
ABSTRACT 

FENG GODINEZ, SOFIA. Chemical and Nutritional Analysis of Products Derived from 
Sweetpotatoes. (Under the direction of Dr. Jonathan C. Allen). 
 

The production of ingredients and foods derived from sweetpotato continue to be of 

interest to the industry and to the increasingly health conscious consumers due to the unique 

nutritional properties found in this vegetable. Products from sweetpotatoes are considered as 

relatively new, and nutritional information of these products obtained from human trials is 

limited.  

Carbohydrates are the most abundant macronutrient in sweetpotatoes offering an 

effective source of energy. Understanding the health effects and properties of carbohydrates 

responses may be beneficial to the population. In this dissertation, a two-part study was 

conducted to investigate the relationship between carbohydrates and their interaction in a 

biological study with a human panel. Glycemic index (GI) is a ratio of the blood sugar 

concentrations obtained after the consumption of the product of interest to those from a glucose 

solution that serves as the reference. Capillary blood obtained from finger pricks were used 

following the official GI methodology; however, in this dissertation, the application and 

functionality of a biosensor for GI testing was also explored.  

The first part of the study investigated the glycemic response obtained from eight 

different products derived of two botanically different vegetables. GI results were calculated by 

the incremental area under the curve. Sweetpotato chips were significantly lower than white 

potato chips. Both products fall into the low GI category.  Sweetpotato (SP) fries are also 

considered low GI and white potato (WP) fries moderate GI.  However, there was no significant 

difference between these two products. Dehydrated sweetpotato granules can be converted into 

powder to use as a functional ingredient for different applications. When compared to white 



potato, dehydrated granules from sweetpotato powder are considered low GI. WP powder and SP 

juice are high GI. For all products, this study found no significant differences between the data 

acquired using continuous glucose monitor readings and those obtained from capillary blood. 

This offers the potential for a new application of a glucose biosensor.  

Not all carbohydrates are the same. The human body utilizes a series of chemical 

interactions to maintain tight control of blood glucose levels. In the second part of this study, the 

postprandial concentration of seven different hormones was determined using a multiple 

immunoassay with fluorescence. The postprandial changes were determined from the difference 

between concentrations at fasting levels and after a period of one-hour following the 

consumption of the same selected products used to determine the glycemic index. Postprandial 

changes in insulin followed closely the changes in C-peptide. For both hormones the greatest 

change was observed when consuming white potato powder. Postprandial change in GIP was 

greatest for SP chips. Ghrelin levels were seen higher in a fasted state. Postprandial change in 

GLP-1 is the greatest when consuming SP chips and glucagon change was the highest when 

consuming white potato powder. Postprandial leptin levels remained relatively constant. This 

study offered a way to visualize how digestive and adipose tissue derived-hormones responded 

after the consumption of these products.   

Carbohydrate-rich foods are known to be more accessible and are generally less 

expensive than fat- and protein-rich foods. In the U.S. the sweetpotatoes are scaled into sizes 

with a grading for market selling purposes. Culls that do not meet these specifications are often 

left behind in the field. However, culls can also be processed into juices that can be added into 

other applications such as sauces. The juicing process produces dehydrated fibrous granules from 

SP that can be also be turned into a powder for fortified blended food applications such as cereal 



snacks or extruded products. In the final chapter, the concept of entomophagy was applied, 

combining the use of an edible insect with the material derived from dehydrated culls. The goal 

of this study was to produce a dried extruded product, suitable for use as a ready to use food 

(RUTF) ingredient that met the nutrient guidelines stipulated for its usage. 

Finally, another use of sweetpotato powder or purees is incorporation into bread 

formulations that have potential as gluten-free bakery products or to provide ! -carotene as a 

precursor to vitamin A. The last appendix in this dissertation offers an abbreviated study in 

which the retention percentage of !-carotene was determined after baking and storage under 

refrigeration.  
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CHAPTER 1 

INTRODUCTION 
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Food insecurity is defined by the United States Department of Agriculture using different 

parameters as the lack of access to enough food for an active, healthy life for all household 

members with limited or uncertain availability of nutritionally adequate foods (United States 

Department of Agriculture (USDA), 2017).  According to this assessment tool, there are different 

levels of food insecurity. For example, food insecurity can be present as a very-low food security 

level, where normal eating patterns of one of the members are disrupted, to the food insecure 

level, where a certain level of uncertainty of having, or acquiring enough food is present. As of 

2016, about 31.1 million U.S. households were identified as food insecure (USDA, 2017). 

Worldwide, according to the Food and Agriculture Organization (FAO) in 2016, 11 percent of 

the global population was affected by food insecurity often in geographical areas where violent 

conflicts were present (FAO, 2017).  

The world of a food scientist presents many juxtapositions. First the professionals need to 

serve as basic providers of nutritionally adequate safe products that could be used as sources of 

energy to sustain life. However, food scientists are expected to fulfill the demands of health-

conscious consumers based on current novel trends. In this regard, the sweetpotato, Ipomoea 

batatas (L.) Lam, as one of the seven most important food crops in the world (Food and 

Agriculture Organization (FAO), 2016; Loebestein and Thottappilly, 2009), could be used by a 

food scientist to fulfill these expectations.  

Sweetpotatoes (SP) are widely cultivated in the countries of Asia, Africa, the United 

States (U.S.) and Canada as well as in the tropical countries of Latin America and the Caribbean. 

In the U.S., although the crop is a perennial it is grown as an annual (USDA, N.D.). Sweetpotato 

consists of starchy storage roots, and is considered a food security crop because of the low 

requirement of nutrients and relatively low economic investment (CIP, 2016).  
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North Carolina ranks first in the production of this very nutritious vegetable (North 

Carolina Sweetpotato Commission, 2016). More than 78,000 acres are grown in the state 

(Schulteis, 2018). As of 2016, North Carolina (NC) growers produced nearly 50 percent of the 

total U.S. production (North Carolina Sweetpotato Commission, 2016). Consequently, due to the 

abundance of sweetpotatoes, NC farmers are not always able to completely sell their production. 

Therefore, research on value-added products and nutritional qualities derived from this crop 

would help to utilize sweetpotatoes as ingredients and also align them with the current trends in 

healthy eating and exotic ingredients and flavors. 

Sweetpotato powder can be derived from this nutrient-rich crop using different 

processing methods (Truong and Avula, 2010). This powder is a shelf-stable product that can be 

further improved with nutrient fortification. Dehydrated sweetpotato chips can be also be fried or 

baked. These products add functional properties, taste and texture suitable to snack foods, gluten-

free products and other nutritious applications. However, scientific information is lacking on 

certain nutritional characteristics such as glycemic index. 

The consumption of any starch and starch-derived product will have an impact on blood 

glucose levels. The impact of a particular food or ingredient on glucose response is reported by a 

value known as glycemic index (Jenkins et al., 2002). Pre-diabetes is a condition in which 

glycemic values in blood are above normal but below the diabetes threshold. Pre-diabetes is a 

condition or state of high risk for developing diabetes characterized by fasting plasma glucose of 

6.1-6.9 mmol/L (100 to 125 mg/dL) and impaired glucose tolerance defined as 2 h plasma 

glucose of 7.8-11.0 mmol/L (140-200 mg/dL) (American Diabetes Association, 2014; Bansal, 

2015). The systematic review from Bansal (2015) reported a sharp increase in the prevalence of 

pre-diabetes and impaired glucose tolerance affecting 37% of the U.S. adult population. 
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Therefore, in order to achieve normal glucose levels it is imperative to learn how food choices 

can help induce normal postprandial glycemic responses. In order to accomplish this, a 

comparative glycemic index study with the postprandial hormone response was undertaken to 

increase nutrition knowledge and to increase the consumption of diversified sweetpotato 

ingredients, as well as expand the utilization and market for processed forms.  

Products derived from sweetpotato tend to be low in protein (Loebestein and 

Thottappilly, 2009). This dissertation also includes a study of an extruded product formulated 

with sweetpotato flour and mealworm flour. The consumption of insects is known as 

entomophagy and although not very common in Western diets, the benefits and qualities 

associated allow insects to become a possible food ingredient (Payne et al., 2016). For example, 

the larvae of Tenebrio Molitor L, the mealworm, can be processed to be a high-protein nutritious 

ingredient fairly high in polyunsaturated fatty acids that can be combined with other ingredients 

into a creative snack. The use of this product can also be expanded to a humanitarian scope, 

effective for malnutrition interventions as a Ready-to-Use Therapeutic Food (RUTF).   

RUTFs have fairly similar ingredient compositions. Most of them include a non-costly 

vegetable protein or grains, some form of milk powder or whey protein isolate, vegetable oil, 

micronutrient fortifications, and sugar (Annan et al., 2014). Examples of RUTFs available are 

pastes or drinks that can be consumed straight out of the package. Other fortified blended foods 

such as powdered products (intended to be cooked as porridge) and other dietary supplements 

(Annan et al., 2014). In this regard, insects are comparable to other animal proteins (Payne et al., 

2016) and can be useful in RUTF applications with a low cost of investment and less land 

required for insect rearing. The study aimed to produce a dried extruded product suitable for use 

as an RUTF ingredient. In order to accomplish this, three products with the same composition, 
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including sweetpotato flour and mealworm flour were subjected to different extrusion 

temperatures (75¡C, 110¡C, and 130¡C) and compared in basis of texture and shelf-life stability: 

water activity, moisture content, and nutritional content: protein and amino acid quality, fat and 

mineral composition.  

Finally, bread is regarded worldwide as one of the most common staple food products. A 

brief study including sweetpotato flour in a bread formulation can be found in the appendix H. 

The study determined the retention percentage of !-carotene after baking and storage under 

common household methods of refrigeration after ten days. !-carotene is a precursor (bioactive) 

form to vitamin A and retinoid. Deficiencies of this micronutrient are still latent and are present 

as xerophthalmia, blindness and premature death in many parts of the world (Tarver, 2014). This 

study determined the presence of !-carotene derived from orange sweetpotato in the form of 

flour and puree used as ingredients in the formulation of sweet-potato breads followed by a 5 and 

10 day period at 4¡C. 

The overall objective of this body of work is to increase the nutrition knowledge related 

to functional ingredients derived of sweetpotatoes. To achieve this, Chapter 3 and Chapter 4 

present the glycemic index and the hormonal responses after the consumption of different flours, 

chips and fries. The impact on blood glucose control in healthy people, as well as diabetic 

patients can be an useful tool for healthcare providers, food product developers, and sweetpotato 

marketers. The hypothesis in Chapter 5 is that the nutrients that are naturally high in sweetpotato 

such as vitamin A and fiber can be utilized in a way that can result in a product that can 

potentially be used as a RUTF. Nutritional studies from NC State on local crops frequently 

receive media attention and this will help promote sales and expand into new markets.  

Collaboration with the marketing branch of the N.C. Sweetpotato Commission will allow these 
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data to support their efforts and can help expand the U.S. and European demand for NC 

sweetpotatoes. 
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LITERATURE REVIEW 
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Sweetpotatoes 

The sweetpotato, Ipomoea batatas (L.) Lam, is a member of the Convolvulaceae family 

that does not have a clear site of origin but recent literature shows that it originated somewhere 

throughout the American continent (Loebestein and Thottappilly, 2009; Miller, 2018). There is 

much diversity amongst sweetpotato cultivars. Diversity in cultivars is a result of natural 

hybridization, continuous intervention of humans for domestication and artificial selection in 

order to improve certain traits (Woolfe, 1992). Crop yields for example, are affected by multiple 

environmental factors and drought is listed as the major environmental stress affecting yields 

(Cho et al., 2016). Plants that undergo drought stress have developed structural and physiological 

mechanisms to protect themselves. Currently plant breeders focus their efforts on the 

improvement of these traits that would allow for higher yields and higher quality sweetpotatoes 

with an increased nutritional profile to satisfy the rapidly growing human population 

requirements (Sweetpotato collaborators, 2018; Tester and Langridge, 2010).  

 Sweetpotato cultivars may vary from one another, for example, in the color of the peel. It 

can be white, cream, brown, yellow, red or purple. The pigmentation of their flesh can be white, 

cream, yellow, orange or reddish-purple (Woolfe, 1992). Sweetpotatoes (SP) are grown in more 

than 100 different countries, mostly in warm-temperate, tropical and developing regions (HeuzŽ 

et al., 2015; Woolfe, 1992).  In developing countries, sweetpotatoes represent the fifth most 

important food crop (CIP, n.d). In these countries, SP are a staple food and used as an alternative 

option for animal feed (HeuzŽ et al., 2015). According to the Food and Agriculture Organization 

(2016), in the year 2014, the world production of sweetpotatoes was more than 106 million (M) 

metric tons and 8.3M hectares were used to harvest this product. International Potato Center 

(CIP), reported 105M in its 2016 annual report (CIP, 2016).  Since 1994, China has been the 
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largest producer of this commodity, representing 86% of the total SP production, followed by 

countries in Africa where 11% of the total sweetpotatoes are produced (Zhang et al., 2002). The 

Solomon Islands, in the South Pacific, have the largest per capita production, 160 

kg/person/year, followed by Burundi, in East Africa where production is 130 kg/person/year 

(Loebenstein and Thottappilly, 2009).  In the U.S., sweetpotato production has constantly 

increased since the year 2000 especially in states such as North Carolina (NC), California and 

Mississippi. In NC, the production in the past 10 years increased 185 percent and has expanded 

from 5.6 million cwt to 15.8 million cwt (USDA, 2015). Since 1971, North Carolina reports the 

highest area harvested in the country and highest overall total production, representing between 

47 and 53 percent (Jiang et al., 2015); however, California has the highest average yields 

(USDA, 2015).  

Nonetheless, the latest report presented at the National Sweetpotato Collaborators Group 

(2018) presumes a decrease in farming acreage in NC for 2018 from 90,000 total acres to 78,000 

(Schulteis, 2018). This may be a consequence of the sustained low prices for this commodity in 

the last few years. According to Carpena (2009), orange-fleshed SP (OFSP) genotypes occupy 

about 90% of the SP production area in the US. From the OFSP acreage, Diane occupies 40% in 

California, Beauregard 50% and 65% in Louisiana and Mississippi respectively and in NC the 

Covington cultivar occupies 90% (National Sweetpotato Collaborators Group, 2018). Covington 

is a variety released in 2008 by the NC State University sweetpotato breeding and genetics 

program (Yencho et al., 2008).  

Sweetpotatoes are a versatile crop that has a low need for input of nutrients in the soil and 

is less labor intense when compared to other crops such as corn (Cho et al., 2016; HeuzŽ et al., 

2015). Also, SP have fast growing periods and grow at a different range of altitudes, from sea 
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level to 2,500 meters above sea level (Wang et al., 2016; CIP, 2016). Sweetpotato can also 

tolerate marginal growing conditions such as dry spells and poor soils (Woolfe, 1992; 

International Potato Center CIP, n.d). Moreover, SP can be stored for long periods of time 

making them available year round (Jiang et al., 2015). These positive characteristics allow SP to 

be considered a food security crop (HeuzŽ et al., 2015; Wang et al., 2016). Historically, SP had a 

role in combating food shortages and malnutrition (Woolfe, 1992). For example, the Japanese 

used this crop when typhoons destroyed the rice fields (Loebenstein and Thottappilly, 2009). It 

was also important an important crop when Korea had a shortage in staple foods (Scott et al., 

1992) and in 1960 sweetpotatoes kept millions from starvation in famine-plagued China 

(International Potato Center CIP, n.d). More recently, sweetpotatoes were also used in Uganda 

when a virus swept away cassava crops (International Potato Center CIP, n.d). 

OFSP have a broad genetic base that can vary the color of their skin and flesh 

(Loebenstein and Thottappilly, 2009). They also differ in the size and shape of the roots and 

leaves, in the depth of rooting, the time to maturity, the resistance to disease and in the texture of 

the cooked products (Woolfe, 1992).  The Typical U.S. No. 1 storage roots of ÔCovingtonÕ are 

described as oblong-elliptic or round-elliptic in shape (Yencho et al., 2008). The sizes of roots to 

be graded U.S. No. 1 must meet the following measurements: 5.1 to 8.9 cm in diameter and 7.6 

to 22.9 cm in length. Canners-grade SP are 2.5 to 5.1 cm in diameter and 5.1 to 17.8 cm long and 

Jumbos are larger than U.S. No. 1 in diameter or length or both, without objectionable defects. 

Culls are described as larger than 2.5 cm in diameter and so misshapen or unattractive that they 

could not fit as marketable roots in any of the previously mentioned three grades (Yencho et al., 

2008). 
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Different varieties account for differences in chemical composition, bioactive 

components and anti-nutritional components (Wang et al., 2016). For example, just 125 g of 

fresh OFSP root contains enough beta-carotene to provide the daily vitamin A needs of a 

preschool-aged child. According to the Report of a Joint FAO/WHO Expert Consultation: 

Human Vitamin and Mineral Requirements (2001) the needs of preschool-age children are 500 

micrograms or 1,650 IU retinol/day. OFSP are also a valuable source of vitamins B, C, and E 

(Wang et al., 2016). 

Pre and post-harvest storage conditions can also alter their native chemical composition 

(Wang et al., 2016). For example Huang et al. (2014) reported that the amount of existing sugars 

could be modified after storage. In their study, sweetpotatoes stored at 15¡C had less weight loss 

than those stored under ambient conditions (23.8 ~ 28.4¡C and 77.1 ~ 81.0% relative humidity). 

Higher storing temperature conditions allow for higher concentration of sugars. It was also 

reported that sweetpotatoes stored at 15¡C, had higher total sugar content after a baking 

treatment (Huang et al., 2014). Zhang et al. (2002) also reported that total sugar content 

increased in the earlier stages of storage but maintained relatively constant levels after 120 days. 

Purcell et al. (1978), reported an increase in protein with storage time after the 15th week, 

attributed to a loss in dry matter (DM).  
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Common uses of sweetpotatoes roots  
  

Sweetpotatoes are commonly consumed boiled, steamed, baked and fried. They can also 

be canned or converted into purees creating value-added products and enhancing their shelf life  

(Loebenstein and Thottappilly, 2009; Wang et al., 2016). Rees et al. (2003) stated that boiling 

and steaming are the main methods of preparation for consumption at home. In Korea for 

example, during winter, sweetpotatoes can be found roasted and fried in snack foods sold in the 

street (Scott et al., 1992). Industrial applications use raw SP as a material for further processing 

as a functional ingredient with different applications (Carolina Innovative Food Ingredients 

(CIFI), 2017).  Sweetpotatoes can also be processed into glucose and high-fructose syrup and 

used as ingredients added in many food applications. For example sweeteners from 

sweetpotatoes can be added into juices, sauces, dressings and desserts (CIFI, 2017; National 

Sweetpotato Collaborators Group, 2018). The starch can also be added into noodles, candy, 

desserts and flour. Furthermore, the starch can be fermented to make alcoholic beverages such as 

wine and beer and non-alcoholic beverages such as red vinegar or additives such as monosodium 

glutamate, enzyme products and antibiotics (Loebenstein and Thottappilly, 2009; Scott et al., 

1992; Terahara et al., 2003; Wang et al., 2016). A comprehensive utilization of sweetpotato is 

shown in table 1 and supplementary table 1.  
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Table 1. Common uses of sweetpotato products (Loebenstein and Thottappilly, 2009) 
Type of product Name of the product 
Food products Unprocessed fresh, dried and boiled tubers as food 

Canned and candied tubers, cakes, frozen fried tubers, 
ice cream, pancakes, paste 

Refined dried tubers, dried sweetpotato fries and chips 

Refined starchy products Starch 
Noodles (vermicelli, sheet jelly, noodles) 

Saccharification products Dextrose, fructose, glucose, maltose, amylose, 
amylose paste 
Sugar residues 

 
 
 

Processing of sweetpotatoes into fries 

Sweetpotato french fries (SPFF) are a relatively new product. Its demand has been 

constantly increasing (Truong et al., 2014). White potato (WP) French fries (WPFF), on the other 

hand, has been a popular product in the frozen market section for a long time.  Solanum 

tuberosum L., the WP is a tuber vegetable. WPFF have been studied for the past 60 years. For 

example, Alexander and Schopmeyer (1950) described in their publication a standardized 

method for French frying potatoes. According to the National Agricultural Statistics Service 

(USDA, 2014.) WPFF are the most popular product derived from white potato accounting for 

50% of the total production. The traditional way of preparing commercial WPFF includes 

washing, peeling, cutting into strips, blanching, par-frying and freezing (Pedreschi, 2012).  

