

summarizing, in lay language, that the study has been completed and the implication of their involvement in the 

study (Annex 21). Other possible benefits would include receiving details of their blood pressure and BMI. Also, 

each group of participants will benefit nutritionally from the blueberries and blueberry product phytonutrients, 

which have been reported to have positive effects on cardiometabolic health. 
 

If no direct benefit is expected for participants describe any indirect benefits that may be expected, such as to the scientific community or to 

society.  

This study will provide the researchers with previously unobtainable data about what happens to different 

blueberry varieties and processed blueberries in the human body after consumption. It is likely that the results 

of the data will provide a significant advancement in the understanding of phytonutrient 

bioavailability and metabolism in humans and have potential implications for future studies 

evaluating the health effects of these compounds. Specifically, these findings will inform the 

design of clinical feeding intervention studies using phytonutrient-rich foods to establish the 

health benefits of phytonutrient consumption, including the relationship between consumption, 

metabolism and biological activity. The study findings will also directly benefit the researchers 

involved in this research as the results will be published in influential scientific journals and 

presented at local and international scientific conferences. 

The knowledge gained through this study will be communicated openly and freely to the public through various 

channels, including media briefings (for the communication of major findings) and public presentations to 

ensure communication to the largest possible audience. 
 

Will you be receiving already existing data without identifiers for this study? 

No 
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Will you be receiving already existing data which includes identifiers for this study? 

No 

Describe how the benefits balance out the risks of this study. 

 
Will data be collected in a way that would not allow you to link any identifying information to a participant? 

No 

Will any identifying information be recorded with the data (ex: name, phone number, IDs, e-mails, etc.)? 

Yes 

Will you use a master list, crosswalk, or other means of linking a participant's identity to the data? 

No 

Will it be possible to identify a participant indirectly from the data collected (i.e. indirect identification from demographic information)? 

No 

Audio recordings? 

No 

Video recordings? 

No 

Images? 

Yes 

Digital/electronic files? 

Yes 

Paper documents (including notes and journals)? 

Yes 

Physiological Responses? 

Yes 

Online survey? 

Yes 

Restricted Access (who, what, when, where)? 

Yes 

Password Protection (files, folders, drives, workstations)? 

Yes 

Suggestion of anonymous browsing? 

No 

Locks (office, desks, cabinets, briefcases)? 

Yes 

VPN (transfer, upload, download, access)? 

Yes 

Encryption (files, folders, drives)? 

Yes 

Describe all participant identifiers that will be collected from each data collection method (surveys, interviews, focus groups, existing data, 

background data collected via host site or software). Discuss why it is necessary to record identifiers at all and describe the deidentifying process 

The investigator(s) will ensure that the subject's anonymity is maintained. No personal data will be included 

with any data submitted to the sponsor, or for publication. All biological samples will be coded with a unique 

anonymized identification number randomly generated containing three digit study code to ensure 

confidentiality. It will not be possible for an individual to be identified solely from their study code 

number/identifier. The study coordinator (Monique Carvalho de Santana) will keep a separate confidential 

enrollment log that matches identifying codes with the subject's names and personal information (age, email, phone 

and home address) stored in a secure filing cabinet in the research office of the Principal Investigator (Dr. Colin D. 

Kay) at the Plants for Human Health Institute at NCRC, and electronic files will be stored in a password protected 

folder on a secured network drive where contents will only be accessible to him and may be requested by the study 

coordinator if unblinding is required due to a severe adverse effect. Thus, only the code will appear on the acquired 
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specimens/samples and outcome datasheets. Any premature unblinding will only occur where serious adverse 

events require, when it would be immediately communicated to IRB. 

 

Electronic data stored within the NCSU will be account password protected. Electronic data transferred via email 

will be encrypted by the NCSU web server. Only the Principal Investigator, the study coordinator and research team 

assigned by the Principal Investigator will have access to the coded anonymized information. The NCSU IRB will 

be informed of serious adverse events by the Principal Investigator and study coordinator as soon as they occur. All 

data files will be de-identified, with the file linking subject names and ID numbers which are stored in a separate 

secure locations. Hard-copy data will be stored in a locked cabinet in the PI’s office which is also locked and 

accessible only by card access, while digital data (identifiable vs anonymized) will be stored in separate secure 

server locations. 

For study compensation and for any travel expense reimbursement, the required forms containing confidential 

information about the participant will be submitted by the participant directly to NCSU Administrative office in the 

North Carolina Research Campus, addressed or handed to Dona Miller, the NCSU Administrative Support 

Specialist, and a direct monetary compensation for the study will be made to the volunteer’s account, or a single 

check can be generated at the end of his/her participation (Annex 8). The research team will not handle or store any 

of this information, and it will be handled solely by the participant in person or via encrypted email. 

 

Amendment request (November/2020): Date of birth is collected by the study coordinator into a password-protected 

Drive to label blood tubes that are used at the clinical screening and study visits to confirm the identity 

of each participant during blood draw by our UNC-CH partner’s phlebotomists. This data is not used to achieve any 

of this study’s purposes. At the clinical screening, the blood tubes and paperwork that are filled out with the 

participant’s date of birth by phlebotomists are sent to LabCorp, which follows HIPAA guidelines for data 

destruction. At study visits, blood tube labels containing participant’s date of birth are tossed after extraction 

of serum from the blood sample. This data is not retained by our UNC-CH partner. The date of birth of each 

participant is stored in a password-protected Drive with access to the Principal Investigator and study coordinators 

and deleted after each participant withdrawal or completion of participation in the study. 
 

If recording identifiable information about participants, discuss any links between the data and the participants and why you need to retain 

them. Discuss destruction of links or removal of identifiers. 

The investigator(s) will maintain adequate clinical study records following GCP guidelines. All clinical study 

material will be archived for a period of at least 3 years after the completion of the study, and then destroyed. 

Biological samples (blood and urine) will be collected from participants, then analyzed using HPLC-MS/MS for 

phytonutrient composition, and stored for up to 5 years at Dr. Kay’s laboratory before they are destroyed following 

NCSU biohazard waste procedures. Samples will be stored for this length of time in case any scientific dispute is 

raised by researchers in the field after this study is published, and samples need to be reanalyzed, or where new 

MS/MS technologies are developed which will lead to increased sensitivity and ability to detect a greater number of 

phytochemical metabolites. The data and samples from this study will not be used for future research, but only 

evaluated for phytochemical metabolites according to the primary endpoint of this study. Coded output data and 

data with participant identifiers will be stored in separate locations including electronic data (on secure NCSU 

network drives separated by firewalls) and including hard copy data. Participant’s identifiable data will be 

destroyed after final data report to the sponsor and/or after the first publication of results, except in the case where 

consent is given to be recontacted for future studies, in which case we will retain volunteer’s name, age, gender, 

telephone number and email address in a database stored on a secured network. 

 
The investigators will ensure that all data obtained in the course of this study will be treated with discretion in order 

to guarantee the rights of the participant’s privacy in accordance with the standards of the data protection law. The 

investigator will agree to allow the monitor/auditor/inspector/coordinator to have access to any or all the study 

materials needed for source data verification and proper review of the study progress. If law does not 
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allow direct source document verification, then the investigator agrees to assist the 

monitor/auditor/inspector/coordinator in the validation process of data quality. 
 

Discuss if you'll be working with your departmental IT to create a data management plan and if you're using NC State managed devices, NC 

State Google Drive or other NC State non-networked device. If using a personal device, discuss data protection. 

We will be working with our departmental IT to create a data management plan, which includes a NC State Google 

Drive and an email account dedicated for this study, and S departmental drive with restricted access to the Principal 

Investigator and research personnel that is assigned by him (identifiable and anonymized data will be separated by 

secure fire walls in separate password protected folders). In the email account, the identifiable information is the 

network IP and email account of the participant that is communicating via email, and this information will be in the 

domain of the North Carolina State University (NCSU). As soon as the email account is cancelled, which will be 

after final data report to the sponsor and/or after the first publication of results, the identifiable information will no 

longer be available, except in the case where consent is given to be recontacted for future studies, in which case we 

will retain volunteer’s name, age, gender, telephone number and email address in a database stored on a secured 

network. One NCSU network drive and a locked filing cabinet will be dedicated for identifiable information with 

access to the Principal Investigator and the study coordinator. 
 