Blanching is an important step for the final SPFF product. The blanching process limits the 

amount of oil absorbed through starch gelatinization and allows uniform color after frying 

(Gonz‡lez-Martinez et al., 2004).  The blanched strips are partially dried before the initial partial 

frying process (par-frying). The par-fried strips are frozen at -18¡C and sold in the retail market 

for further frying or roasting.  The industrial preparation of the SPFF follows a similar process 

with an additional pre-treatment step that includes tempering and pH adjustment. This step 
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improves the texture of the final SPPF by increasing the firmness of the final product (He et al., 

2014). The improved texture results from the effect of the enzyme pectin methylesterase (PME) 

and its action upon pectic substrates. PME is responsible for catalyzing the de-esterification of 

carboxyl groups and forming cross-link interactions between pectin polymers with divalent 

cations such as Ca+2 and Mg+2 (Gonz‡lez-Martinez et al., 2004). The result is an increase in the 

number of cation bridges between non-methoxy esters and ultimately an overall increase in cell 

wall strength. Blanching also allows the removal of air from the tissue, as well as, an important 

reduction in dry matter content (Gonzalez-Martinez et al., 2004). Some sugars and other water-

soluble materials are partially extracted in hot water via this step. The effect is important in the 

reduction of acrylamide formation (Truong et al., 2014). Acrylamide is among the by-products 

resulting from the Maillard reaction. Acrylamide is classified as a Group 2A carcinogen, and has 

been found in foods that are subjected to high preparation temperatures of over 120¡C.  Potato 

chips, french fries, cookies, cereals and breads are examples of these products (Singh et al., 

2007).  

 

Processing of sweetpotatoes into chips 

White potato chips (WPC) and sweetpotato chips (SPC) are very thin pieces of the sliced 

tubers that are commonly deep-fried to approximately 35 to 38 percent final oil content and less 

than 2 percent moisture (Joshi et al., 2016; Pedreschi, 2012).  

The initial steps for processing chips involve cleaning the raw potatoes by washing, 

peeling and cutting into slices of various widths, usually from 0.75 to 2.5 mm (Yagua and 

Moreira, 2011; Pedreschi, 2012). The sliced raw chips are washed to remove excessive starch 

and dried before the cooking step.  
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Deep-frying is a commonly used method in industry and at the home level. In the cooking 

step, the food product is immersed in either fat or oil at temperatures higher than boiling water 

(Hubbard and Farkas, 2000). Frying temperatures reported for sweetpotatoes are between 150 

and 200¡C  (Farinu and Baik, 2007). Frying at such high temperatures allow for a fast drying or 

dehydration process in which heat from the oil is transferred as water is evaporated. The process 

can be described in four steps or stages: (1) initial-heating, (2) surface boiling, (3) falling rate, 

and (4) bubble end point (Hubbard and Farkas, 1999). In the initial-heating, the food encounters 

the hot oil. In this stage water does not leave the food.   During this stage heat is transferred from 

the oil to the food in the way of free convection and through the food via conduction (Hubbard 

and Farkas, 1999). In the second stage, the surface water of the food vaporizes and a crust is 

formed through the increased transferred heat. Later, at the falling rate stage, the crust region 

continues to form and thicken. There is a decrease in heat transfer and a continuous decrease in 

vapor mass transfer from the material at this stage. Finally, the bubble-end-point, is characterized 

by an end in the moisture loss leaving the food. This is the last  frying stage (Hubbard and 

Farkas, 1999). The end-result is a food with higher attractive sensorial attributes high in non-

enzymatic browning reactions with the development of a crust that provides taste, color, flavor 

and crispness (Fillion and Henry 1998; Pedreschi, 2012).  

Most of the oil on the surface does not penetrate into the food during frying. Some 

adheres to the surface of the final product resulting in products with a high fat content that are 

very energy dense and provides a significant source of fat (Fillion and Henry 1998).  Frying 

temperatures also have a significant effect on the final oil content of the fried tuber slices 

(Pedreschi, 2012). The higher the frying temperature, the lower the oil uptake in the fried potato 

slices. Frying temperature also correlates to the kinetics of acrylamide formation: the higher the 
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temperature, the more acrylamide is formed (Granda and Moreira, 2005). Thus processers are 

considering other types of technologies in order to avoid such high uptake of oil and less 

acrylamide content into their final product. Examples of these technologies could include 

microwaving (Joshi et al., 2016), frying under reduced pressure also known as vacuum frying 

(Yagua and Moreira, 2011) or baking. 

 

Processing of sweetpotatoes into flour  

Sweetpotatoes can be dehydrated to enhance their shelf life and create functional 

ingredients that can be added to numerous food products such as breads, biscuits, cakes and 

desserts  (Loebenstein and Thottappilly, 2009; Truong and Avula, 2010). The dehydrated powder 

form can enhance the natural sweetness, color and flavor of these products (van Hal, 2000). In 

Uganda, for example, sweetpotato flour is later rehydrated and eaten as a thick porridge known 

as Ôatap-Õ. Atap- is a composite (mixture) of flours made from sweetpotato powder, cassava, 

and/or sorghum that when combined with water turns into a sticky batter like bread dough 

(Peters, 1998). The process of obtaining sweetpotato flour starts with selection and washing of 

the roots. The tubers are then sliced and dehydrated at 70¡C for 12 h. The dehydrated chips are 

finally ground and milled (Dansby and Bobell-Benjamin, 2003). 

Unlike wheat flour, sweetpotato flour does not contain gliadins and glutenins. Together, 

both of these proteins form gluten (Hathorn et al., 2008). These proteins are high-molecular-

weight proteins that gene the dough strength and bubble holding capacity during fermentation in 

the process of making yeast-raised breads.  Loebenstein and Thottappilly (2009) reported that the 

International Potato Center (nd) introduced a high-molecular-weight protein gene into a 

sweetpotato variety named ÔHuachanoÕ. They report 13 transformed events under this variety and 
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three-expressed glutenin gene transformation. More work is needed to determine the dough 

strength and the viscoelastic properties of the sweetpotato starch (Loebenstein and Thottappilly, 

2009).  

In times of wheat flour scarcity, high-quality sweetpotato flour was incorporated into 

breads (van Hal, 2000). The sweetpotato flour contained a substantial amount of starch content 

and small amounts of ash, fiber and moisture.  Dansby and Bovell-Benjamin (2003) used a shelf-

life study to characterize the ideal quality of sweetpotato flour. In their study, the flour ranged 

between 89 to 91% carbohydrate, 4.4 to 4.5% ash, 10.9% dietary fiber and 2.6 to 4.2% moisture 

content.  

Sweetpotato flour is naturally low in protein content (approximately 1%) (Dansby and 

Bovell-Benjamin, 2003). The flour can be fortified with the incorporation of soy flour or other 

higher protein content flours; however this will reduce the water holding capacity and add strong 

foreign flavors when reconstituting the dehydrated powder (Loebenstein and Thottappilly, 2009).  

Sweetpotato flour in combination with cornstarch holds the base material for making a 

number of secondary food products such as extruded noodles.  These types of noodles are 

popular in countries like China, Japan, Taiwan and Korea (Woolfe, 1992). The process varies 

from country to country, sometimes producers will extract the starch first, but in general it 

involves adding a composite of flours into a vessel with the addition of limited cold water using 

extrusion-cooking equipment. The resulting strings are further dried until the noodles are hard 

and the stickiness is reduced (Limroongreungrata and Huang, 2005).   

Other uses of SP flour include pancakes, puddings, and flatbread (chapaatis) made with 

50% SP flour (van Hal, 2000). Sweetpotato flour can also be included into donuts, cookies, 

brownies, and pies. In summary, the consumption of SP flour can promote the year-round 
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consumption of this crop while at the same time, contribute to the daily nutrient needs for 

energy, carbohydrates and fiber as well as !-carotene, thiamin, iron, vitamin C, magnesium and 

potassium (van Hal, 2000).  

 

Glycemic responses to sweetpotato products (fries, chips, and flours) 

Background 

Carbohydrates are the most available macronutrients and the main source of energy found 

in the ratio of Cn(H2O). Carbohydrate-rich foods are known to be more accessible and generally 

less expensive than fat- and protein-rich foods (Berdanier and Berdanier, 2015). Chemically, 

they can be classified according to their degree of polymerization (DP) into mono- and 

disaccharides (DP 1-2), oligosaccharides (DP 3-9) and polysaccharides (DP >10) (Appendix A, 

Supplementary Data Table 2) (Philippou, 2017).  Bonding between component molecules are 

found in either in $ or ! conformation. These bonds are important as they affect the structure and 

digestibility of the molecules (Sheperd et al., 2013).  Functionally, carbohydrates can be 

classified into sugars, starches and fibers and charged with supplying energy to the body, 

particularly to brain and muscles (Wei and Prasad, 2015).  

Carbohydrate functions are wide, and are mainly involved in energy and lipid 

metabolism. Carbohydrates also play a role in satiety, blood glucose control and colonic 

function, affecting transit time and like prebiotics, altering microbiota. Because of this, 

carbohydrates are also important in supporting the immune system (Philippou, 2017).  

Commonly, the chemical determination of carbohydrates is done by subtracting the sum of the 

major components including moisture, protein, fat and minerals from the total weight of a food 

(Cummings and Stephen, 2007). The remainder is considered the total amount of carbohydrates. 
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This measurement includes available and non-available types of carbohydrates such as fiber. The 

determination by difference includes non-carbohydrate forms such as waxes, lignin or 

compounds derived of Maillard reaction (Philippou, 2017). Available carbohydrate refers to the 

carbohydrates that are digested and absorbed in the small intestine that cause a rise in blood 

glucose after consumption.  For the purpose of glycemic index measurements only available 

carbohydrates are taken into account (Philippou, 2017). Glycemic carbohydrates include free 

sugars, maltodextrins and starches. Resistant starches, sugar alcohols and non-starchy 

polysaccharides such as cellulose and hemicellulose are known as non-available carbohydrates. 

Available carbohydrates can be determined by difference when subtracting unavailable 

carbohydrates in combination with the rest of the macronutrients (Cummings and Stephen, 

2007).  

 The term glycemic means providing carbohydrate for metabolism (Philippou, 2017). 

Glycemic index (GI) is defined as a ranking in which carbohydrate containing foods are 

classified according to their immediate effect on blood sugar level (Jenkins et al, 2002). 

Glycemic index is considered an inherent property of the food and not the metabolic response of 

an individual to the food consumption (Matthan et al., 2016). It was originally designed as a tool 

for the dietary management of type 1 diabetes (T1DM) and to manage dyslipidemia (Pi-Sunyer, 

2002). The objective of GI was to develop a food selection guide for diabetic individuals to 

improve their glycemic response by classifying different foods according to the elicited 

postprandial blood glucose response (Jenkins et al., 2002; Matthan et al., 2016). Theoretically, 

GI values should be reproducible within individuals.  
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History 

Insulin resistance was reported as an important factor to the survival of Australian 

indigenous people (OÕDea, 1991). Diets from this tribe were characterized by low energy 

density, low fat and high fiber that in combination with a hunter-gatherer lifestyle, allowed them 

to resist the onset of insulin resistance. Their transition to the Westernized diet, characterized by 

highly refined carbohydrate and fat, promoted obesity and maximized insulin resistance among 

the population, when combined with low physical activity (Daniel et al., 1999; Taylor et al., 

2015). In consequence, the Aborigines developed a series of diseases such as diabetes type 2 

(T2DM), impaired glucose tolerance, hyper-triglyceridemia, hypertension, hyper-insulinemia 

and obesity (OÕDea, 1991).  Burkitt and Trowell (1975) likewise reported that during their 

medical services in Uganda, people living on their traditional staple diets had less symptoms of 

non-infectious diseases, common in developed countries.  

Pima Indians of Arizona are an ethnic group prone to chronic diseases such as obesity 

and T2DM (Boyce and Swinburn, 1993; Guyenet, 2008).  Boyce and Swinburn (1993) 

characterized their diet and found that they promptly became diabetic and overweight when their 

foods were subsidized by the government programs with foods containing ingredients such as 

flour, refined sugar, partially hydrogenated lard, and canned foods. 

Initial definitions of GI, speculated that foods with low GI were commonly eaten in low 

resource areas of Western countries and largely in countries in Africa and Asia. Examples of 

these foods include porridges with buckwheat, yam, sweetpotatoes and leguminous seeds 

(Jenkins et al., 1981). Refined foods that cause a higher increase in blood glucose were 

consumed in more affluent Western diets (Jenkins et al., 1981). Examples of these foods include 

sugar, rice and bananas.   
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The GI is a concept originally developed at the University of Toronto to determine which 

foods were best for people with diabetes (Jenkins, et al., 1981).  A small healthy non-diabetic- 

group of people (5-10 individuals) were fed with boiled dry grains, legumes and vegetables 

containing the same amount of carbohydrate. Their blood glucose levels were measured over 2 

hours and expressed as a percentage of the area under the glucose response curve when the same 

amount of carbohydrate was taken as glucose. There were great differences in postprandial blood 

glucose response when subjects were fed with these different foods (Jenkins et al., 1981). Since 

then, the concept has been adopted that low GI foods would account for sustained energy and 

good health outcomes whereas high GI foods would cause blood glucose levels to spike 

(Matthan, et al., 2016). Diabetic individuals could benefit from a ÒtightÓ blood glucose control 

(Jenkins et al., 1981).   Foods with less than 55 are ranked as low, 56-69 intermediate, and more 

than 70 are ranked as high in GI (Matthan, et al., 2016).  

 

Mechanism of Action 

Wolever and co-workers (2006) studied the work of the scientist Claude Bernard from 

the mid-1800; developed an interest in the interactions between carbohydrate metabolism and 

homeostasis, considering the gut and the liver as central in blood glucose concentration.  

In an attempt to achieve homeostasis the body utilizes the nutrients stored in foods. First the 

body breaks down the foods into absorbable components in a process known as catabolism. 

Through a series of metabolic processes the body synthesizes the needed molecules. This process 

is known as anabolism and both processes in combination are the pathways for intermediate 

metabolism. The intake of nutrients, hormones, genetics and environmental conditions can have 

an effect on these metabolic pathways (Berdanier and Berdanier, 2015). 
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Plants differ than animal tissues as they contain higher amounts of carbohydrate. Milk is 

the only significant animal source of carbohydrate due to the high amount of lactose content. The 

Tables of Food Composition of the USDA show around 5% of lactose in cowÕs milk compared 

to 7% in mature human milk (www. nal.usda.gov/foodcomposition). Usually, only 

monosaccharides can be absorbed across the small intestinal epithelium. Thus, disaccharides and 

oligosaccharides must first be hydrolyzed to their constituent monomers for absorption to occur 

(Sheperd et al., 2013).  

Digestion of carbohydrates begins in the mouth with the action of alpha-amylases by the 

hydrolysis of the $-1,4-glycosidic bond producing molecules of glucose, maltose, dextrins, and 

maltotriose. The salivary $-amylase is denatured in the stomach as the foods are mixed and 

acidified with the gastric hydrochloric acid. This mixture is known as chyme (Allen, 2017). 

Chyme moves into the duodenum where the pancreatic enzymes secreted by exocrine pancreas 

are able to break starches into maltose, dextrins, and maltotriose. The dextrins are further 

hydrolyzed by $-glucosidases on the surface of the luminal cells. The carbohydrates, whose 

bonds are not attacked by $-amylase or $-glucosidase, are then passed into the lower part of 

intestine where they are attacked by the enzymes from the intestinal flora. Examples of these 

carbohydrates that pass into the distal small intestine and proximal large intestine are: galacto-

oligosaccharides, fructo-oligosaccharides, isomalto-oligosaccharides and xylo-oligosaccharides 

(Sheperd et al., 2013; Berdanier and Berdanier, 2015). 

Undigestible fibers can be fermented by the colonic microflora or they can pass through 

the large intestine binding water and increasing the stool output (Cummings and Stephen, 2007). 

Although fiber is not converted to glucose, some short chain fatty acids (SCFAs) are produced in 

the gut as fiber and are fermented by the microbiota.  SCFAs are absorbed and can have a 
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favorable effect. SCFAs can be used as a sustainable source of energy in the body. For example, 

Nilsson et al. (2008) found a lower glucose response that negatively correlated to colonic 

fermentation (R2= % 0.25; P < 0.05) when participants were fed with meals including barley 

kernel-based bread and bread enriched with barley. These meals elicited a lower incremental area 

under the curve when compared to white wheat bread (Nilsson et al., 2008).  

The term fiber includes both dietary fiber, which is the fiber naturally occurring in foods, 

that consists of intrinsic plant cell wall polysaccharides (Cummings and Stephen, 2007) and 

functional fiber, which is isolated fiber that has functional physiologic effects. There is no 

analytical measurement to separate dietary fibers from functional fiber. Mann et al. (2007) 

estimates that the amount of non-starch polysaccharides, resistant starches, polyols and 

oligosaccharides that reach the large bowel are between 20 and 40 g/day in countries with a 

Òwestern style dietÓ, while countries that consume more traditional staples, based on cereals, 

fruits and vegetables may reach 50 g/day.  

Dietary fiber allows for the dilution of the total meal density since it is not absorbed. 

Therefore, the rate of gastric emptying is reduced and the rates of absorption of carbohydrate, 

fatty acids and cholesterol are also reduced (Philippou, 2017).  Short chain fatty acids, such as 

acetate, propionate and butyrate reduce the pH of the colonic content and provide fuel for the 

colonic mucosa (Gibson, 1999; Nilsson et al., 2008, Sheperd et al., 2013). It has been shown that 

dietary fiber alters the populations of specific colonic bacterial species. The alteration in colonic 

mucosa most likely influences positively the immune function (Gibson, 1999).  

Once the monosaccharides are released they are absorbed by one of several mechanisms. 

Glucose and galactose are absorbed by an energy-dependent, sodium-dependent, carrier-

mediated mechanism. This mechanism is termed active transport because glucose is transported 
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against a concentration gradient. Because the transport is against a concentration gradient, energy 

is required to push the movement of glucose into the enterocyte. Another glucose transporter is 

GLUT-2. This is an example of an independent transporter, which is not only found in the 

intestine but also found in cells in the liver and beta cells of pancreas. The glucose transporters 

are a family of proteins that are referred as mobile GLUTs because, when not in use, they reside 

in the endoplasmic reticulum (Berdanier and Berdanier, 2015). Fructose is absorbed by GLUT-

5, via facilitated diffusion.  Once absorbed by the intestinal cell, glucose passes into the portal 

blood and circulates first to the liver and then throughout the body. From there glucose enters the 

pathways of intermediary metabolism as glucose 6-phosphate (Berdanier and Berdanier, 2015). 

A lower blood glucose concentration is achieved when glucose is absorbed in a slower 

rate in the small intestine (Figure 1). This is observed when consuming low- GI foods. Low GI 

foods reduce the postprandial rise in insulin and gut hormones.  
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Figure 1. Effect of a diet with a (A) low glycemic index and (B) high glycemic index and 

glucose absorption over time after consumption (Jenkins et al., 2002). 
 

 
 
According to Jenkins et al. (2002), the prolonged absorption of glucose over time 

promotes a suppression of free fatty acids (FFA) also over time. With high GI, glucose is 

removed faster from circulation, then returns to or below baseline.  This effect is known as 

sustained tissue insulinization with suppression of FFA release (Jenkins et al., 2002).  Another 

effect is an improved glucose tolerance in the following meal. This is called the second-meal 

effect.  

Wolever et al. (1988), predicted postprandial glucose responses for breakfast after 

feeding individuals with low and high glycemic index meals for dinner. Low GI foods consumed 

at dinner resulted in lower postprandial glucose response both for the dinner period and the 

subsequent breakfast.  Other favorable effects include a reduction of adipose tissue enzyme 

concentrations and reduced fasting blood lipid concentrations (Jenkins et al., 2002).  
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The GI concept remains as a topic of public health interest. Low-GI foods have been 

proposed as important components for diets for weight loss and exercise performance (Matthan 

et al., 2016). It also serves as the basis for some fad diets. The term Òfad dietÓ comprises diet 

plans that quickly fade over the time, followed by other dieting programs in commercial 

publications (Feinman, 2011). One example of this is The South Beach Diet (SBD) (Matthan et 

al., 2016). This diet plan was created in 2003 and primarily relies on the restriction of dietary 

carbohydrates, the selection of low GI choices and healthy fats to achieve weight loss 

(Anonymous, South Beach Diet, accessed 2016; Chalasani and Fischer, 2008). High-fat, high-

protein, low-carbohydrate diets have remained popular over the time, lasting longer than other 

fad diets (Feinman, 2011). This program operates on the principle that if the diets are very low in 

starches and sugars the blood sugar levels can fall so low that there is insufficient glucose to fuel 

the cells in the body. This state causes the pancreas to produce the hormone glucagon. Glucagon 

causes the conversion of stored glycogen to glucose and once the glycogen stores are exhausted, 

the liver synthesizes ketones (ketosis) and glucose in a process called gluconeogenesis, from fats 

and proteins, respectively. This metabolic process in the context of caloric restriction results in 

weight loss (Chalasani and Fischer, 2008; Pagano-Therrien and Katz, 2003). A "mild" degree of 

low carbohydrate, ketonemia and acidosis induced by a low carbohydrate diets results in clinical 

improvements of glycated hemoglobin (HbA1C) measurements in patients.  HbA1C is the part of 

the hemoglobin that has glucose attached to it (Fox and MacKinnon, 2005). HbA1C is estimated 

to have 6-week half-life. Therefore, HbA1C provides a measure of longer-term glucose control 

(Chalasani and Fischer, 2008).  Good control in diabetic patients are defined as <7.0% HbA1C 

(Fox and MacKinnon, 2005). According to The American Diabetes Association (ADA), a level 

of 5.7% to 6.4% for HbA1C in combination with impaired glucose tolerance (140-200 mg/dL) 
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and impaired fasting glucose (100-125 mg/dL) are characteristics of a pre-diabetes condition 

(American Diabetes Association, 2014). 

 

Continuous glucose monitors 

Continuous glucose monitors (CGM) are federally approved wearable medical devices 

that track sugar levels in a continuous manner at set intervals of time (FDA, 2017).  The iPro2 

digital recorder is an example of a CGM (FDA, 2016; Tansey, 2005). CGMs are commonly 

composed of two parts: a recorder in the form of a patch is attached to a sensor that has a small 

needle that probes into the skin (Bruen et al., 2017).  The sensor is able to track the changes in 

glucose from the blood or fluid under the skin through an electrochemical measurement that 

involves an enzymatic reaction (Toghill and Compton, 2010). When the reaction occurs, it 

produces a measurable electric current. The level of current is related to the concentration of 

sugar. Higher sugar level concentrations will produce higher measurable currents that are later 

calibrated with an impulse factor and a reference value obtained from a finger stick measurement 

using a commercially available glucose monitor device (Bruen et al., 2017). Usually CGMs look 

like patches and are worn in the abdomen, thigh or inside part of arm (TIME, 2017).  

Glucose sensors fall under the category of biosensors. Biosensor refers to a device 

designed to detect or quantify a biochemical molecule (Prasad, 2014). Glucose sensors are the 

type of biosensors that are reported to dominate the market (Witkowska et al., 2016). Clark and 

Lyons (1962) first described a glucose monitor based on an enzyme electrode reaction or 

amperometric measurements (Park et al., 2006; Toghill and Compton, 2010). According to 

TIME (2017), the first CGM was approved in 2005. A list of approved CGMs can be found in 

the archives and current pages of FDA.gov.  
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CGMs were originally intended to continuously record interstitial glucose levels in 

persons with diabetes mellitus (T1DM and T2DM) in order to offer a more strict control over 

carbohydrates consumed. Tracking glucose levels can be a preventive disease marker by 

avoiding episodes of either hypo- or hyperglycemia. This type of prevention has proven to 

prolong life expectancy by enabling diabetics to avoid physiological complications such as 

diabetic ketoacidosis or chronic-degenerative complications (Ferrante do Amaral and Wolf, 

2007, Nathan, 2014). Its use has also been extended to serve as a preventive treatment for 

healthy people to keep track of blood sugar spikes and avoid the risks associated with 

overconsumption of foods containing highly processed carbohydrates (Fox et al., 2010; TIME, 

2017).   

Blood based sensors continues to be the gold standard for glucose determination in 

diabetes diagnostics and self-monitoring because of high reproducibility and low cost (Makaram 

et al., 2014).  Over the years, devices that require blood have minimized the amount of blood 

required for a precise reading. The bioengineering industry has also improved the size of the 

portable (non-continuous) measurable devices often by making them smaller (Figure 4). 

However, the underlying process is still painful and invasive requiring often a pricking process 

done multiple times a day. Glucose can also be measured in other body fluids in a non-invasive 

way via urine, sweat, saliva, tears and exhaled air (Makaram et al., 2014; Munje et al., 2017).  

Interstitial fluid (fluid under the skin) and ocular are also examples of biological fluids that can 

be used in biosensors (Bruen et al., 2017; FDA, 2016).   

Enzymatic reactions allow a change in redox states. This is the common principle for 

blood-based biosensors (Makaram et al., 2014). Glucose oxidase (GOx) and glucose 

dehydrogenase (GDH) are the most commonly used enzymes that facilitate these type of 



   

31 
 

biochemical reaction (Park et al., 2006; Makaram et al., 2014; Toghill and Compton, 2010).  

Figure 2 and Figure 3 depict the enzymatic reaction, taking place in electrochemical glucose 

sensors based on enzyme electrodes. Figure 2 depicts the first generation of biosensors, in which 

the enzyme glucose-oxidase was dependent of the reducing reaction from oxygen to hydrogen 

peroxide in presence of glucose. Figure 3 relates to the second generation of glucose sensors in 

which the oxygen was replaced with a mediator that facilitates the electron transfer created by 

the redox reaction. Electron mediators commonly used are ferro-ferricyanide, hydroquinone, 

ferrocene, and various redox organic dyes (Park et al., 2006). In a third generation sensor, the 

GOx is directly attached to the electrode and a number of electron-relaying centers to the enzyme 

(Park et al., 2006).  

 
 
 

 
Figure 2. Diagram of the first generation glucose sensors (Park et al., 2006) 
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Figure 3. Diagram of the second-generation glucose sensors (Park et al., 2006) 

 
 

 

 
Figure 4. Diagram of the third-generation glucose sensors (Park et al., 2006) 

 
 

 
Although the accuracy of the sensors has improved over the years there can still be a 

systematic bias introduced by multiple factors. For example, the performance of most continuous 

monitoring sensors is characterized by the mean absolute relative difference (MARD). MARD 

implies a documented deviation up to 10%20% in approved devices particularly when readings 

are below 100 mg/dL (Witkowska et al., 2016). Errors can also be introduced because of 

calibration and lag. The calibration is a reading obtained by the subjects by entering a reference 

value from a finger stick measurement. The accuracy depends on the training and expertise of 

each subject.  Another contributor to the systematic bias relies on a lagging period. In CGM there 
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can be up to 17 min lag time caused by the passive diffusion of analytes from blood into the 

interstitial fluid matrix (Bruen et al., 2017). This is especially significant when dealing with 

CGMs that have attached an insulin pump that allow for instant insulin administration as 

depicted in Figure 4. In summary, the overall accuracy of a CGM system will rely on the quality 

of the sensor as well as the subjectÕs finger pricking training skills. 

 
 
 

 
Figure 5. Finger prick monitor system (left). A. Lancet needle; B. Blood sample on test-strip; C. 
Glucose meter displaying glucose concentration. Continuous glucose monitor (right) (Bruen et 
al., 2017). 
 
 
 
Factors Affecting Glycemic Index 

Literature reports that several factors can affect the GI values of foods. Some of these 

factors include: differences in variety and growing conditions, degree of ripening among the 

same food and processing or cooking methods (Allen et al., 2012; Pi-Sunyer, 2002; Philippou, 

2017). Changes in the physiological state of foods, for example from green to ripe often denote 

the transformation from starch into sugar (JAMA, 2013). This reaction modifies the chemical 

content of the food and in result increases the glycemic index value (Allen et al., 2012; 

Greenwood, 2013). Free sugars are readily available and are metabolized and absorbed at a faster 



   

34 
 

rate than those with a higher starch content (Allen et al., 2012). In this regard, Pi-Sunyer (2002), 

reports differently. According to the author, green starchy foods such as bananas have a higher 

glycemic index than ripe ones. 

 Raw foods are difficult to digest because carbohydrates are stored in the form of starch 

granules (Allen et al., 2012). During cooking, temperature allows starch granules to swell with 

disruption of the starch crystalline structure. As starch molecules enter the aqueous solution 

amylose and amylopectin start interacting with water through hydrogen bonding interactions in a 

process called gelatinization (Fennema, 1996). After preparation, cooked foods are often stored 

for variable lengths of time under low temperatures. Amylose and amylopectin molecules can 

associate to form a gel in a process called retrogradation (Fennema, 1996). The change in 

structure of starches during gelatinization and retrogradation can have a significant influence on 

starch digestibility, formation of indigestible complexes (resistant starches) and degree of 

absorption in the gastrointestinal tract (Allen et al., 2012; Greenwood et al., 2013; Pi-Sunyer 

2002). 

Cooking preparation methods can also affect the GI (Pi-Sunyer, 2002). According to the 

author, the degree of surface exposure and time and temperature exposure to cooking allow 

starchy foods to be more hydrolyzed; therefore, more available. Highly processed foods require 

less digestive processing. This is seen in techniques such as extrusion cooking as well as 

canning. These methods allow the starch of rice, potato and corn to be readily digested (Brand et 

al., 1985; Soh and Brand-Miller , 1999). The cooling process would reverse gelatinization and 

form starches resistant to hydrolysis that cannot be absorbed (Pi-Sunyer, 2002). Allen et al. 

(2012) and Soh and Brand-Miller  (1999) reported no significant differences among potatoes 

cooked by baking, microwaving or boiling. 
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Fluorescence imaging or multiplexing and hormones 

The fluorescence bead or multiplexing principle follows the premises of ÔsandwichÕ 

enzyme-linked immunosorbent assay (ELISA), with the exception that the antibodies are not 

fixed to the well but to the microsphere and multiple reactions take place on a single well. This is 

also known as multiplexing high-throughput (HTS) assay (Blommel et al., 2004).  

The fluorescence bead principle or multiplexing is based on three elements. First, 

microspheres (beads) with a distinct color that are fluorescently dyed can be spectrally monitored 

(Bjerre et al., 2009). The second element is a chamber that allows the imaging of the beads using 

light emitting diode (LED) and a charged-coupled device (CCD) camera and lastly, a high-speed 

processor that captures the signal and transmits it digitally (BIO-RAD Lifescience Group, n.d.).  

The principle is presented as follows; polystyrene beads with carboxyl groups on its 

surface are coupled with antibodies that react against the peptides or proteins of interest (Figure 

6 and 7) (&‡lek et al., 2011; Luminex Corporation, 2017). These beads also contain magnetic 

particles (superparamagnetic nanoparticles) that can be captured using CCD technology 

(Luminex Corporation, 2017). The beads are dyed at different intensities of red to near-infrared. 

This allows the beads to be identified in the chamber by the concentration of the dye (Figure 8) 

(Bjerre et al., 2009; Luminex Corporation, 2017). Another characteristic of these beads is their 

large active surface that allows for the immobilization of different antibodies further recognized 

in a magnetic field (Egu’laz et al., 2010; &‡lek et al., 2011) The color process is repeated up to 

three times to allow for 3 dye concentrations (Figure 9 and 10). Different concentrations of red 

dye on the fluorescence pattern (635 nm) relate to different antibodies (bead classification = 

assay identification) by arranging the beads in a map (Figure 10).  Green  (532 nm) LED 

determines if the analyte of interest (hormone) is present or not. The software then processes the 
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image and quantifies the concentration of the analyte with a standard concentration curve. The 

software presents the data in median fluorescence intensity units (MFI) as well as the 

concentration in pg/mL. The concentration of an analyte bound to each bead is proportional to 

the MFI of reporter signal (BIO-RAD Lifescience Group, n.d).  

Other techniques used to measure peptides and hormones that could be employed are for 

example: immunofluorometric assays and mass spectrometry; however, one limitation can be the 

limits of detection, which are often in the very low range of picomolar or picogram (pg) and 

these limits are often not low enough to measure certain peptides such as parathyroid hormone-

related peptide (PTHrP), which is representative of early stage cancers, as well as other 

hormones such as testosterone, prolactin and cortisol (Moreno-Guzm‡n et al., 2012; Otieno et al., 

2016).  
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Figure 6. Carboxyl groups on the surface of beads allow for the addition of antibodies (Luminex 
Corporation, 2017) 
 
 

 

 
Figure 7. Antibody reacting to protein of interest (Luminex Corporation, 2017) 
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Figure 8. Dyes of different intensities represented from A to J. Beads can also be identified with 
two dye concentrations (Luminex Corporation, 2017) 

 
  
 

 
Figure 9. A tri-dimensional representation of bead actual identification (Luminex Corporation, 
2017) 
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Figure 10. ELISA sandwich immunoassay (BIO-RAD Lifescience Group, n.d.) 
 

 
 
The assay follows the sandwich ELISA principle ('adkov‡ et al., 2015). The magnetic-

colored beads are covalently coupled with antibodies against the hormone of interest (Egu’laz et 

al., 2010; 'adkov‡ et al., 2015). A series of washes are necessary to remove the unbound protein. 

Later, a biotinylated detection antibody is added to the solution to create a sandwich interaction 

(Figure 11). The end step involves the addition of streptavidin-phycoerythrin that serves as the 

fluorescent indicator (BIO-RAD Lifescience Group, n.d.; Bjerre et al., 2009; Moreno-Guzm‡n et 

al., 2012). Some hormones can be quantified using a multiplexing high-throughput screening 

technique.  

Hormones act like chemical messengers in the body (Gropper and Smith, 2005). 

Hormones are derived from amino acids, cholesterol or from phospholipids; however most 

hormones can be found in the form of peptides or proteins ranging from three amino acids to 

over 200 (Nussey and Whitehead, 2001). Multiple hormones regulate the glucose metabolism 

after the consumption of meals (Berg et al., 2002). All proteins are made up of amino acid 

residues covalently linked in a sequence order that is ultimately defined by data information that 
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reside within our genes (Whitford, 2005). The amino acid sequence of a protein is read from left 

to right and are always formed by N, C$, and C atoms (Whitford, 2005). Hormones are 

organized and act in a concerted manner; therefore, an abnormality in any of them often results 

in the lack of control of any other or several different hormones (Nussey and Whitehead, 2001).  

Polypeptide hormones are synthesized by ribosomes as pre-hormones and are further 

processed in the endoplasmic reticulum and Golgi apparatus to form mature hormones and then 

packed in secretory granules to await the signal for their release by exocytosis (Voet and Voet, 

1990). In this regard, islet cells in the pancreas, function as a natural glucose sensor (Gropper 

and Smith, 2005).  Usually, after the immediate ingestion of meals, blood sugar levels are high. 

Under these circumstances, glucagon levels are decreased and insulin is released from pancreatic 

! -cells. 

Insulin is an example of a pancreatic peptide formed by approximately 50 amino acid 

residues with a molecular mass of 5700 (Whitford, 2005). It contains two polypeptide chains or 

subunits, joined by disulfide bonds between two cysteine molecules  (Nussey and Whitehead, 

2001; Whitford, 2005). Insulin is secreted from pancreatic !-cells in response to increases in 

blood glucose and signaling through the parasympathetic nervous system (Berg et al., 2002; 

Fruhbeck, 2009). It is the product of a longer derivative known as preproinsulin (Whitford, 

2005). Preproinsulin contains 110 amino acid residues and undergoes changes across the 

endoplasmic reticulum membrane into the lumen where cleavage by proteases leaves the ÔproÕ 

insulin molecule (Whitford, 2005). A fragment known as the C-peptide is released. Insulin and c-

peptide represent 65Ð80% of the total pancreatic cells (Ršder et al., 2016). Insulin remains 

inactive as a hormone and in high concentrations in the pancreas (Whitford, 2005). After food 

intake, in the presence of insulin, insulin-sensitive tissues located mostly in muscle and fat tissue 
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take up the ingested glucose, where it is metabolized by the cell and excess energy is stored 

(Whitford, 2005; Fruhbeck, 2009). Glucagon is insulinÕs counter regulatory hormone (Nussey 

and Whitehead, 2001). It consists of a single polypeptide chain (Gropper and Smith, 2005) and it 

is secreted by the $-cells of the pancreas. These cells represent 15Ð20% of the total pancreatic 

function (Ršder et al., 2016). Glucagon is secreted in response to low blood-sugar levels 

particularly in fasting states. The starved state signals liver reserves to mobilize glycogen stores 

(Voet and Voet, 1990; Berg et al., 2002).  Berg et al. (2002), explains: Òinsulin initiates a protein 

kinase cascade. Insulin stimulates glycogen synthesis in both muscle and the liver and suppresses 

gluconeogenesis by the liver. Insulin also accelerates glycolysis in the liver, which in turn 

increases the synthesis of fatty acids.Ó Glucagon is secreted in response to low blood glucose 

levels and stimulates the liver to release glucose molecules through gluconeogenesis and it 

stimulates adipose tissue to release fatty acids through lipolysis (Voet and Voet, 1990). Foods 

with low to moderate GI are characterized by a slower rate of carbohydrate absorption and 

slower rises in insulin have been shown to produce beneficial effects for example on glucose 

control, insulin resistance, blood lipid profiles, satiety and other preventive chronic diseases 

(Jenkins et al., 2002; Philippou, 2017).  

Leptin is a bioactive protein secreted by the adipose tissue or an adipokine (Trayhurn, 

2011). It is a 167 amino acid protein product mainly synthesized and secreted into the circulation 

from white adipose tissue (Dardeno et al., 2010; Klok et al., 2007; Zhang et al., 1994). Leptin is 

also produced in small amounts in other human tissues such as in the stomach, the mammary 

tissue, ovaries, placenta, heart, bone marrow and lymphoid tissues (Dardeno et al., 2010; 

Trayhurn et al., 2011). Low insulin levels in combination with the satiety factor leptin, are 

considered the most important long-term regulators of energy balance (Fruhbeck, 2009). Both act 
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on the central nervous system to inhibit the intake of food and to increase energy expenditures by 

stimulating the production of leptin from adipose tissue via ÒacceleratedÓ glucose metabolism 

(Fruhbeck, 2009).  

Ghrelin, is a peptide of 28 amino acids that acts as a hormone produced in the endocrine 

cells of the gastric mucosa (Wierup et al., 2002). Ghrelin increases food intake and decreases fat 

oxidation (Wierup et al., 2002; Fruhbeck, 2009). Recently, it has been seen that ghrelin-secreting 

cells may also constitute a new islet cell type in the pancreas representing less than 1% of the 

islet cells (Wierup et al., 2002; Ršder et al., 2016).  Ghrelin may have an anabolic role in the 

regulation of energy homeostasis. In rats, it caused changes in body weight gain and increased 

adiposity (Wren et al., 2001). 

Glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide (GIP) are both released 

by endocrine cells in the terminal small intestine. The function of GLP-1 is to inhibit feeding 

either by acting upon hepatic sites or by inhibiting gastric emptying (Fruhbeck, 2009). GIP is 

also a potent inhibitor of gastric acid secretion and gastric emptying. However, the main function 

of GIP is to stimulate pancreatic insulin release (Voet and Voet, 1990).  The release of GIP is 

stimulated by the presence of glucose in the gut.  
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Tenebrio Molitor L. and Entomophagy 

Background 

The consumption of insects is known as entomophagy. Edible insects have been 

consumed for a long time in the traditional diets of many non-Western countries, but more 

recently, the Food and Agriculture Organization of the United Nations (FAO) singled them out 

as having a high potential to treat malnutrition and food shortages without requiring large 

amounts of land or infrastructure (van Huis et al., 2013). The larvae of Tenebrio Molitor L., the 

mealworm, have been processed to be as high in protein content as fish and meat. They are also 

fairly high in fatty acids, especially polyunsaturated omega-3 and 6, comparable with the content 

of fish and higher than in beef and pork. They possess a variety of vitamins and minerals such as: 

magnesium, copper, iron, manganese, phosphorus, selenium and zinc, as well as, riboflavin, 

pantothenic acid and biotin  (Nowak et al., 2016; van Huis et al., 2013; Zhao et al., 2016). These 

qualities would make them a possible food ingredient in the US (based on current novelty trends) 

if the US consumers would acknowledge and learn to accept insect-based products (Rumpold 

and SchlŸter, 2013). In areas where insects are a traditional part of the diet, processed 

mealworms can be used as a successful ingredient in emergency relief meals.  