Describe any ways that participants themselves or third parties discussed by participants could be identified indirectly from the data collected, 

and describe measures taken to protect identities. (Data can be reidentified by researcher access, technology employed, researcher expertise, 

and triangulation of data or other information. Discuss the probability of reidentification and the magnitude of harm to participants should the 

data be reidentified. Discuss the probability of reidentification occurring and the magnitude of harm should it occur). 

Harm to participants though reidentification from triangulation of indirect identifiers is unlikely as data will only 

be provided to third parties as summarized group means and standard deviations, as pertaining to recorded age, 

gender, blood pressure, height, weight, medication history, and food intake. Furthermore, no participant identifiable 

data will be provided to third parties except in cases where a severe adverse event is reported and shared with the 

study clinical advisor/research phlebotomist, or a formal audit is requested. In the case of a formal audit the IRB 

will be contacted first to establish legal requirements for data sharing. The investigators will ensure that all data 

obtained in the course of this study will be treated with discretion in order to guarantee the rights of the participants' 

privacy in accordance with the standards of the data protection law. The investigator will agree to allow the 

monitor/auditor/inspector/coordinator to have access to any or all the study materials needed for source data 

verification and proper review of the study progress. If law does not allow direct source document verification, 

then the investigator agrees to assist the monitor/auditor/inspector/coordinator in the validation process of data 

quality. 
 

For all recordings of any type:Describe the type of recording(s) to be made Describe the safe storage of recordings Who will have access to the 

recordings? Will recordings be used in publications or data reporting? Will images be altered to de-identify?Will recordings be transcribed 

and by whom? 

No audio or video recording will be made during the present study. Images (PDF) of scanned hard copies of 

handwritten forms will be stored with coded output data and data with participant identifiers stored in separate 

locations on two distinct secure NCSU network drives separated by firewalls. Participant’s identifiable data will 

be destroyed after final data report to the sponsor and/or after the first publication of results, except in the case 

where consent is given to be recontacted for future studies, in which case we will retain volunteer’s name, age, 

gender, telephone number and email address in a database stored on a secured NCSU network. A hard copy of 

datasheets linking names, emails, phones and addresses with code numbers as well as coded ‘non-identifiable’ 

participant data will be kept in a locked filing cabinet at the Plants for Human Health Institute at NCRC with access 

restricted to the Principal Investigator (Dr. Colin D. Kay) and study coordinator (Monique Carvalho de Santana) 

during the feeding visit. Anonymized participant data will be stored on a secure NCSU network drive and will not 

be stored on any external drives (including desktop C drives, laptops or external storage devices). Files will only be 

accessible to the staff associated with this project. Biological samples will be stored as cell-free extracts for analysis, 

and retained at the study sites to be accessed by study staff for a minimum of 3 and a maximum of 10 years from 

collection and then destroyed using standard biohazard procedures in place at the Plants for Human Health Institute 

at the NCRC. 
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Amendment COVID-19: an initial screening survey for COVID-19 will be performed using Qualtrics, which results 

will be password protected. The survey information will be stored on a secure NCSU network drive and in a locked 

filing cabinet at the Plants for Human Health Institute at NCRC with access restricted to the Principal Investigator 

(Dr. Colin D. Kay) and study coordinator (Monique Carvalho de Santana), archived for a period of at least 3 years 

after the completion of the study, and then destroyed. 
 

Describe how data will be reported (aggregate, individual responses, use of direct quotes) and describe how identities will be protected 

in study reports. Reporting data may sometimes reidentify your participants. If needed, you can adjust how you report your data to protect the 

identities of your participants. Discuss. 

Data will be reported as an aggregate (mean and standard deviation for groups of participants) of the 

phytonutrient concentrations in the blood serum and urine and reported across time points post-consumption. There 

will be no chance of linkage of reported mean and standard deviation concentration data to coded samples or to 

participant’s  identifiers. 
 