 

History 

Humans have consumed insects for thousands of years. Durst and collaborators (2010), 

made reference to insect consumption before Christian times by Europeans and its consumption 

has also been described in the Bible. They have been generally consumed in very poor countries 

(Aguilar-Miranda, 2002) or reared as feed for reptile, fish and avian pets in developed countries 

(van Huis et al., 2013).  Historically, insects have been eaten in Africa, Asia and Latin America 
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(Alves et al., 2016). Currently, there are more than 2,000 insect species consumed in 113 

countries all over the world (Rumpold and Schlüter, 2013).  The consumption of whole insects 

and insect-containing foods historically have had low acceptance in countries in the Western 

world. In view of the increasing world population demands for protein with low environmental 

impacts, proteins extracted from insects can have diverse applications and might potentially have 

greater success for acceptance as an ingredient for human foods (Alves et al., 2016; Zhao et al., 

2016).   

The concept of Òmini-livestockÓ or insect farming is a low-tech activity and requires low-

capital investment. Conventional forms of farming insects for food and feed include rearing 

honey bees, producing silk from silkworms and scaling insects such as cochineal from which 

carmine dye is derived. Carmine dye is a red colorant widely used in the food industry (van Huis 

et al., 2013). At present insects are not part of the Western diet. It has been speculated that there 

are several reasons for this. For example, insects were not included in the plant and animal 

domestication pattern. Historically, only large animals (and plants) were domesticated, 

particularly by Europeans conquering the new world. Domestic animals provided invaders with a 

stable food supply, which is evidenced by their worldwide conquests. van Huis and collaborators 

(2013) suggest that without European colonization and imports the domestication of edible 

insects would have been more advanced and widespread for multiple species.  

Insects also do not reproduce well during low temperature seasons, which results in long 

insect-less winters. Also, insects present the difficulty of being collected.  Ease of access and the 

total quantity accumulation for the task seems a complication for insects as human food (Durst et 

al., 2010). 
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Tenebrio Molitor L. 

Among edible insects, the larva or yellow worm of Tenebrio Molitor Linnaeus (T. 

molitor), 1758 (Coleoptera, Tenebrionidae) is notable. It is approximately, 2.5 to 3.5 cm in 

length with a weight of approximately 0.2 g (Aguilar-Miranda, 2002; Alves et al., 2016). As an 

edible insect it is currently harvested and consumed in countries in Africa, Asia and Australia 

(Alves et al., 2016). In the literature of the reported cases of uncontrolled post-harvest pests, T. 

molitor is among the largest beetles that can infest food products in warehouses, mainly in cereal 

and other grain warehouses, causing approximately 50% loss of production when infestations 

occur (Aguilar-Miranda, 2002; Alves et al., 2016; van Huis et al., 2013).   

 

Meal Worm Growth, Rearing and Processing  

Typically, the life cycle of T. molitor can be described as the following: the beetles begin 

to lay eggs after 4 to 17 days after copulation. A single female beetle can generate an average of 

500 eggs. The embryonic development lasts from 4 to 6 days, which can be accelerated with a 

slight increase in temperature (25 to 27¡C). Larval period is about 3 months. At this stage, the 

insect can be harvested, processed and consumed. Larvae not harvested after this phase will turn 

into a pupa, a stage that lasts 5 to 6 days and culminates in an adult individual (Alves et al., 

2016).  Because of this life cycle, T. molitor is holometabolous. Holometabolous insects undergo 

a true metamorphosis from egg to larva to pupa to adult.  Hemimetabolous insects undergo an 

incomplete metamorphosis from egg to nymph to adult (Rumpold and SchlŸter, 2013). Insects 

undergo a metamorphosis with different development stages. In the study, yellow mealworms 

developed in 12 to 32 weeks (Oonincx et al.,  2015).  

Chemical Composition 
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A summary of the nutritional components found in dried mealworms can be found in 

Table 2. Mealworms are considered a nutritionally dense form of energy, rich in protein, fats, 

micronutrients and dietary fiber (Aguilar-Miranda, 2002; Rumpold and Schlüter, 2013).  

According to Zhao et al. (2016) mealworms are composed on the average of 15% fat and 20% 

protein. Nowak et al. (2016) reported 214 ± 39 kcal for 100 g; protein values in larvae from 

13.68 to 22.32 g/100 g.  

 
 
 
Table 2. Nutritive value in 100g of mealworms, fresh weight 

Proximate Nowak, 2016 Payne et al., 2016 (Different authors) 

Moisture (g/100g) 
62 ± 4.6 

 
Not available 

50 
(mealwormcare.org, 

2016) 

Energy (Kcal/100g) 
214 

 
247 

 

213 
(mealwormcare.org, 

2016) 

Total Protein (g/100g) 
 

13.68 - 22.32 
 

19.4 
14 to 25 

van Huis et al., 2013 

Total Fat (g/100g) 
 

 
13.07±3.88 

 
12.3 

13 
(mealwormcare.org, 

2016) 

Carboydrate (g/100g) 
 

3.61 
 

Not available 3 
van Huis et al., 2013 

Total Dietary Fiber 
(g/100g) 

 
2.38 ± 0.21 

 
Not available 

2 
van Huis et al., 2013 
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Lipid 

Lipids are macronutrients compounds that are generally soluble in organic solvents and 

are the major components in adipose tissue, formed by long chains of carbon and hydrogen 

atoms (Fennema, 1996). Compared with 4 kcal/g from the breakdown of carbohydrates and 

proteins, the complete oxidation of fatty acids provides a high caloric content of 9 kcal/g (Byrd-

Bredbenner, 2009). The term lipid encompasses molecules such as sterols, glycerols, fatty acids 

(including tri, di-, monoglycerides, phospholipids) and others. Sterol lipids, such as cholesterol 

and its derivatives, are an important component of membrane lipids; however, because of their 

function as energy storage, triglycerides are the lipids that comprise the bulk of storage fat in 

plant and animal tissues. They can either be solid or liquid at room temperature (Fennema, 

1996). Dietary lipids are important in nutrition. They supply calories, essential fatty acids, 

increase palatability of foods and serve as vitamin carriers. Animal fats are typically solid at 

room temperature and consist of saturated fats, which are characterized by only carbon-to-carbon 

single bonds. This characteristic allows them to have a relatively high melting point (Fennema, 

1996). Plant oils, however, are derived from seeds and tropical trees, liquid at room temperature 

with a narrow melting range given by their nature of unsaturated fats, which are characterized by 

the presence of double bonds along the chain of fatty acids (Fennema, 1996). Phospholipids are 

lipids containing phosphoric acid as part of their structure where either one or two hydrocarbon 

chains are derived. Given by this structure, all phospholipids contain a polar head and one or two 

hydrocarbon chains (Fennema, 1996). 

Fat values for larvae show an ample range from 8.90 to 19.94 g/100 g (Nowak et al., 

2016); however, Zhao et al. (2016), reported 33% for fat analyzed with continuous organic 

extraction. Such great variability is explained by Nowak et al. (2016), that points out the 
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variability could be given by differences in average weight, age, or size and different diets being 

fed to mealworms. Mealworms contain a large proportion of longer unsaturated long fatty acid 

chains, particularly of oleic acid (18:1) and linoleic acid (18:2 or n-6) (Aguilar-Miranda, 2002; 

Oonincx et al., 2015). Aguilar-Miranda (2002) also reported a small but significant amount of 

linolenic (C18:3, n-3) found in T. molitor. Monounsaturated fatty acids (MUFAs) and 

polyunsaturated fatty acids (PUFAs) are considered healthy fats and have been proven to aid in 

lipid lowering and prevention of cardiovascular disease (CVD) (Byrd-Bredbenner, 2009). T. 

molitor provides considerable amounts of PUFA (3.17Ð6.75 g/100 g in fresh weight basis) 

representing between 21% and 62% of total lipids. Rumpold and SchlŸter (2013) in their review 

reported a mean PUFA content of 27% of total lipid for the insect order Coleoptera, which lies 

within the range of findings; however, the range within this group was very wide (2.78Ð65.29% 

PUFA of total lipids) (Nowak et al., 2016).  Polyunsaturated and monounsaturated fatty acids 

oxidize more readily than saturated fatty acids releasing unpleasant odors and off flavors. This 

phenomenon is known as rancidity (Fennema, 1996). European Food Safety Authority (EFSA) 

mentions special consideration when processing insect food products because of the high 

amounts of unsaturated fatty acids present that give rise to rapid oxidation, causing foods to go 

rancid quickly (EFSA, 2015).  According to van Huis et al. (2013), polyunsaturated fatty acids in 

mealworm composition are mostly found in the phospholipids.  

Protein 

Proteins are essential in biological systems. Amino acids are the basic structural units that 

can be conformed in primary, secondary, tertiary or quaternary structures.  Of the 20 amino 

acids,  9 are considered essential because they cannot be synthesized by humans. These are: 

phenylalanine, valine, threonine, tryptophan, isoleucine, methionine, leucine, lysine, and 
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histidine (The National Academics of Science, Engineering, Medicine [NAP], 2015). Basic units 

align in highly complex polymers with a multitude of three-dimensional structural forms that 

give proteins different functionality (Fennema, 1996). Examples of proteins include: enzymes 

that are catalyzers in biochemical processes, structural proteins such as collagen, keratin, and 

elastin that function as structural components of cells and complex organisms, contractile 

proteins like myosin and actin. Other examples include hormones, allergens, antibodies and 

storage proteins such as albumin, ferritin and others (Fennema, 1996).  

When ingested, the nutritive value of proteins would depend on several factors, for 

example: protein content, which varies widely among all foods, protein quality, which depends 

on the amino acids present (essential or nonessential), and digestibility (van Huis et al., 2013). 

Animal sources tend to deliver all the essential amino acids (NAP, 2015). Other protein sources, 

such as fruits, vegetables, grains, nuts and seeds, lack of one or more essential amino acid. These 

protein sources are considered incomplete proteins (USDA, 2016). Other factors that affect the 

nutritive value are whether the quality complies with human needs and protein digestibility (van 

Huis et al., 2013).   According to Aguilar-Miranda (2002) and Nowak et al. (2016), when 

calculating protein content for mealworms, the applied nitrogen-to-protein conversion factor 

used is 6.25.  

Insects could be preferable to other animal proteins in Ready-to-Use Therapeutic Foods 

(RUTF) applications because less land is required for raising insects compared to typical meat 

sources (van Huis et al., 2013). They can potentially be raised more cheaply. Cost has 

historically prevented treatments for moderately acute malnutrition (MAM) to include products 

with milk or other animal proteins from being successful (van Huis et al., 2013).  
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The protein content of a variety of insect orders has been determined between 13 and 

77% of dry matter (EFSA, 2015). Tenebrio Molitor reports values around 13.68 to 22.32 g/100 g 

fresh weight (Nowak et al., 2016). However, according to Zhao, et al. (2016), half of the dry 

matter of yellow mealworms was crude protein (CP) (51.4%). This value is much higher than the 

one reported by van Huis et al.  (2013); as some non-protein nitrogen, including chitin is present 

in mealworms. Therefore, CP value over estimated the actual total protein content.  Coleoptera 

larvae was reported by van Huis and collaborators (2013) to contain between 14 and 25 g/100 g 

fresh weight. The discrepancies in protein amounts could be due to differences in methodology, 

which was not reported for all studies. In general, the protein content of insects is higher than 

most plants and protein from insect includes around 35 to 50 percent of all the types of essential 

amino acids (Durst et al., 2010). According to Nowak (2016), protein varies in larvae from 13.68 

to 25.00 g/100 g of edible portion (EP).  According to van Huis and collaborators (2013), these 

values are of significance for labeling purposes. Codex Alimentarius (World Health Organization 

[WHO], 2007) specifies that a food containing 5 g protein/100 g can be labeled as Òsource of 

proteinÓ and a food containing 10 g/100g can be labeled as Òhigh in proteinÓ. According to 

results from Nowalk et al. (2016), all metamorphic stages for T. molitor can be regarded as high 

in protein. Besides overall content, the amino acids present determines the protein quality. 

Tryptophan, lysine, and hystidine are the amino acids most commonly mentioned as limiting 

amino acids of insect protein (EFSA, 2015). In general, the levels of essential amino acids in 

insect meals are often compared to and higher than soymeal in FAO food composition tables 

(EFSA, 2015). 
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Carbohydrate 

Carbohydrates are widely available in nature, abundant and inexpensive. The elemental 

composition is carbon atoms along with hydrogen and oxygen (Fennema, 1996). A great 

majority of carbohydrate compounds in living organisms are found in the form of oligomers 

(oligosaccharides) or polymers (polysaccharides) of simple or modified sugars (Fennema, 1996). 

Carbohydrates are the least abundant macronutrient found in mealworms.  According to Zhao et 

al. (2016), mealworm larvae contain up to 10% of other components such as carbohydrates and 

vitamins.  Most of the carbohydrates are thought to come from food remaining in the 

gastrointestinal tract of the larvae; hence the importance to purge prior processing (Durst et al., 

2010; Zhao et al; 2016). When rearing mealworms their diet mainly consists of wheat, wheat 

bran or oats (for bedding) and carrot, which have a high content of carbohydrates (Zhao et al., 

2016). According to Durst et al. (2010) the different types of edible insects differ in composition 

and their carbohydrate contents also vary between 1 and 10 percent. Coleopteran order has an 

average carbohydrate content of 2.81% on a dry weight basis (Durst et al., 2010). Insects include 

the bodies and skin, which are rich in chitin. The content averages between 5 and 15 percent 

(Durst et al., 2010). Chitin contains nitrogen, is the second most abundant polysaccharide (van 

Huis et al., 2013). It is a naturally occurring polysaccharide of glucosamine, a component of 

fungal cell walls and the exoskeletons of insects and crustaceans (crabs, lobsters and shrimp) 

(EFSA, 2015; Whitford, 2005). Chitin and the derivative chitosan are produced commercially, by 

the de-acetylation of chitin (EFSA, 2015; van Huis et al., 2013). These components have 

immune modulatory properties that can trigger an allergic reaction, depending on the 

administration route and the size of the chitin particles. According to van Huis et al. (2013), 

chitin in medium and large-sized particles are considered to induce allergic inflammation.  van 
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Huis and collaborators (2013), mentioned that chitin is considered indigestible for man and 

animals and may decrease the insect protein digestibility. 
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Vitamin and Minerals 

Most insects appear to be good sources of trace elements such as iron, zinc, copper, 

manganese and selenium (Durst et al., 2010; EFSA, 2015). T. molitor larvae have notable 

amounts of calcium, zinc, iron, and magnesium (Nowak, et al. et al., 2016). 

 Insects, in general, have been shown to be low in calcium since they do not have an 

internal skeleton (Nowak et al., 2016).  In the study by Oonincx et al. (2015) there was a strong 

correlation between the phosphorus and crude protein content.  According to Durst et al. (2010), 

edible insects are also rich in vitamin A, and vitamins B1, B2, B6, D, E, K and C. However, 

EFSA (2015) considers information on vitamin content in edible insects too insufficient at 

present.  

According to the definitions for labeling from Codex Alimentarius (WHO, 2007), a solid 

food product is a source of protein, when the protein content is at least 10% of the Nutrient 

Reference Value (NRV), and a source of vitamins and minerals, when the content is 15% of the 

Nutrient Reference Value. A food product may be labeled as ÔhighÕ in a nutrient, when the 

nutrient value is twice the value required for a ÔsourceÕ. Table 3 summarizes the values for 

vitamins and minerals that could be labeled as Òsource ofÓ or Òhigh inÓ according to the data 

found in Nowak et al. (2016) for mineral and vitamin content of larvae of Tenebrio molitor 

compared to the limits for the label according to Codex (WHO, 2007).  
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Table 3. Mineral and vitamin content of Tenebrio molitor in 100g, fresh weight (Nowak et  al. 

2016) 

Nutrient Content 
‘Source of’ 

According to 
WHO (2007) 

‘High in’ 
According to 
WHO (2007) 

Iron(mg) 1.89 ± 0.93 2.10 4.20 
Magnesium (mg) 92.00 ± 8 80 45.00 90.00 

Zinc(mg) 4.33 ± 0.72 2.25 4.50 
Riboflavin (mg) 1.21 0.24 0.48 

Niacin (mg) 4.10 2.70 5.40 
Folate  (µg) 137.00 30.00 60.00 

Vitamin B12 (µg) 0.30 0.15 0.30 
 
 

 
Food Safety Quality Concerns   

Edible insects are relatively novel ingredients in industrial food processing.  It is 

important to be aware of potential biological, chemical as well as allergenicity and other food 

safety hazards related with insects reared as food (EFSA, 2015).  The microbial flora of insects is 

composed of the following bacteria: Staphylococcus, Streptococcus, Bacillus, Proteus, 

Pseudomonas, Escherichia, Micrococcus, Lactobacillus and Acinetobacte (EFSA, 2015). EFSA 

(2015) also states that pathogenic bacteria of insects (entomopathogenic) are regarded as 

harmless to animals and humans due to the fact that the hosts are so phylogenetically different. 

Any of the bacterial hazards and their derivative toxins that can affect humans and animals 

related to insects are mainly related and originated from a residential microbiota (natural or 

accidental) related to the rearing conditions (substrates and feed), handling, processing and 

preservation. 

In this regards, research has shown that insects can pose a significant microbiological 

threat when used for food purposes and reared in improper conditions (Rumpold and Schluter, 

2013). The main pathogens of concern with mealworms are Enterobacteriaceae and spore-
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forming bacteria, which are found in the fresh insects at levels standard for food harvested from 

the soil. Crushed mealworm larvae can have higher counts of viable bacteria, which likely result 

from the release of intestinal microbiota (Klunder et al., 2012). In previous research, 

Enterobacteriaceae were killed by boiling the insects, but not completely during roasting. Thus, 

lower-temperature roasting may not be sufficient and a blanching step in boiling water may be 

necessary prior to low-temperature roasting (Klunder et al., 2012). Salmonella spp. may be a 

potential concern, as Salmonella can survive in low water activity products with high lipid 

content, a category in which mealworm flour might fall (Santillana-Farakos et al., 2014). 

The US Food and Drug Administration (FDA) has no special certifications for edible 

insects, as it requires all food processing facilities to meet the same requirements, and under the 

European Commission's 2015 Novel Food Regulation, insects fall under the category of Ònovel 

food with a history of food use in a third[-world] country [that] has been and continues to be part 

of the normal diet.Ó Foods in this category require a demonstration of Òthe history of safe use,Ó 

which requires documented compositional data and wide experience of use (Belluco et al., 2013). 

However, the lack of specific regulatory guidance has caused issues for investors, farmers and 

entrepreneurs who are willing to build industrial-scale insect-rearing plants for food and feed 

(van Huis et al., 2013). 

Another issue of concern is potential allergens. Although any food can potentially be 

allergenic, arthropods and shellfish very commonly cause allergic reactions due to some non-

protein nitrogen, including chitin  (Belluco et al., 2013). While some people have a history of 

allergic hypersensitivity, it is also possible to develop serious allergic sensitivity through long-

term exposure to an allergen (van Huis et al., 2013). A large majority of relevant allergen cases 

have been due to inhalation or direct and routine contact with the insects. According to van Huis 
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et al. (2013), the likelihood of people having a significant risk of allergenic reaction is small 

especially for individuals that have no previous history of arthropod allergies or allergen 

sensitivity. Like other protein-containing foods, arthropods can also induce allergic reactions in 

sensitive humans. This is a response mediated by immunoglobulin E (IgE). Particle size of chitin 

seems to play a role. A review of the immunological response to chitin in inducing asthma and 

allergies revealed that the responses appeared to depend on the particle size of the chitin. 

Medium-sized chitin particles induce allergic inflammation, while small-sized chitin particles 

may have the reverse effect of reducing the inflammatory response (van Huis et al., 2013). 

The importance of hygienic handling and correct storage was highlighted by Klunder et 

al. (2012) study to determine the microbiological content of farmed yellow mealworm larvae 

(Tenebrio molitor) and house crickets (Acheta domesticus). Boiling the insects in water for a few 

minutes eliminated Enterobacteriacae. Alternative preservation techniques that do not involve 

the use of refrigeration are drying and acidification. Lactic fermentation of composite flour/water 

mixtures containing 10Ð20 percent powdered roasted mealworm larvae showed successful results 

in acidification which resulted in longer shelf-life and safety by the control of enterobacteria and 

bacterial spores (Klunder et al., 2012). 

In another study, chemicalÐphysical and microbiological analyses of the following five 

insect species with rearing potential were carried out, on superworm (Zophobas morio), yellow 

mealworm (Tenebrio molitor), wax moth (Galleria melonella), butterworm (Chilecomadia 

moorei) and house cricket (Acheta domesticus). Neither Salmonella nor Listeria monocytogenes 

were identified in the analyzed samples and it was concluded that it is unlikely that these insects 

attract microbial flora that pose risks to humans. However, it is still recommended that insects 
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undergo a transformation to render inactive or reduce their microbial content. This could involve 

cooking (e.g. boiling or roasting) or pasteurization (Giaccone, 2005).  

Exposure of insects to contamination can be a consequence of the contamination of the 

substrate used which can contain pathogens and allow their multiplication to an extent, which 

depends on the characteristics of the substrate itself (EFSA, 2015). Insects possess the ability to 

convert low organic material into high quality ingredients. Food waste and manure are common 

substrates for rearing insects. There is a possible occurrence of microbiological contamination 

when using protein of animal origin (EFSA, 2015). It is important to consider the types of 

organic materials in which insects will be reared.  

Prions are proteins that act as infectious pathogens. Unlike other infectious agents, such 

as bacteria, viruses and fungi, prions do not contain genetic information such as DNA or RNA. 

Prions contain their genetic information encoded within the conformational structure and 

posttranslational modifications of the proteins (Das and Zou, 2016). The possibility of finding 

prions in non-processed insects is related to whether or not the substrate source is originated 

from protein of animal origins (EFSA, 2015).  

According to EFSA (2015), data on the transferring from substrates to insects reared on 

chemical contaminants is very limited. Yang et al. (2015) reported the presence of polystyrene 

(PS) degrading bacteria in the guts of mealworms. Gut bacteria found in mealworms were able to 

depolymerize PS into carbon dioxide, according to the analysis from the worm fecula. When fed 

with gentamicin (antibiotic) the strain of Exiguobacterium sp. strain YT2 was suppressed and 

mealworms lost the ability to depolymerize. The bacteria found in mealworms created holes and 

cavities from (0.2%0.3 mm in width) (figure 2).  
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Figure 11. Gut bacterium Exiguobacterium sp. strain YT2 digesting polysterene (Yang et al., 
2015) 

 
 
 
Role of Insects as Food and Feed in Food Security 

In contrast to larger domestic food animals where some parts are not economically 

feasible to use and are almost unusable as food, for example: bones, blood and offal; the entire 

insect can be used or processed into food (Durst et al., 2010). Insects are a potentially innovative 

food and feed source, especially with the increasing demands for alternative protein sources 

worldwide (Rumpold and Schlüter, 2013) as they are rich in protein (comparable to meat and 

fish) (Durst et al., 2010), fat, minerals and vitamins. Insects are known to have higher feed-

conversion efficiency. This means that, insects require less amount of feed for the production of 

dry matter (Rumpold and SchlŸter, 2013). Insects also have a much higher reproduction and 

fecundity rates with shorter life cycles (Durst et al., 2010). For example, beetles of T. molitor 

would reach adulthood in a matter of weeks when compared to months taken by an adult bird or 

years taken by ruminants (Belluco et al., 2013).  T. molitor female beetles would lay an average 

of 500 eggs (Alves et al., 2016).  Moreover, larvae from mealworms can be protected from 

diverse climate conditions: drought, heat and predation with simple techniques such as cloth to 
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cover the containers or to provide shade to their shelters. Edible insects for this reason are 

unlikely to be affected by abrupt climate changes or environmental calamities. Mealworms, for 

example, are more drought-resistant than cattle (van Huis et al., 2013) with the advantage that 

they can be fed on low-value organic waste streams yielding similar nutritional values.  

 

Ready-to-Use Therapeutic Foods (RUTFs) 

There are a number of existing products to treat malnutrition due to food insecurity, 

including RUTFs, which are usually pastes or drinks that can be directly consumed without 

further processing; Fortified blended foods, powdered products mostly intended to be cooked as 

porridge; and other dietary supplements (Annan et al., 2014).  The World Food Program (WFP) 

is a United Nations agency in charge of procurement, logistics and distribution of these fortified 

blended foods (WFP, nd.). 

The majority of these products, due largely to cost constraints, ease of processing, and 

nutritional density concerns, have fairly similar ingredients. Most are comprised of low cost 

vegetable protein or grains, some form of milk powder or whey protein isolate, vegetable oil, 

micronutrient fortifications, and sometimes sugar (Annan et al., 2014). Examples of these 

products include nutributter and plumpy’doz (WFP, nd.). RUTFs results are  effective for 

moderate acute malnutrition (MAM ) interventions. Isanaka et al. (2009) reports an increased 

weight for height z-score [WHZ] after a short-term (3 month) intervention improving nutritional 

status, mortality, and morbidity in children.  Dairy protein is a nearly ubiquitous ingredient in 

these products due to the fact that multiple studies have shown that the addition of milk powder 

as a replacement for cheap vegetable protein like corn or soy increases weight gain in the 

malnourished children being treated (Hoppe et al., 2008), and that higher concentrations of milk 
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protein compound this effect (Oakley et al., 2010). Higher-quality protein (which has a higher 

concentration of essential amino acids) from milk provides more of the necessary amino acids 

without increasing satiety by adding more overall protein. Plant products contain higher 

concentrations of anti-nutrients than milk does (Hoppe et al., 2008). Thus, while all-vegetable 

foods for treating MAM are available and cheaper to produce, milk-based products are generally 

regarded as the best option. 

Formulation of these supplemental foods remains a focus of ongoing research, however, 

as the existing products and programs are far from perfect. There are some technical challenges 

when addressing RUTFs. For example, finding the nutrients that will be delivered in forms that 

the human body can absorb (highly bioavailable).  Another challenge remains formulating 

fortified products without unpleasant tastes or odors. This can occur when adding fortificants to 

food and beverages and designing a stable nutrient delivery systems, preventing changes in a 

nutrientÕs chemical composition.  

The use of local food products to increase the acceptability of RUTFs as well as reduce 

costs is gaining popularity as an idea, although the predominantly distributed products are still 

mainly made of non-local vegetable proteins like soy, corn, and peanut with dairy, another non-

local ingredient (Annan et al., 2014; Bechman et al., 2015). Often, the cheapest possible products 

that meet nutrient guidelines are unfamiliar and unappealing with high amounts of waste stream 

protein like whey isolate and oil sources (Weber and Callaghan, 2016). Existing RUTF 

formulations have had some success increasing acceptability for children with sugar content as 

high as 28%, but the success does not extend to adults suffering from MAM. HIV patients and 

pregnant or nursing mothers (Dibari et al., 2012) also commonly suffer from malnutrition but are 
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rarely the target audience when RUTFs are being developed because of the focus on child 

nutrition (Annan et al., 2014; Bechman et al., 2015). 

Texture is another example of the way that RUTFs are rarely developed with adults in 

mind. Texture is a concern, which has been studied in the formulation of paste-based RUTFs, but 

products are optimized for a texture, which can be squeezed out of a package without being thick 

enough to present a choking hazard to young children (Bechman et al., 2015; Dibrari et al., 

2012). 

 

Edible insects for RUTFs 

Edible insects have been traditionally consumed and recently have attracted interest to 

possibly treat malnutrition and food shortages. Rearing mealworms is part of the concept of 

mini-livestock with the benefit of not requiring a large amount of land or complicated 

infrastructure. Moreover, insects are considered as suitable alternatives to conventional animal 

protein sources comparable to fish, chicken, pork and beef.  The farming of mealworms for food 

can lead to lower emission of greenhouse gases and ammonia when comparing to the emissions 

from cattle or pigs farming and higher efficiency in converting feed to protein. In a way to secure 

food, this is a low-tech activity that requires low-capital investment (van Huis et al., 2013).  

From a food safety standpoint and based on the food safety quality considerations,, insects can 

be regarded as safe, if properly managed, reared and consumed. Moreover, in order to reduce any 

risks associated with safety consumption and achieve a high-quality nutrition product, 

microbiologically-safe rearing, harvest, and post-harvest technologies are required. In order to 

make the mass production and consumption of insects more attractive as well as more 

competitive with regard to other animal proteins such as meat or fish, it is necessary to continue 
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researching rearing and harvesting practices, as well as, post-harvest processing technologies, 

including the automation and extract of protein, fatty acids or micronutrient production while 

ensuring an ingredient that is safe for food and feed consumption.   
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ABSTRACT 

Background: Glycemic index (GI) is derived from a ratio that ranks carbohydrate-containing 

foods and classifies them according to their immediate effect on blood sugar level into low (55 or 

less), moderate (56-69) and high (70 or above). 

Objective: The purpose of this research is to study the GI for four types of foods and ingredients 

derived from sweetpotato (chips, fries, dehydrated granules and juice) and compare them to a 

similar food derived from white potato. The performance of a continuous glucose monitor was 

assessed and compared to readings obtained by the official glycemic index protocol for capillary 

blood obtained by finger-pricks.  

Design: The information was retrieved through a human subject panel consisting of 10 voluntary 

participants. Each subject consumed eight different food samples on three separate occasions. 

The coefficient of variation (CV) of the AUC for repeated reference food was < 30, suggesting 

adequate accuracy. The glucose responses for each product as well as method of collection 

(finger prick and continuous monitor) were graphed for each individual and the incremental 

AUC, excluding the area beneath the fasting level, were calculated by determining the 

trapezoidal geometrical areas.  

Results: GI (mean ± SEM) for sweetpotato chips was significantly lower than white potato 

chips, with values between 27.21 ± 2.92 and 53.10 ± 3 respectively. Sweetpotato fries and white 

potato fries had GI values averaging 47.40 ± 2.87 and 59.33 ± 4.50. There was no significant 

difference between these two products. Sweetpotato granules, when compared to white potato 

dehydrated granules, had GI means of 39.56 ± 3.24 and 76.53 ± 4.19 respectively and 

sweetpotato juice GI was 73.85 ± 3.82. For all products, this study found no significant 
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differences between data collected from continuous glucose monitor readings and those obtained 

from capillary blood.  

Conclusion: GI of SP products are lower than WP and lower than previous reports for SP 

cooked through different methods. Differences may be due to a combination of factors: fat 

content in chips and presence of resistant starches or to alteration of starch structure during 

processing leading to the formation of non-digestible complexes and insoluble fibers and non-

digestible carbohydrates in powders and juice. GI values for white potato fries remain consistent 

with previous GI values reported in international tables of GI. Continuous glucose monitors 

promise to be a less invasive solution when conducting glycemic index studies. 

 

KEYWORDS: sweet potato products, glycemic index, glycemic response, continuous 

glucose monitor, white potato 
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1 Introduction 

Sweetpotatoes (SP) are cultivated in more than 100 different countries, mostly in warm-

temperate, tropical and developing regions (HeuzŽ et al., 2015; Woolfe, 1992).  In the U.S., 

sweetpotato production has constantly been increasing since the year 2000 especially in states 

like North Carolina (NC), California and Mississippi. In NC, the production in the past 10 years 

increased 185 percent and it expanded from 5.6 million cwt to 15.8 million cwt (Department of 

Agriculture, United States (USDA), 2015). However, the latest report presented at the National 

Sweetpotato Collaborators Group presumes a decrease in farming acreage in NC for the present 

year, from 90,000 total acres to 78,000 acres (Schulteis, 2018). This seems a consequence of the 

sustained low prices for this commodity in the latest years; therefore, there is a need to expand 

the market by informing the public about the nutritional benefits derived from their consumption. 

Different varieties account for differences in chemical composition and bioactive components 

(Wang, et al., 2016). Just 125 g of orange-fleshed sweetpotatoes (OFSP) contain enough beta-

carotene to provide the daily vitamin A needs of a preschool-aged child (Food and Agriculture 

(FAO), 2001). 

 OFSPs have a broad genetic base that can vary the color of their skin and flesh 

(Loebenstein and Thottappilly, 2009). They also differ in the size and shape of the roots and 

leaves, in the depth of rooting, the time to maturity, the resistance to disease and in the texture of 

the cooked products (Woolfe, 1992).  The Typical U.S. No. 1 storage roots of ÔCovingtonÕ are 

described as oblong-elliptic or round-elliptic in shape (Yencho et al., 2008). Sizes of roots to be 

considered U.S. No. 1 shall meet the following measurements: 5.1 to 8.9 cm in diameter and 7.6 

to 22.9 cm in length. Canner SP have dimensions from 2.5 to 5.1 cm in diameter and 5.1 to 17.8 

cm long and Jumbos are larger than U.S. No. 1 in diameter or length or both, without 
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objectionable defects. Culls are described as larger than 2.5 cm in diameter and so misshapen or 

unattractive that they could not fit as marketable roots in any of the previously mentioned three 

grades (Yencho et al., 2008). Culls are often left in the field as unusable; however, further 

processing can create added value products and expand the market to this part of the crop. 

Examples of these applications are: dehydrated fibrous granules from SP that can be turned into 

a powder and further used into fortified blended foods or cereal snacks (Truong and Avula, 

2010). Culls can also be processed into juice and further concentrated to be added into juices, 

sauces, dressings and desserts.  Sweetpotatoes can be fried and processed into French fries (SPF) 

or chips (SPC) in a similar process to white potato. SPF and SPC are still considered relatively 

new products and nutritional resources as well as chemical composition information and textural 

effects after processing are limited (Truong et al., 2014). 

Glycemic index (GI) is derived from a ratio that ranks carbohydrate-containing foods and 

classifies them according to their immediate effect on blood sugar level into low (55 or less), 

moderate (56-69) and high (70 or above) GI (Brand-Miller  et al., 2033). In an effort to help 

reduce variability in the determination of the GI of a product (Wolever et al., 2008), one must 

follow the procedures outlined under the first international standard for measuring the GI of 

foods under ISO 26642:2010 (International Organization for Standardization 2010).  Incremental 

(iAUC) and Net Incremental (Net incremental AUC) areas under the glucose curve (AUC), 

excluding area below fasting, can be calculated using the trapezoid rule (Brouns, 2005; Wolever, 

2008, ISO. 2010). To calculate GI, the AUC for each test meal at each time point has to be 

expressed as a percentage of the mean AUC glucose standard taken by the same subject. At least 

10 healthy subjects should be studied in each location but some laboratories have included as 

many as 800 subjects with the use of continuous glucose monitoring (CGM) (Zeevi et al, 2015). 
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iAUC stands for the area over the baseline under the curve, ignoring the area beneath the curve. 

Net incremental AUC accounts for all increments (positive and negative). 

Diabetes continues to be a major worldwide epidemic (Shrivastav et al., 2018). Self-

monitoring of blood glucose via finger pricks method using a glucose meter and A1C testing are 

frequently used to monitor patients with diabetes. These repetitive measurements are invasive 

and can become painful. Glucose sensors fall under the category of biosensors (Prasad, 2014). 

Continuous glucose monitors (CGMs) were originally intended to continuously record glucose 

levels in persons with diabetes mellitus (T1DM and T2DM) in order to offer a more strict control 

over carbohydrate metabolism. Tracking glucose levels can help avoid episodes of either hypo- 

or hyperglycemia. This type of prevention has proven to prolong life expectancy by enabling 

diabetics to avoid physiological complications such as diabetic ketoacidosis or chronic-

degenerative complications (Ferrante do Amaral and Wolf, 2007; Nathan, 2014). Lately, its use 

has also been extended as a preventive treatment to healthy people (Fox et al., 2010).  

The purpose of this research is to study the glycemic index for four types of foods and 

ingredients derived from sweetpotato when compared to a similar ingredient or food derived 

from white potato. The study follows the traditional outline for data collection and calculation of 

iAUC and offers a comparison when calculating the NetAUC and the comparison of data 

collected when utilizing a continuous glucose monitor.  
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2 Materials and Methods 

The determination of GI was done in 7 commercially available food products: 

sweetpotato chips (SPC) and white potato chips (WPC) (UTZ Foods, Hanover, PA), sweetpotato 

fries (SPF) and white potato fries (WPF) (Alexia Foods, Conagra Brands) (Chicago, IL). 

Carolina Innovative Food Ingredients (CIFI) (Nashville, NC) provided SP powder in the form of 

granules and SP juice (Nashville, NC). Potato powder from BobÕs Red Mill (Milwaukie, OR) 

was purchased locally. The chemical composition for all products was performed by Microbac 

Laboratories Inc. (Warrendale, PA) (Appendix B). The portion size of each test food contained 

50 g available carbohydrate (defined as total carbohydrate minus dietary fiber) based on the 

nutrition information provided by the compositional analysis (Table 3.1).  

The study followed the protocol for GI studies (Brouns et al., 2005), according to ISO-

26642 (2010), which indicates that at least 10 healthy subjects should be studied. Data was 

collected between May and July 2017. The participants completed an inclusion questionnaire to 

determine the eligibility for the participation in the study (Appendix C). Participation included 

males and non-pregnant, non-lactating females aged 18 to 65 y, who did not have diabetes or any 

pre-diabetic condition, with BMI ranges (in kg/m2) from 20 to 29.9 from the Raleigh-Durham 

area. The participants also had to refrain from consuming alcohol and exercising vigorously 

during the duration of the trial. The protocol was approved by the NC State University 

Institutional Review Board (IRB 9415) and each participant provided an informed consent by 

signing an approved form (Appendix D).  

The trial was a randomized block design with repeated measures. Each subject consumed 

eight different food samples on three separate days in the morning after they had fasted overnight 

for 12 h. On occasions they consumed test foods and on other occasions their meal consisted of 
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the reference food. Each reference food and each tested food was consumed three times. The 

reference food consisted of 50 g of orange glucose tolerance test beverages (Thermo 

Scientificª ) in a total volume of 150 mL.  The method for GI indicates that each test meal 

should be served with 250 mL of water or tea (Wolever et al; 2008). When subjects consumed 

the test meal the volume was adjusted by difference to account for 250 mL total volume (for 

example when mixing the potato powder with water). The test meals were consumed within 10 

minutes. The timing for blood samples started with the first bite of the test meal.  

A capillary fasting blood sample was taken on the day of the testing. The subjects 

consumed the test meal and had further blood samples drawn at 15, 30, 45, 60 90 and 120 min 

after starting to eat. The method for GI indicates that capillary blood must be obtained from 

finger-pricks for greatest sensitivity (Wolever et al., 2008). Blood glucose response levels were 

obtained using a glucose monitoring system, ONETOUCH Verio¨ manufactured by LifeScan 

(Cilag International GmbH, Zug, Switzerland); self-retracting safety lancets (Fisherbrandª, 

Thermo Fischer Scientific) were used to obtain larger (150 µL) of blood samples for further 

hormonal analysis at time 0 and at 1 hour.  

Moreover, a continuous glucose monitor (CGM), iPro2 system, manufactured by 

Medtronic (Minneapolis, MN) was placed on each participant. The CGM system places a fine 

flexible sensing wire into the skin in the abdomen using a retracting inserter. A sensor is 

connected to a data recorder that is taped in place. This system is designed for 7 days of 

continuous blood glucose measurement with data points recorded at 5-minute intervals (FDA, 

n.d.).  In order to calibrate the biosensor, the participants had to take 3 additional finger pricks 

each day and annotate their blood glucose (BG) results before breakfast, lunch, and dinner. The 

information was collected in a hand-out as seen on appendix E. Additionally, each participant 
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was trained on how to record a 24-h food diary throughout the study, annotating each meal 

intake and portion size. Participants were provided with a pedometer wristband (Willful Direct, 

China) to record the number of steps at the end of every day along with their exertion level (low, 

medium, high) and any detail of physical activity performed (Appendix E).  

The net and incremental areas under the glucose response curve (AUC) above the fasting 

glucose concentration, ignoring the area beneath the fasting glucose concentration were 

calculated using the trapezoid rule (Brouns et al., 2005; Food and Agriculture Organization 

(FAO), 1998; Wolever et al., 2008). All the calculations were performed separately for the AUC 

collected via finger prick as well as via CGM. For each participant the AUC elicited after the 

consumption of each test food was expressed as a percentage of the mean divided by the 

reference food in the same subject.  The mean and CV (CV = 100 X SD/mean) of the AUC 

values for the repeated reference food were calculated to less than < 30 for each subject (CV < 

30). The results were labeled reference AUC. The AUC values for the repeated test foods were 

calculated and divided by the reference AUC and converted to percent GI. The mean values and 

2 ± SD were calculated. Individual values greater than the mean plus 2 SDs were considered to 

be outliers and were excluded from the final results.  