Will anyone besides the PI or the research team have access to the data (including completed surveys) from the moment they are collected until 

they are destroyed? This includes sharing data with sponsors, journals, or using the data for future research endeavors. If you are sharing the 

data, this should be in your consent form. 

No deidentified data will be shared with the study sponsor nor in publications, as participant and study outcome 

data will only be provided as summarized group means and standard deviations. We will retain volunteer’s name, 

age, gender, telephone number and email address in a database stored on a secured network in the case where 

consent is given to be recontacted for future studies. 
 

Describe any compensation that participants will be eligible to receive, including what the compensation is, any eligibility requirements for that 

compensation, and how that compensation will be delivered. Examples of compensation include: monetary compensation, research credits, 

raffle/drawing, novel items. Make sure to check with your department regarding issues of tracking payments as your department accounting 

office may have requirements that affect your human subjects privacy (such as the mandatory tracking of anyone who receives compensation). 

This tracking may influence the confidentiality/anonymity of your research and must be addressed in this application. 

All the subjects of the study per protocol will receive a $312 maximum compensation (in addition to travel 

reimbursement) calculated in proportion to the number of collections or food records provided, which is broken 

down as follows: a 24-hour urine collection is $5/collection, a blood sample is $7/sample, the completion of food 

intake report is $4/four days (Annex 8 details calculation breakdown by each intervention). This will be calculated 

at the completion of the study, or upon withdrawal, and includes urine and blood collections, and food intake 

records. The study coordinator will fill out a form (Annex 8) with all the procedures you have taken. 

 

If the participant lives within 20 miles from campus (600 Laureate Way, Kannapolis, NC 28081) they may file for 

travel expense reimbursement, where he/she will be paid at the standard NCSU rates for a round trip by car, up to 

a maximum of 40 miles per attendance (currently at $0.58/mile) or via showing receipts of other transportation 

fares (i.e., bus or train) for each attendance to campus for research procedures. 

Compensation for participants holding visas must also follow the following guidelines: 

Compensation for participants who are H-1B visa holders and sponsored by NC State University is dependent 

upon the presentation of the below documents, or the participant can opt of receiving compensation to participate in 

this study:  

Copy of passport photo page 

Copy of entry stamp in passport 

Copy of I-797 approval notice with I-94 (Can be printed from: https://i94.cbp.dhs.gov/I94/#/home) 

Confirmation from sponsoring institution’s Office of International Services indicating they are aware of the 

visitor’s activity with NCSU and the payment s/he is receiving (University best practice). 

 

However, H-1B visa holders who are sponsored by another Institution need to get the permission of their host 

Institution before participation and the compensation would be processed directly to the sponsoring Institution. 

North Carolina State University does not authorize compensation to individuals under J-1 or F-1 visas. In this way, 

participation of J-1 and F-1 visa holders is voluntary. 

Travel reimbursement can be provided for everyone, and visa holders need to present some documents depending 
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on his/her visa status (See appendix D in the Consent Form). For any compensation or travel expense 

reimbursement, the required forms containing confidential information about the participant will be submitted by 

the participant to NCSU Administrative office in the North Carolina Research Campus, addressed or handed to 

Dona Miller, the NCSU Administrative Support Specialist, and a direct monetary compensation for the study will 

be made to the volunteer’s account, or a single check can be generated at the end of his/her participation (Annex 8). 

The research team will not handle or store any of this information, and it will be handled solely by the participant 

in person or via encrypted email. 

The sponsor (FFAR) provides the investigator(s) with sufficient material and support to permit the investigator(s) 

to conduct the clinical study according to the agreed protocol. 

 

Amendment request (November/2020): Please refer to the document “19138 November 2020 Amendment Request 

Annex8-Travel reimbursement and study compensation forms_v3” for inclusion of participant’s mailing address 

into travel reimbursement and study compensation forms and removal of the option for emailing W-9 and vendor 

forms.  

Explain compensation provisions if the participant withdraws prior to completion of the study. 

Participants may withdraw from the study at any time without explanation and they will be reimbursed based on 

the number of procedures or samples collected (when applicable). A record of withdrawals throughout the study 

will be kept for audit purposes (Annex 17). 
 

 