The reported estimated energy requirements (EER) were calculated using the predictive 

calculator retrieved from Centers for Disease Control and Prevention (CDC) as explained by 

Gerrior et al. (2006). The calculation accounts for individualÕs basal metabolic rate including 

age, sex, weight, height and total energy expenditure accounting for individualÕs physical 

activity level.  
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Statistical analysis  

Multivariate analysis of variance (ANOVA) was used to compare GI values between 

botanical vegetables (sweetpotato vs. white potato), between measuring devices or method for 

data collection (finger picks and CGM) and between the different methods of GI calculation for 

AUC (Incremental AUC and Net Incremental AUC)  (supplementary table 3, appendix F). The 

significance of differences among means was assessed using TukeyÕs test to adjust for multiple 

comparisons with two-tailed  P ,  0.05. Analysis was performed using R Version 1.1.383 (R Core 

Team, 2016).  

 

3 Results 

3. 1 Characteristics of the studied population 

A total of 14 people were involved in the study, of whom 2 dropped out during the first 

and second week respectively and 2 were excluded because of incomplete readings on the CGM 

data. Of the 10 participants who were included, 5 were female with an average age of 25 y ± 2.64 

(mean ± S.E.M) and BMI of 24.58 ± 1.50 and 5 were male with an average age of 35.8 ± 6.81 

and BMI of 23.6 ± 1.22 (Table 2). All the participants reported their use of medication; of these 

1 participant reported the daily use of doxycycline oral, for acne treatment. None of the 

participants were smokers and all participants reported low physical activity throughout the study 

with an average number of steps of 7128 ± 710 for females and 7077 ± 812 for males.  

 

3.2 Glycemic index of chips 

All participants were fed with SPC, WPC, SPF and WPF. The food form influences the 

rate of gastric motility (Haber, 1977); therefore, the chips were handpicked from the batch for 
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chips with a standard thickness and a similar width. The fries were also selected after baking for 

fries with a standard thickness and similar length.  

Even though the most common method for calculation of GI is the area over the baseline 

under the curve, ignoring the area beneath the curve (iAUC), the G.I. calculations were 

performed for iAUC and net incremental (netAUC); these values will be referred as methods of 

calculation. Since data were collected using finger pricks (FP) and a continuous glucose monitor 

(iPro2), and both measurements are also of interest, they will be referred as methods of data 

collection.  

GI values of SPC when compared to WPC were significantly lower, regardless of the 

method of calculation or data collection (Figure 1). The only significant difference in the results 

for the method of calculation was with FP net, which was significantly higher than iPro2 Net and 

iPro2 incremental. Calculated GI for this product can be found in Table 3.  Overall values for 

both types of chips result in a low GI value. 

 

3.3 Glycemic index of fries 

GI values of SPF did not result in a significant difference when compared to GI values of 

WPF (Figure 2).  There were no significant differences between the methods of calculation, even 

though the values for netAUC in most cases resulted a higher mean than iAUC. There were no 

significant differences between the methods of data collection. All calculated GI values for SP 

fries result in low GI. For the FP method, GI net and incremental calculated values result in a 

moderate GI. iPro2 values resulted in a low GI. 
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3.4 Glycemic index of sweetpotato and white potato powder and juice 

GI values of sweetpotato powder, when compared to white potato powder, were 

significantly lower, classifying this product as a low glycemic index, regardless of the method of 

calculation or data collection and white potato powder values are high GI (Table 3). The values 

for netAUC in all cases appeared higher than iAUC; however, these values were not significantly 

different. There were no significant differences between the methods of data collection (Figure 

3). 

Calculated GI values of sweetpotato juice are between 73.85 ± 3.82 and 79.49 ± 3.79; 

classifying this product as high in GI (Table 3).  The values for netAUC in all cases trended 

higher than iAUC however, these values were not significantly different. There were no 

significant differences between the methods of data collection (Figure 4). 

 
4. Discussion 

GI of a food is determined by multiple interaction factors, including physical and 

chemical components of the ingested food, the rate of carbohydrate digestion, its gastric passage 

and emptying and insulin response elicited after the consumption of the food (Phillipou, 2017). 

For fries and chips the GI of SP products were lower than in previous reports for SP cooked 

through different methods (Allen, et al; 2012). These differences may be due to a combination of 

factors. The cooking preparation methods previously studied allowed for a higher GI (Pi-Sunyer, 

2002). Highly processed foods require less digestive processing; disrupted starch granules that 

gelatinized are susceptible to enzymatic hydrolysis and readily digestible. Chemical structure and 

physical form determine the carbohydrate availability (Englyst and Englyst, 1994). Chips and 

fries possess a complicated food matrix that can influence starches to slow or or prevent 

digestion. The values in this study remain consistent with GI previously reported values for 
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French fries (54 to 70) (Atkinson et al., 2012).  The GI values for WP chips were similar to 

values of 54 ± 3 previously reported by Foster-Powell et al. (2002). As seen in table 1, the 

commercial chips in this study contained a high percentage of fat (34% for SPC and 26% WPC). 

Possibly the presence of amylose-lipid complexes had a direct impact in lowering GI for chips. 

Amylose-lipid complexes decrease the enzyme-mediated digestion of starches (Lau et al., 2016). 

These complexes are formed during the heating process of the starch. After starch gelatinization, 

both amylose that has leached outside the granule and that which remains in the granule can 

complex with lipids. Some of these complexes can increase the resistant starch (RS) content and 

lower the hydrolysis index (Putseys et al., 2010). RS is defined as starch that escapes digestion in 

the human small intestine (Englyst et al., 1992).  

The traditional way of preparing commercial fries includes washing, peeling, cutting into 

strips, blanching, par-frying and freezing (Pedreschi, 2012).  Blanching is an important step for 

the final product. The blanched strips are partially dried before the partial frying process (par-

frying). The par-fried strips are frozen at -18¡C and sold in retail for further frying or roasting.  

The change in structure of starches during gelatinization and retrogradation can have a 

significant influence on starch digestibility, formation of indigestible complexes (resistant 

starches) and degree of absorption in the gastrointestinal tract (Greenwood et al., 2013; Pi-

Sunyer, 2002; Allen, 2012). Repeated cycles of heating and cooling can further increase the 

retrogradation lowering the GI (Pi-Sunyer, 2002).  

No prior studies have provided values of GI for SPC, SPF or SP powder. Sweetpotatoes 

can be dehydrated and used as a functional ingredient in other applications. Sweetpotatoes 

naturally contain non-starchy polysaccharides such as cellulose and hemicellulose, which are 

known as non-available carbohydrates (Cummings and Stephen, 2007). Such components might 
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explain the difference in GI values between sweetpotato powder and white potato powder. The 

majority of reports for white potato products show them to be high GI (Kinnear et al., 2011).  

SP juice can be obtained after the tubers are cleaned, steamed and pasteurized (Truong, 

1994).  OFSP can yield beverages with pleasant color and aromas (Truong, 1992).  Sweetpotato 

starch can be converted to glucose syrup or high fructose syrup (Loebenstein and Thottappilly, 

2009). Some fructose and the presence of resistant short-chain carbohydrates (non-digestible 

oligosaccharides) can be responsible for the GI value for sweetpotato juice not being 100, like 

pure glucose. GI values reported in our study can be a result of the combination of fructose 

molecules, fructo-oligosaccharides or fructan as well as glucose and sucrose molecules, present 

in high concentrations in vegetable concentrates (Loebenstein and Thottappilly, 2009). Despite 

having the same chemical formula, fructose and glucose are metabolized in different ways due to 

the hepatic extraction and rapid hepatic conversion of fructose into glucose, glycogen, lactate, 

and fat (Tappy and L•, 2010). The glycemic index of fructose is lower when compared with 

glucose (19 and 100, respectively) (Tappy and L•, 2010). No prior studies have provided values 

of GI for SP juices. 

In this study, overall netAUC resulted in higher values than when iAUC was calculated. 

This difference is to be expected because the netAUC method includes concentrations above 

baseline even after blood glucose concentration has dropped below the baseline level within the 

2-hr period after food intake. Consistent with the literature, the calculations using different 

methods result in different GI values (Brouns et al., 2005). The method of AUC calculation had a 

substantial effect on the GI value as well as the variability  (Matthan et al., 2016). iAUC has 

been and continues to be the recommendation when conducting and publishing GI studies (FAO, 

1998).  
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Interpretation of the CGM data is somewhat different than the finger-prick data because 

there is a delay due to diffusion of glucose from the blood to the interstitial fluid. Despite this, 

we found the iAUC calculation of the CGM data equivalent to the standard method because the 

interstitial fluid glucose concentration usually returned to the fasting concentration within the 2-

hr measurement interval after food consumption. 
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5. Conclusion 

The postprandial effects of carbohydrate-dense, highly processed, high GI foods often 

correlate to higher metabolic responses that can result in multiple health risks associated with 

inflammatory processes and chronic diseases. The main goal of dietary guidelines is to 

encourage the population to adopt recommendations based on scientific studies that will help 

improve healthy eating habits to prevent these types of diseases. At the same time, these 

guidelines recognize the importance of carbohydrate food choices and the ample options that 

allow for a healthy diet. Food industry strategies are trending toward innovation for more food 

formulations that include whole grains, lower sugar, and lower sodium. The present study aimed 

to characterize certain foods that might not often be categorized as healthy choices. Further 

opportunities exist for the creation of healthier options based, for example, on the utility of the 

amylose-lipid complexes and resistant starches into the design of products that can result in an 

option that can better support healthy eating patterns. The study also characterized the GI of 

sweetpotato powders and juices that have not been previously investigated.  
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Table 1. Composition of the test foods 
 

 
Product 

Weight Fat Protein 
Total 

Carbohydrates 
Dietary 
Fiber 

Available 
Carbohydrates 

g g g g g g 
Sweetpotato chips 103.34 35.44 5.43 56.84 6.84 50 

White Potato 
chips 88.13 23.0 7.47 52.61 2.61 50 

Sweetpotato fries 175.13 13.37 4.52 58.84 8.84 50 
White Potato fries 145.14 10.14 7.20 58.34 8.34 50 

Sweetpotato 
powder (granules) 91.91 0.56 6.66 75.82 25.82 50 

White potato 
powder 64.41 0.23 5.61 52.75 2.75 50 

Sweetpotato 
juice-75 77.29 0.07 3.75 51.01 1.01 50 

 
 
 
 
 
Table 2 Characteristics of the studied population 

 
 Males Females 

Age (y) 35.80±6.81 25±2.64 
Gender (n) 5 5 

Height (ft, in) 5.90±0.08 5.56±0.06 
Weight (lbs) 170.80±6.40 157.00±11.61 

BMI 23.66±1.22 24.58±1.50 
Underweight <18.5 0.00 0.00 

Ideal Weight (18.5-24.9) 5.00 4.00 
Overweight (>25.0-29.9) 0.00 1.00 

Obese >30 0.00 0.00 
Estimated Energy Requirement 

(Kcal) 
2500±105 2000±102 

Daily Caloric Intake (Kcal) 2200.00±55.67 1720 ±64 
Number of steps 7077±812 7128±710 

                    Values are means ±  S.E.M 
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Table 3 Glycemic index values for studied products through different calculation methods for 
areas under the curve (Incremental AUC, Net AUC) and two different methods of data collection 
(finger pricks and continuous glucose monitoring (CGM)) 

Presentation 
 

Type of calculation method 

Type of data collection 

 
Finger Pricks 

±SEM 
CGM ±SEM 

Sweetpotato chips 
Incremental AUC 32.68±1.96 28.80±2.04 

Net Incremental AUC 32.63±2.13 27.21±2.92 

White potato 
chips 

Incremental AUC 53.10±3.21 42.31±3.08 

Net Incremental AUC 55.13±3.83 43.27±3.57 

Sweetpotato fries 
Incremental AUC 48.69±2.85 47.40±2.87 

Net Incremental AUC 49.69±3.11 48.94±4.06 

White potato fries 
Incremental AUC 57.86±3.76 48.45±2.51 

Net Incremental AUC 59.33±4.50 46.09±2.89 

Sweetpotato 
powder 

Incremental AUC 39.56±3.24 45.13±2.99 

Net Incremental AUC 39.91±3.34 47.88±3.83 

White potato 
powder 

Incremental AUC 69.78±4.15 73.41±2.94 

Net Incremental AUC 69.23±4.72 76.53±4.19 

Sweetpotato juice 
Incremental AUC 79.07±4.82 74.92±3.79 

Net Incremental AUC 79.49±3.79 73.85±3.82 
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Figure 1 Glycemic index values for chips comparing type of botanical vegetable, calculation and 
data collection method. Bars not sharing a common letter are significantly different (P < 0.05). 
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*Denotes not significantly different (P > 0.05) 
Figure 2 Glycemic index values for fries comparing type of botanical vegetable, calculation and 
data collection method 
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Figure 3 Glycemic index values for powder comparing type of botanical vegetable, calculation 
and data collection method. Bars not sharing a common letter are significantly different (P < 
0.05). 
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*Denotes not significantly different (P > 0.05) 
Figure 4 Glycemic index values for sweetpotato juice comparing type of botanical vegetable, 
calculation and data collection method 
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CHAPTER 4 

POSTPRANDIAL CHANGES IN METABOLIC HORMONES IN RESPONSE TO THE 

CONSUMPTION OF PRODUCTS DERIVED FROM SWEETPOTATO AND WHITE 

POTATO 
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ABSTRACT  

Background: Concentrations in the multiple hormones that regulate glucose metabolism after 

the consumption of meals can be determined by a multiple immunoassay using fluorescence 

imaging. 

Objective: The purpose of this research is to determine the concentrations and postprandial 

changes for seven metabolic hormones during an euglycemic feeding trial with products derived 

from sweetpotato (Ipomoea batatas) and white potato (Solanum tuberosum). 

Methodology: The data were determined in blood samples from a human subject panel 

consisting of 10 voluntary participants. Each subject consumed eight different food samples on 

two separate occasions. The determination of metabolic hormones was performed using an 

immunoassay for seven hormones placed on magnetic-colored beads and data were acquired 

through a Luminex-based reader.  

Results: Postprandial changes in insulin and C-peptide (pg/mL±SEM) were greatest for white 

potato powder 1592 ± 207.7, 9036 ± 676.8. Postprandial change in GIP was greatest for 

sweetpotato chips 264. ± 34.1. Ghrelin levels were higher in a fasted state. The greatest decrease 

was seen with the consumption of sweetpotato juice -159.6 ± 53.0. Change in GLP-1 was the 

greatest when consuming sweetpotato chips 11.0 ± 1.9. Glucagon increased to 2.775 ± 0.7 with 

the consumption of white potato powder. Postprandial leptin levels remained relatively constant. 

Significant positive and negative correlations (P < 0.05) were observed between insulin and C-

peptide, GLP-1 and GIP, glucagon and C-peptide, glucagon and GLP-1, insulin and glucagon, 

glucagon and GIP, insulin and GIP, GIP and C-peptide and leptin and GIP-1. Leptin and insulin 

resulted in a negative correlation (R2 =-0.25 and  P < 0.05).   
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Conclusion: Different hormonal reactions responded to offer a tight control of blood glucose 

levels in response to homeostasis. 

KEYWORDS:  Multiplex, multiplexed assays, insulin, glucagon, GLP-1, GIP, leptin, ghrelin 
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1. Introduction 
 

Multiple hormones regulate the glucose metabolism after the consumption of meals (Berg 

et al., 2002).  Hormones are organized and act in a concerted manner; therefore, an abnormality 

in any of them can affect the variables they control or the feedback control to several different 

hormones (Nussey and Whitehead, 2001).  Hormones are derived from amino acids, cholesterol 

or from phospholipids; however most recently discovered hormones are in the form of peptides 

or proteins ranging from three amino acids to over 200 (Nussey and Whitehead, 2001). 

Hormones are released from endocrine glands in response to changes in a regulated variable. 

Multiple feedback pathways can alter the quantity of hormone released. Some hormones may be 

released in different endocrine organs that have different sensitivities to the regulated variable. 

Peptides and hormones can be identified and measured with the use of techniques such as 

immunofluorometric assays and mass spectrometry; however, one limitation can be the limits of 

detection (Moreno-Guzm‡n et al., 2012; Otieno et al., 2016).  The fluorescence bead or 

multiplexing principle is also known as multiplexing high-throughput (HTS) assay (Blommel et 

al., 2004). This technique can also be utilized in the quantification of hormones with several 

advantages such as the quantification of multiple analytes in a smaller fixed assay volume 

performing multiple enzyme-linked immunosorbent assays (ELISA) in the same well (Blommel 

et al., 2004).   The principle follows the premises of ÔsandwichÕ ELISA, with the exception that 

the antibodies are not fixed to the well but to the microsphere and multiple reactions take place 

on a single well (Luminex Corporation, 2017).  

Polystyrene beads with carboxyl groups in its surface are coupled with antibodies that 

react against the peptides or proteins of interest (&‡lek et al., 2011;). These beads also contain 

magnetic particles (superparamagnetic nanoparticles) that can be captured using CCD 
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technology (Luminex Corporation, 2017). The beads are dyed with different intensities of red to 

near-infrared. This allows the beads to be identified in the chamber by the concentration of the 

dye (Bjerre et al., 2009; Luminex Corporation, 2017). Different concentrations of red dye on the 

fluorescence pattern (635 nm) relate to different antibodies (bead classification = assay 

identification) by placing the beads in a map. Green (532 nm) LED will check if the analyte of 

interest (hormone) is present or not. The software then processes the image and quantifies the 

concentration of the analyte with a standard concentration curve. The software presents the data 

in median fluorescence intensity units (MFI) as well as the concentration in pg/mL. ÒThe 

concentration of an analyte bound to each bead is proportional to the MFI of reporter signalÕ 

(BIO-RAD Lifescience group, n.d).  

The purpose of this research was to determine the concentrations and postprandial 

changes for seven metabolic hormones using a multiplexing assay during an euglycemic feeding 

trial with products derived of sweetpotato and white potato. 
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2. Materials and Methods 

Treatments consisted of two vegetables (referred to potato types: white and sweet), in 

the following presentation: fries, chips, powder and juice.  A human subject panel consisting of 

10 voluntary participants was recruited and consumed each of the eight potato and presentation 

combinations twice in a three-week period.  The protocol was approved by the NC State 

University Institutional Review Board (IRB 9415) and each participant provided an informed 

consent by signing an approved form (Appendix D).  

The sequence of feeding combinations within the three-week period was randomized for 

each subject. The eight combinations were obtained using sweetpotato chips (SPC) and white 

potato chips (WPC) manufactured by UTZ Foods (Hanover, PA), sweetpotato fries (SPF) and 

white potato fries (WPF) manufactured by Alexia Foods (Conagra Brands, Chicago, IL). 

Carolina Innovative Food Ingredients (CIFI) (Nashville, NC) provided sweetpotato powder in 

the form of granules and sweetpotato juice. Potato powder was manufactured by BobÕs Red Mill 

(Milwaukie, OR) and the tolerance test beverage was purchased from Thermo Fischer Scientific 

(Waltham, MA). An orange glucose solution was substituted for white potato juice given the 

unavailability of that product. The chemical composition for the products was performed by 

Microbac Laboratories Inc. (Warrendale, PA) (Appendix B). The portion size of each test food 

contained 50 g available carbohydrate (defined as total carbohydrate minus dietary fiber) based 

on the nutrition information provided by the compositional analysis (Table 1).  

Self-retracting safety lancets (1.8 mm, Thermo Fischer Scientific, Waltham, MA). and 

0.6 mL BD Microtainer blood collection tubes (Franklin Lakes, New Jersey) were used to obtain 

150 µL of blood samples at fasted state referred to time 0 and after 1 hour postprandial (time 1). 

The serum collection was performed according to the Standard Operation Procedures (Tuck et 
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al., 2009; US National Institutes of Health (NIH), n.d). Briefly, the samples were let stand for 30 

minutes before centrifuging for 20 minutes at 1100 rpm. Disposable transfer pipettes Thermo 

Fischer Scientific (Waltham, MA) were used to transfer the serum into labeled vials that were 

immediately stored at -80oC until analyzing.  

The determination of metabolic hormones was performed using an immunoassay 

supplied by Bio-Plex ProTM Diabetes Assay (Hercules, California) and data were acquired 

through a Luminex-based reader MAGPIX¨ (Luminex Corp, US). For each subject and feeding, 

the collected serum samples were plated in duplicate. The following hormones were analyzed: C-

peptide, insulin, ghrelin, gastric inhibitory peptide (GIP), glucagon, glucagon like peptide (GLP-

1) and leptin.  During the chemical analysis, 4 readings out of 640 resulted on clear high leverage 

outliers with respect to leptin and were removed.   

 

Calculations and statistical analysis  

The experimental design consisted of a randomized complete block design with a 

factorial arrangement of potato type at two levels, presentation at four, and a random effect of 

subject. A preliminary paired t-test was used to compare the means of hormonal changes at time 

0 and time 1 (P ,  0.05) to ensure that the pre-and postprandial change was significant.  

Change was computed as mean values for time1 minus mean at time 0 and analysis of 

variance (ANOVA) with the described dataset were conducted with general linear models using 

JMP Pro v 13 (SAS institute, 2016). Correlations between pairs of hormones were computed by 

fitting a linear regression to each pair for all potato X presentation combinations. Finally, 

principal component analysis (PCA) was also used as described by Husson et al.  (2017). Rows 
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were considered as participants and columns as qualitative variables denoting person, product 

consumed and hormone of interest (table 3). PCA was performed using R Version 1.1.383. 
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3. Results  
 
3. 1 Characteristics of the studied population 

A total of 10 participants participated of the study, of which 5 were female with an 

average age of 25 ± 2.64 y (mean ± S.E.M) and BMI of 24.58 ± 1.50 and 5 were male with an 

average age of 35.8 ± 6.81 and BMI of 23.6 ± 1.22 (Table 3). All the participants reported 

number of steps at the end of every day along with their exertion level (low, medium, high) and 

use of medication. Of these, 1 participant reported the daily use of doxycycline oral for acne 

treatment and all participants reported low physical activity throughout the study with an average 

number of steps of 7128 ± 710 for females and 7077 ± 812 for males.  

 
3.2. Postprandial change in hormone in relationship to the meal consumed 

 

The changes for each hormone in relationship to the product consumed are represented in 

tables 4-10.  C-peptide closely followed the change for insulin (Figure 1 and 2). For both 

hormones, products derived of WP corresponded to the higher increment. The ANOVA for 

insulin and the ANOVA for C-peptide showed highly significant overall effects of potato (P = 

0.0006 and P = 0.0013 respectively), as well as presentation (P = 0.0252 and P < 0.001 

respectively) and their interaction (potato X presentation) (P = 0.0277 and P = 0.0002 

respectively) (Appendix G, Supplementary table 1 and 2). In the presence of interaction, contrast 

was used for comparisons between presentations within the type of potato; in this case, only SP 

and WP powder resulted in a significantly different change (P < 0.001) (Supplementary table 3 

and 4).  

SP chips and WP chips gave the greatest increase in GIP (Figure 3).  The higher 

increment in GIP is seen for most of white potato products. The ANOVA for GIP showed highly 
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significant overall effects of potato (P = 0.0091), as well as presentation (P < 0.0001) and their 

interaction (P = 0.0243) (Appendix G, Supplementary table 5). In the presence of interaction, 

contrast was used for comparisons between presentations within the type of potato; in this case, 

only SP and WP powder resulted in a significantly different change (P = 0.002) (Supplementary 

table 6).  

Ghrelin levels are known to be higher in a fasted state and ghrelin levels tend to drop 

after meal (Kroemer et al., 2012). SP juice and glucose solution caused almost no change in 

ghrelin (Figure 4). SP fries caused the greatest change in this hormone, in a negative direction. 

The ANOVA for ghrelin showed only significant effects of presentation (P < 0.0022)  (Appendix 

G, Supplementary table 7). Contrast was used for comparisons between presentations within the 

type of potato; in this case, SP and WP fries resulted in significantly different changes, where the 

WP fries were followed by a significant increase in ghrelin (P = 0.0389) (Supplementary table 

8). 

SP chips resulted in the greatest increase in GLP-1 (Figure 5). The ANOVA for GLP-1 

showed a significant overall effect of presentation (P = 0.0014), as well as their interaction (P = 

0.0152) (Appendix G, Supplementary table 9). In the presence of interaction, contrast was used 

for comparisons between presentations within the type of potato; in this case, only SP and WP 

chips and both types of powder resulted in a significantly different change (P = 0.0037 and 

0.0253 respectively) (Supplementary table 10).  As seen in table 8, SP powder and glucose 

solution resulted in a negative change and SP and WP fries resulted in a very small change in 

GLP-1. 

Overall, a small postprandial change was found in glucagon (table 9). The ANOVA for 

glucagon only showed significant overall effect in the interaction between type of potato and 



   

114 
 

presentation (P = 0.0243) (Appendix G, Supplementary table 11). In the presence of interaction, 

contrast was used for comparisons between presentations within the type of potato; in this case, 

only SP and WP powder resulted in a significantly different change (P = 0.0025) (Supplementary 

table 12).  

Leptin levels are the highest in the morning (Dardeno, 2010) and this is represented in 

table 10 with all negative values for postprandial change. The ANOVA for leptin only showed 

significant overall effect in the interaction between type of potato and presentation (P = 0.0071) 

(Appendix G, Supplementary table 13). In the presence of interaction, contrast was used for 

comparisons between presentations within the type of potato; in this case, both types of powder 

results were significantly different (P = 0.0116) (Supplementary table 14). SP juice and glucose 

also were significantly different (P = 0.0279) (Supplementary table 14). 

The relationship between hormones can be visualized in a plane representation that 

allows for visualization of the proximity between the hormonal responses. PCA was used as an 

exploratory tool to have an idea of possible behaviors or relationships within the dataset (Figure 

8) (Husson et al., 2017). PCA demonstrated the proximity between insulin and C-peptide 

associated close in the same dimension, followed by GIP. Glucagon was also closely associated 

with GLP-1, both hormones within the same dimension as leptin.  

Significant positive and negative correlations (P < 0.05) were observed between different 

pairs of hormones (Table 11 and Figure 9). A strong positive correlation is indicated by R2 "  0.5 

and P < 0.05. Strong positive correlations were found between insulin and C-peptide, GLP-1 and 

GIP. A positive correlation (0<R2<0.5 and P < 0.05) was seen between glucagon and C-peptide, 

glucagon and GLP-1, insulin and glucagon, glucagon and GIP, insulin and GIP, GIP and C-



   

115 
 

peptide and between leptin and GLP-1. A negative significant correlation (R2<0 and P < 0.05) 

was found between leptin and insulin.   
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4. Discussion 

C-peptide is a marker of insulin secretion (Wu et al., 2004; Phillipou, 2017). In this study, 

consistent with the literature, the values and high correlations obtained demonstrated that the 

change in C-peptide showed a close resemblance to the change in insulin. C-peptide was also 

found in higher quantities than insulin, due to its longer half-life in circulation (Wu et al., 2004).  

Insulin and C-peptide effects followed the glycemic response (iAUC) reported in the glycemic 

index for WP products (Feng et al., 2018).  

Upon nutrient ingestion, the gut starts releasing various hormones, including GLP-1 and 

GIP (Ršder et al., 2016).  This report found a strong correlation between these hormones 

(R2=0.59, P < 0.001) GLP-1 and GIP potentiate insulin secretion (Voet and Voet, 1990). A 

significant positive correlation was also found between insulin and GIP (R2=0.27, P < 0.0148). 

The highest postprandial change found in this study for both hormones was present in SP and 

WP chips. This report would have presumed lower concentration levels given by the fat content 

of these products, which in principle would have delayed the gastric emptying into the small 

intestine, slowing the entrance of nutrients (Wilms et al., 1996). As expected, SP powder, causes 

almost no change in GIP concentration. This may be due to a combination of factors, dietary 

fiber, since it is not absorbed, allowed for the dilution of the total meal density. The rate of 

gastric emptying was presumed to be reduced and the rates of absorption of carbohydrate also 

seemed reduced (Philippou, 2017).   

Ghrelin is responsible for appetite regulation (Kroemer et al., 2013). In this study, ghrelin 

levels were high after the intake of SP juice and glucose solution. Given the chemical 

composition, simple carbohydrates such as glucose molecules and fructose were present and 

readily absorbed with minimal digestion and enter the circulation. A low volume meal also 
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allowed ghrelin to continue to stimulate food intake, as well as gastric motility and acid secretion 

(Wierup et al., 2002). Ghrelin levels were also found high after the consumption of WP fries. An 

extended hormonal panel in explanation of hunger and satiety regulation would be helpful to 

draw stronger conclusions based on correlations. Further analysis could include Neuropeptide Y, 

as a potent stimulator for appetite and cholecystokinin (CCK); which has an opposite function 

than ghrelin. 

PCA presents glucagon and insulin in different dimensions. Glucagon is the antagonist 

hormone to insulin (Ršder et al., 2016) and is secreted in response to low blood-sugar levels 

particularly in fasting states. This study reports small quantifiable levels of glucagon (maximum 

change 2.7 pg/mL); however, contrary to expectation, this resulted in significant positive 

correlations between C-peptide and glucagon as well as insulin and glucagon. The explanation is 

not clear but might be the impact of incretins like GLP-1 potentiating the secretion (Ršder et al., 

2016). Glucagon and GLP-1 were positively correlated (R2= 0.42, P < 0.001), as visualized in 

the PCA graph.  Possibly GLP-1 and glucagon are secreted by the same intestinal cells or GLP-1 

is causing alpha cells to release glucagon (Ršder et al., 2016).  

As seen in the PCA leptin and insulin were found in different dimensions. This study 

found a significant negative correlation between leptin and insulin (R2=-0.25, P = 0.0247). 

Leptin is a bioactive protein mainly synthesized and secreted into the circulation from white 

adipose tissue (Zhang et al., 1994; Klok et al., 2007, Dardeno et al., 2010). Controlled insulin 

levels are important in combination with leptin for short-term satiety signaling  (Dardeno et al., 

2010).  Both act in the central nervous system to inhibit the intake of food and to increase energy 

expenditure (Fruhbeck, 2009).  
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5. Conclusion 

The human body utilizes a series of chemical interactions to create a tight control of 

blood glucose levels. This study characterized the postprandial changes using a multiplex high-

throughput assay on seven different hormones offering correlations and used PCA to validate the 

principle in which hormones respond in an organized act.  Data in this study show that after the 

ingestion of meals that raise blood sugar levels, different cells release hormone molecules in 

order to maintain glucose homeostasis. 
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Table 1. Composition of the test foods 

 
Product 

Weigh
t Fat Protein Total Carbohydrates 

Dietary 
Fiber 

Available 
Carbohydrate

s 
g g g g g g 

Sweetpotato 
chips 103.34 35.44 5.43 56.84 6.84 50 

White Potato 
chips 88.13 23.0 7.47 52.61 2.61 50 

Sweetpotato 
fries 175.13 13.37 4.52 58.84 8.84 50 

White Potato 
fries 145.14 10.14 7.20 58.34 8.34 50 

Sweetpotato 
powder 

(granules) 91.91 0.56 6.66 75.82 25.82 50 
White potato 

powder 64.41 0.23 5.61 52.75 2.75 50 
Sweetpotato 

juice-75 77.29 0.07 3.75 51.01 1.01 50 
 
 

 
Table 2 Exploratory character of the multivariate analysis for postprandial hormonal changes  

Field Individuals Variable Response xik 

Biological Sciences Participants Product consumed 
Expression of 
hormone k for 

participant i 
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Table 3. Characteristics of the studied population 
 Males Females 

Age (y) 35.80±6.81 25±2.64 
Gender (n) 5 5 

Height (ft., in) 5.90±0.08 5.56±0.06 
Weight (lbs.) 170.80±6.40 157.00±11.61 

BMI 23.66±1.22 24.58±1.50 
Underweight <18.5 0.00 0.00 

Ideal Weight (18.5-24.9) 5.00 4.00 
Overweight (>25.0-29.9) 0.00 1.00 

Obese >30 0.00 0.00 
Estimated Energy Requirement 

(Kcal) 
2500±105 2000±102 

Daily Caloric Intake (Kcal) 2200.00±55.67 1720 ±64 
Number of steps 7077±812 7128±710 

                    Values are means ±  S.E.M. 
 
 
 
Table 4. Change in insulin 

Insulin 
Type of vegetable Presentation Least Sq Mean 

(pg/mL) 
Std Error 

Sweetpotato Chips 435.8375 207.68706 
Sweetpotato Powder 344.25 207.68706 
Sweetpotato Fries 87.0375 207.68706 
Sweetpotato Juice 783.575 207.68706 
White Potato Chips 794.975 207.68706 
White Potato Powder 1592 207.68706 
White Potato Fries 591.225 207.68706 
 Glucose solution 777.0625 207.68706 
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Table 5. Change in C-peptide 
C-peptide 

Type of vegetable Presentation Least Sq Mean 
(pg/mL) 

Std Error 

Sweetpotato Chips 3660.8375 676.81655 
Sweetpotato Powder 3720.3125 676.81655 
Sweetpotato Fries 2449.625 676.81655 
Sweetpotato Juice 7005.175 676.81655 
White Potato Chips 3680.925 676.81655 
White Potato Powder 9036.0375 676.81655 
White Potato Fries 4051.675 676.81655 
 Glucose solution 6498 676.81655 

 
 
 
Table 6. Change in GIP 

GIP 
Type of vegetable Presentation Least Sq Mean 

(pg/mL) 
Std Error 

Sweetpotato Chips 264.55 34.154781 
Sweetpotato Powder -12.8125 34.154781 
Sweetpotato Fries 119.5 34.154781 
Sweetpotato Juice 75.3375 34.154781 
White Potato Chips 249.225 34.154781 
White Potato Powder 177.775 34.154781 
White Potato Fries 162.0125 34.154781 
 Glucose solution 116.5125 34.154781 

 
 
 
Table 7. Change in ghrelin 

Ghrelin 
Type of vegetable Presentation Least Sq Mean 

(pg/mL) 
Std Error 

Sweetpotato Chips -23.6875 52.962101 
Sweetpotato Powder 26.225 52.962101 
Sweetpotato Fries -28.45 52.962101 
Sweetpotato Juice -159.675 52.962101 
White Potato Chips -78.25 52.962101 
White Potato Powder -12.55 52.962101 
White Potato Fries 129.15 52.962101 
 Glucose solution -141.1125 52.962101 
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Table 8. Change in GLP-1 
GLP-1 

Type of vegetable Presentation Least Sq Mean 
(pg/mL) 

Std Error 

Sweetpotato Chips 10.9875 1.9264881 
Sweetpotato Powder -0.5375 1.9264881 
Sweetpotato Fries 1.85 1.9264881 
Sweetpotato Juice 3.4625 1.9264881 
White Potato Chips 5.2 1.9264881 
White Potato Powder 5.6875 1.9264881 
White Potato Fries 0.0375 1.9264881 
 Glucose solution -0.225 1.9264881 

 
 
 
Table 9. Change in glucagon 

Glucagon 
Type of vegetable Presentation Least Sq Mean 

(pg/mL) 
Std Error 

Sweetpotato Chips 0.775 0.66834262 
Sweetpotato Powder -0.1875 0.66834262 
Sweetpotato Fries 0.525 0.66834262 
Sweetpotato Juice 1.4125 0.66834262 
White Potato Chips 0.9 0.66834262 
White Potato Powder 2.775 0.66834262 
White Potato Fries 0.00 0.66834262 
 Glucose solution -0.4125 0.66834262 

 
 
 
Table 10. Change in leptin 

Leptin 
Type of vegetable Presentation Least Sq Mean  

(pg/mL) 
Std Error 

Sweetpotato Chips -426.3625 92.958489 
Sweetpotato Powder -387.4625 92.958489 
Sweetpotato Fries -288.025 92.958489 
Sweetpotato Juice -583.5625 92.958489 
White Potato Chips -287.7875 92.958489 
White Potato Powder -727.9 92.958489 
White Potato Fries -351.0125 92.958489 
 Glucose solution -288.591 92.958489 
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Table 11. Pairwise significant hormonal correlations 
Variable by Variable Correlation Signif Prob 
Insulin C-peptide 0.7138 <.0001 
GLP-1 GIP 0.5939 <.0001 
Glucagon C-peptide 0.4468 <.0001 
Glucagon GLP-1 0.4283 <.0001 
Insulin Glucagon 0.4011 0.0002 
Glucagon GIP 0.292 0.0086 
Insulin GIP 0.2716 0.0148 
GIP C-peptide 0.2255 0.0443 
Leptin GLP-1 0.2207 0.0492 
Glucagon Ghrelin 0.2058 0.067 
GLP-1 C-peptide 0.1752 0.1201 
Leptin GIP 0.1468 0.1938 
Leptin Glucagon 0.1185 0.2953 
Insulin Ghrelin 0.0581 0.6087 
Insulin GLP-1 0.0486 0.6686 
Leptin Ghrelin 0.0124 0.9131 
GIP Ghrelin -0.0376 0.7404 
Ghrelin C-peptide -0.0439 0.6993 
GLP-1 Ghrelin -0.122 0.2811 
Leptin C-peptide -0.1458 0.1968 
Leptin Insulin -0.2511 0.0247 
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Figure 1. Postprandial change in insulin 
 
 

 

 
Figure 2. Postprandial change in C-peptide 
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Figure 3. Postprandial change in GIP 
 
 
 

 
Figure 4. Postprandial change in ghrelin 
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Figure 5. Postprandial change in GLP-1 
 
 
 

 
Figure 6. Postprandial change in glucagon 
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Figure 7. Postprandial change in leptin 
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Figure 8. PCA dimension map for the analyzed hormones based upon postprandial change 
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Figure 9.  The relationship between hormones can be explained by doing correlations between 
pairs of hormones. A strong positive correlation is indicated by r"0.5 and p<0.05, a negative 
correlation (r<0 and p<0.05) 
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ABSTRACT 

This report analyzed the quality and safety aspects of relevance to a viable ready-to-use 

therapeutic food (RUTF) ingredient across three different cooking extrusion processes for a dried 

sweetpotato and mealworm formulation. The product is intended as a treatment for moderately 

acute malnutrition (MAM) in scenarios and regions with ongoing food shortages due to its 

nutrient-dense, high calorie, high protein content. Since RUTF products are typically made on an 

industrial scale in developed countries then shipped to places in need, the success of the product 

is heavily dependent upon the ability to effectively scale up production of the unique product 

formulation. The extruded snack is the focus of this project.  It contributes the majority of the 

protein and fat, so its nutritional quality and consistency are very important to its success. Three 

process group combinations were chosen utilizing a twin-screw cooking extruder. Each of these 

product treatments were compared on the basis of texture, water activity, moisture content, total 

protein, total lipids, ash, and protein content with carbohydrate determined by difference. 

Texture was determined by three-point bending texture analysis. Texture was an important 

indicator of the final productÕs viability. A product that takes more force to break will be more 

durable during shipping. The average ± SEM fracture force range for all treatments from 1.03 ± 

0.20 to 3.9 ± 0.27 N, extension ranged from 2.29 ± 0.15 to 2.75 ± 0.39 mm and work from 0.08 ± 

0.01 to 0.25 ± 0.01 J. A low water activity is crucial for shelf stability, so both water activity and 

water content were measured to verify that the heating steps produce a fully dehydrated product. 

The data collected showed an average ± SEM water activity for all temperatures 0.2639 ± 0.008, 

which is below the 0.65 safety target. The average ± SEM moisture content in 100 g of finished 

product was 1.95 ± 0.002. Lipid content is important in an RUTF because fat provides readily 

available, dense calories. Macronutrients are presented as average (g) ± SEM in 100 g of 
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product. Fat content was 10.1 ± 0.004% of dry weight.  Ash content was 3.4 ± 0.0003%, and 

carbohydrate content, measured by difference was 61.23 ± 0.004%. Both macronutrients were 

determined for complete nutritional facts labeling of the product. Protein content and nutritional 

quality are very important to the formulation. Amino acids are the limiting factor for growth in 

many MAM cases. There are very specific guidelines for an RUTF regarding protein, and 

exceeding them is crucial for RUTF success. Protein content was 23.1 ± 0.001% and higher 

temperature extrusions did not result in significantly different changes to composition. All of the 

treatments met the requirements for total protein, moisture, water activity, mineral content, and 

the 110¡ and 130¡C treatments met the requirements for amino acid composition. 

 

KEYWORDS: Sweetpotato, mealworm, Tenebrio molitor, proximate analysis, twin-screw 

extruder, RUTF 
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1. Introduction 
 

Although food security in many developing countries has been increasing over the last 

few decades, the percentage of children under 5 with moderately acute malnutrition (MAM) is 

still at an alarming 17% in areas such as South Asia. Additionally, !-carotene deficiency is still 

the leading cause of childhood blindness (Foster et al., 1992; Owen, et al., 2015). When a 

developing region with high food insecurity is hit by a natural disaster, like the 2004 tsunami that 

hit Indonesia and eastern India, the results can be deadly and create millions of refugees. 

Temporary camps providing rehabilitation and humanitarian aid were erected for these refugees 

(Renton et al., 2005). Ready-to-Eat Therapeutic Food products (RUTF) were in great demand. 

Edible insects are relatively novel ingredients in industrial food processing. However, the 

consumption of insects represents a staple in many countries. Thailand, for example, has a 

sizable commercial market based on insect consumption because edible insects are considered a 

cultural norm (Siriamornpun and Thammapat, 2008). Insects can be preferable to other animal 

proteins in RUTF applications because investment is low cost with less land required for raising 

insects compared to typical meat sources, so they can potentially be raised more cheaply. Cost 

has historically prevented MAM treatments to include milk or other animal proteins (van Huis et 

al., 2013). Sweetpotatoes are known to have high levels of !-carotene and can be grown in a 

wide variety of areas, including many developing countries (Singh et al., 2004). Additionally, 

they are high in vitamins and minerals, such as beta-carotene and vitamin C, and fiber.  

Therefore, an RUTF incorporating edible insect and sweetpotatoes could be effective at treating 

MAM . Many of the most financially successful examples of RUTF foods are entirely vegetarian 

with poor protein quality (van Huis et al., 2013). The prototype product in this research 

containing insect protein can potentially give RUTFs a higher protein quality and content than 
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other products in the market. The project herein focuses on the sweetpotato and mealworm-

extruded snack. Most relief efforts for MAM are currently produced in developed countries and 

distributed by non-government organizations (Annan et al., 2014); therefore, the ability to 

produce a RUTF in a more industrial setting and scale is vital to its success as a relief option. 

The objective of this project involved the analysis of three sets of pilot-scale cooking extrusion 

temperature parameters (75¡C, 110¡C, 130¡C) to determine the effect of barrel temperatures on 

nutritional quality and safety on a prototype product.  
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2. Materials and Methods 

Product Ingredients 
 

The formulation included orange-fleshed sweetpotatoes of Covington variety, which were 

dried and milled into a sweetpotato flour (SPF). SPF was further mixed with mealworm flour 

(MWF). ÔCovingtonÕ is an orange-fleshed, rose-colored, table-stock sweetpotato, developed by 

North Carolina State University (Yencho et al., 2008). Selected sweetpotatoes were stored in a 

refrigerated room maintained at 15¡C. Mealworms (Tenebrio molitor Linnaeus) were sourced 

from Rainbow Mealworms (Compton, CA), and rice flour and cornstarch through local retail 

(Raleigh, NC). Both ingredients were manufactured by BobÕs Red Mill (Milw aukie, OR). 

Sweetpotatoes were cleaned and sliced into approximately 0.6 cm slices using a semi-automatic 

slicer (Presto PS-10 Eau Claire, WI) and then dehydrated in a cabinet dehydrator Weston Pro-

1000, (Gainesville, VA) for 12 hours at 60¡C to achieve an 85% weight reduction. Mealworms 

were roasted whole in an industrial forced-air oven at 93¡C for 60 minutes to achieve about a 

55% weight reduction due to water loss. Dehydrated ingredients were then ground separately in a 

Robot-Coupe Blixer 3 (Vincennes Cedex, FR) to a fine powder consistency. Once all flours were 

produced, they were mixed by hand to homogenize and reduce variability from batch to batch. 

Homogenized flours were then stored in glass jars at -80¡C in the dark to avoid enzymatic and 

chemical reactions, until needed. 

Extrusion 

Ingredient mixes were prepared daily for extrusion. The mix was made of 45 parts 

sweetpotato flour, 35 parts mealworm flour, 15 parts rice flour, and 5 parts corn starch by 

weight, mixed by hand until visibly homogeneous, and then stored at 4¡C refrigeration in ziplock 

bags until time of use. Pilot scale extrusions were conducted using a Coperion ZSK-26 (Stuttgart, 
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Germany) co-rotating twin-screw cooking extruder with a single-screw volumetric feeder. The 

water feed rate was set at 4 mL/min and the powdered ingredient feed rate was calibrated to 40 

g/min. Powdered ingredient feed rate had to be set by hand based upon the rotation speed of the 

feeder auger, and was measured by collecting powder coming out of the extruder for one minute 

and weighing until a setting was found that produced the correct weight twice in a row. The 

temperature of five different zones of the extrusion barrel could also be set individually (Figure 

1), as well as the screw speed. These were the parameters varied among treatments. 

Three treatments were processed through the extruder, two with a barrel screw speed of 

350 rpm (one with a final barrel temperature at 75¡C and one at 110¡C) and one with a barrel 

screw speed of 550 rpm and a final barrel temperature at 130¡C (Table 1). Throughout this 

report, these treatment groups are referred to by their final barrel temperature (e.g. 75, 110 and 

130). These treatments were chosen to represent a wide range of extrusion parameters used for 

similar ready-to-eat products in the industry (Stojceska et al, 2009). We chose 130¡C as the 

highest heat treatment because previous research had found that 140-160¡C treatments can 

experience significant Maillard browning, which would negatively impact protein quality (Osen 

et al., 2015, Villota and Hawkes, 1994). 

Each run used approximately 1 kg of dried ingredients. The final extruded products were 

collected on aluminum-covered trays as they came out of the extruder in such a way that long, 

continuous straight sections could be collected for texture analysis, and were then dehydrated on 

the aluminum foil for 12 hours at 60¡C. The whole extrusion process from creation of the mix 

through dehydration of the product was replicated three times using the same raw ingredients, 

which had been homogenized to minimize false variability in the data due to raw ingredient 

variability. Random samples from each treatment group and replication were taken for the 
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texture analysis, water activity measurement, and microbiological plating. The remaining sample 

from each treatment-replicate group was ground up and homogenized for chemical analysis. 

Analysis Overview 

The flow of experiments was designed such that the completely nondestructive water 

activity analysis was conducted first, followed by moisture analysis and then crude lipid analysis, 

as this produced dried and defatted samples, respectively, which were needed for several further 

analyses. Destructive analyses like crude protein, ash content, and protein quality followed, 

utilizing primarily the defatted samples, and texture and microbiology analyses were determined 

with separate un-ground samples. The flowchart of the overall experimental design (Figure 2) 

summarizes all experiments.  

Texture 

Three-point bend texture analysis was conducted using an Instron Universal Testing 

Machine model 5542 (Norwood, MA) with 100 N load cell and a gap length of 0.4 cm. The 

instrument was used to quantify the peak force required to break the length of sample as well as 

the distance the sample deformed before breaking. With these values the total work on the 

sample was calculated. The analysis was conducted as in Mariotti et al. (2011), but utilizing 

modified parameters on Launch Bluehill 2 Software. Thirteen technical replicates were tested for 

each treatment with CV<15 (CV = 100 x SD/mean). 

Water Activity 

Water activity was measured by filling a measurement cup with 3 g of ground sample and 

placing it into Aqua Lab Model 4TE  (Decagon Devices, Pullman, WA) in a chilled mirror water 

activity sensor, which measures the dew point of the sample and uses it to calculate water 
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activity (Bradley, 2010). Three replicates were conducted for each treatment. Further replicates 

were not measured because the data points were not highly variable. 

Moisture Content 

Moisture content was measured gravimetrically using a vacuum oven to dehydrate 

ground samples at 151¡C (Official Methods of Analysis (AOAC), 2005). A 5-g sample was used 

in each metal dehydrating pan, and three replicates were conducted. 

Total Lipid  

Crude lipid analysis was conducted with a Soxhlet apparatus that contains six extractors. 

Samples were randomly assigned to one of the six extractors using a random number generator. 

A 5-g sample was weighed into each thimble with the precise weights recorded, then the sample 

was covered in glass wool and the thimble placed in the apparatus, which runs a continuous 

stream of petroleum ether through the sample, conducting repeated extractions to remove all fat 

present in the sample. This process was allowed to run overnight before the ether was evaporated 

and the extracted lipids were weighed (AOAC, 2005). Because other analyses required defatted 

sample, this was the first chemical assay performed.  

Ash 

Ground sample that had been dried and defatted as described above was ashed in a muffle 

furnace for determination of mineral content. Defatted sample was used to minimize fat splatter 

and prevent sample loss of very lightweight ash from the small crucibles. Ceramic crucibles were 

labeled with a heat-resistant pencil and fired at 525¡C for 4 hours in the muffle furnace to burn 

any organic residue. The crucibles were stored in a desiccator to cool and then samples were 

weighed into individual crucibles.  
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Total Protein 

The Dumas method was used to calculate total nitrogen for the samples. An automated 

micro-analyzer, the Elementar vario MICROcube was used. Samples of 30 mg were weighed 

into tin capsules and deposited automatically into the combustion chamber. Standards of known 

nitrogen concentration were utilized to create a standard curve to calculate the amount of 

nitrogen gas produced and the amount of nitrogen present in the initial sample from the peak area 

as conducted by Granchi and Grey (1987). Total protein content was calculated by multiplying 

total nitrogen content by a factor of 6.25, which is the standard conversion factor for mealworms 

(Nowak et al., 2016) and sweetpotato flour (Yadav et al., 2006). It is also the only acceptable 

conversion factor to calculate the Protein Digestibility Corrected Amino Acid Score (PDCAAS) 

on a per gram of protein basis (FAO/WHO/UNU, 2001). This factor is used because most 

proteins contain 16% nitrogen (Bradley, 2010). 

Protein Quality 

Hydrolysis with hydrochloric acid and analysis using UPLC was the chosen method for 

amino acid analysis. Hydrochloric acid was used according to Schaafsma (2005). Briefly, sample 

was first ground and defatted, then mixed with water to inject into the hydrolysis tubes. The 

tubes were then lyophilized overnight to remove the water. About 0.1 - 0.01 g was hydrolyzed 

with 500 µl 6N HCl overnight, as described in Guo et al. (2015), but with the modification of 

maintaining the samples under vacuum, not under nitrogen (Scoffone and Fontana, 1970). The 

hydrolysis product was then neutralized with an equal amount of 6N NaOH, diluted with Borate 

Buffer up to a 1/200 dilution, and derivatized for HPLC (Shi et al., 2009). Amino acid standards 

were derivatized for sample quantification of concentrations of each amino acid (Shi et al., 

2009). Prepared standards were injected twice, to check the precision, while the derivatization of 
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the amino acid standards alongside the samples ensured an accurate standard curve from which 

to extrapolate concentrations. The PDCAAS was calculated from these numbers assuming that, 

as for most animal proteins, the digestibility score is 100%. 

Statistical Analysis 

JMP statistical software (SAS Institute, Cary, NC) was used to conduct ANOVAs on the 

data from the analyses. All variables were additionally analyzed with a TukeyÕs HSD test to 

determine which treatments had significantly different values from the others.  

 

3. Results 

The experiment was designed to measure nutritional content and texture of the extruded 

snack with three final barrel temperatures: 75¡C, 110¡C, and 130¡C. See Table 1. 

Texture 

The texture results are shown in Table 2. The average ANOVA analysis revealed a 

significant trend (P = 0.0175) of work to fracture increasing as the final barrel temperature of the 

extruder increased. The trend was observed as the final barrel temperature increased, the average 

work to fracture the product increased (P = 0.084). The force to fracture of the 130¡C treatment 

was significantly higher than the 75¡C treatment (P = 0.0414) and as a trend was higher than the 

110¡C treatment (P = 0.076) and average distance to fracture the sample. Results showed the 

distance to fracture the sample decreased with an increase of the final barrel temperature, 

however this was not significant (P = 0.429). 
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Water Activity 

The water activity is shown in Figure 3. The average water activity for all temperatures 

was 0.2639 ± 0.008, with the lowest being 0.2586 for extrusion 1, 75¡C, and the highest being 

0.3313 for a second extrusion sample at 75¡C.  

Proximates 

Summary charts for the proximates of each treatment are shown in Table 3. There was no 

statistical difference in moisture, lipid, or carbohydrate content among samples; however, there 

was a statistically significant difference of 0.9% in total protein content (P = 0.005). 

Moisture Content 

The moisture content data are seen in Figure 4. Average moisture content in 100 g of 

finished product was 1.95 ± 0.002. There were no significant differences between treatments (P 

> 0.05). 

Total Fat Content 

The fat content is shown in Figure 5. There was no statistically significant effect with 

extrusion treatment and total fat content in the product (P > 0.05). The total fat content of the 

treatments was 10.55% for the 75¡C, 9.72% for the 110¡C, and 11.43% for the 130¡C treatments. 

Ash 
The average ash content across all treatments was 3.4 ± 0.0003%, and it did not vary 

significantly across treatments groups (Figure 6). 
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Protein Quality 

The protein content and quality are shown in Figure 7 and 8.  There was no significant 

difference between the total protein content found between treatments; however, a significant 

difference was found between two treatment groups (P = 0.005), with the 75¡C treatment having 

significantly lower amino acid concentration than the other two treatments. When compared to 

the Amino Acid Requirement Pattern (US National Institutes of Health (NIH), 1989), of the 

75¡C treatment amino acid profile, only histidine and threonine were sufficient to satisfy this 

requirement.  The extrusion data for 110¡C and 130¡C treatments seemed to satisfy the 

requirement for most essential amino acids but not for leucine, lysine and tryptophan, which 

have a higher requirement. The adequacy of these extruded snacks was assessed based on the 

amino acid facts pattern reported for children, age 2 years and older; which is based on the 

achievement of a nitrogen balance that would be sufficient to support adequate lean tissue gain 

(NIH, 1989). The requirement for each essential amino acid can be found in Figure 8.  This 

report showed amounts of tryptophan and methionine + cysteine that seemed adequately 

recovered; however these amino acids require special attention because the hydrolysis method 

used is known to destroy tryptophan, methionine and cysteine 
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4. Discussion 

Texture 

The temperature increase of the final barrel mostly affected the force to fracture and work 

required to break the product. It is possible that the increase of the final barrel temperature 

caused a greater degree of starch gelatinization which could have led to a more cohesive 

structure that required more work to break (Zhang et al., 2016). The results showed that high 

temperature caused products to be harder and more brittle. 

Proximates 
 

Extrusion temperatures resulted in no statistical differences between the treatments in 

moisture, lipid, ash and carbohydrate content. There was no statistically significant difference in 

protein content. From this, it was concluded that the proximate data for all treatments show no 

meaningful change across temperatures. These products are not affected by change in 

temperature in the range of 75-130¡C or screw speed of 350-550 rpm. 

Water Activity  
 

The main concern with measuring and evaluating the water activities of the various 

extrusion temperatures is that they remain below 0.61. All of the samples tested were well below 

this marker for shelf stability, and there was little variation between samples of the same 

treatment (no statistical significance). It was determined that the treatment with the lowest 

application of heat (75¡C final barrel temperature) had the highest water activity of 0.30 ± 0.021. 

Because all treatments were well below the limit, the water activity would not be a limiting 

factor in deciding which temperature is best for pilot scale extrusion.  
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Total Fat Content 
 

There was no observable difference in the extracted fat content of the treatments. This is 

was attributed to the fact that fatty acids thermally degrade at far higher temperatures than what 

the treatments were subjected to. In a nitrogenous matrix, fatty acids thermally degrade into 

capric acid at 250¡C. At 300¡C, ketones and aldehydes start to be produced. In the presence of 

moisture, cotton seed oil, for example, can hydrolyze at 200¡C (Nawar, 1969). The observed 

values were not far off of the theoretical calculated fat content, 13% (Nowak, 2016). The 

expected total fat content was calculated by adding up the fat content of all of the ingredients and 

their respective parts. 

Ash Content 
 

The ash content measured was very close to the calculated expected value of 3.5%, based 

on reports of proximate composition of individual ingredients (Nowak et al., 2016; US 

Department of Agriculture USDA, 2015). Since inorganic compounds that are measured by dry 

ashing are stable at temperatures of above 500¡C, there was no significant variation between 

treatments or loss during cooking compared to the raw ingredients. The micronutrient 

composition of mealworms can vary substantially depending on their diet (van Huis et al., 2013). 

The slight difference from the expected was attributed to one of these two factors. 

Total Protein 

There is little research reported on the use of mealworms as a food ingredient and protein 

composition and quality. Of the limited data on mealworm-containing products, a total protein 

prediction of 21% was based on the proximate information for each ingredient and the amount of 

each ingredient in the product. The largest protein contributor to the product was from the 

mealworms, which are estimated to have 14-25% protein, and only a small amount from the 
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sweetpotatoes, 1.2% (FAO 2015; Dansby and Bovell-Benjamin, 2003). In comparison to this, 

with total protein of 23.12%, PlumpyÕNut, an already established peanut-based RUTF, has a total 

protein value of 13.6% of wet weight (Nabuuma, et al., 2013).  

Protein Quality 

All of the 110¡C and 130¡C treatments exceeded the stipulated amino acid requirement 

for all groups of age (US National Institutes of Health (NIH), 1989), while none of the 75¡C 

treatments did. The two higher heat treatments had significantly higher amino acid contents than 

the 75¡C treatment (P < 0.01). This is further illustrated in Figure 8, which shows the 75¡C 

treatments having a lower amount of each amino acid shown. This may be due to the mechanism 

of chemical protein digestion resulting in an inappropriate or ineffective hydrolysis, or 

experimental artifact. Another possible explanation is related to the treatment temperatures. At 

higher heat treatments more protein could be denatured resulting in more protein reacting with 

acid during hydrolysis. While there is little research done on the effect of heating and hydrolysis, 

there has been some on the effect of heating and extruding. Previous research makes reference to 

protein digestibility increasing with  harsher extrusion temperatures in food products containing 

vegetable as well as some animal protein (Singh et al., 2007). This has been attributed to the 

inactivation of anti-nutritional factors, which can inhibit protein digestibility. Destruction of 

these inhibitors is shown to increase with an increase in temperature, up to 139¡C (Bjorck and 

Asp, 1983). Other research has suggested a more complicated link between moisture flow rate, 

temperature, and amino acid content. Jiddere and Filli  (2015) have reported Òextrusion at low 

temperature ranges of 100¡C to 130¡CÓ as well as a moisture Òin the range of 20 to 30%Ó could 

be beneficial to retaining both reducing sugars and amino acids.  The pattern of amino acids 

measured from the higher temperature extrusions was similar to analysis of mealworms reported 
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by Yi and collaborators (2013), as seen in table 4. Yi et al. (2013) also showed the protein 

quality to be comparable to other protein sources, like soy and casein. The recovery of some 

amino acids during the extrusion treatment at 75¡C portrays some similarities specifically for the 

quantification of: His, Leu, Met+Cys, Thr and Trp (Yi et al., 2013).  Further research is required 

to determine the precise link between extrusion temperatures and amino acid quantification. In 

sweetpotatoes, the protein nutritional quality has been previously investigated. The sulfuric 

amino acids (Met and Cys) have been identified as limiting amino acids.  Lysine has been 

reported as second limiting (Loebenstein and Thottappilly, 2009). In insects, tryptophan is 

singled out as limiting. This could be the case for mealworm although the requirement for Trp 

referenced by Li et al. (2013) was lower than the NRC (1989) value, which may be true for older 

chidren. Limiting amino acids from their analysis was lysine, closely followed by methionine + 

cysteine (Table 4).  

This report provided a prototype product that combined proteins from different sources, 

which would result on an efficient way for one to get the essential amino acids. This is known as 

protein complementation. The concept of protein complementation derives from the idea that 

incomplete sources of protein can be combined to complement the deficiencies on the limiting 

amino acids and improve the overall quality of it (Bressani, 1988).   
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5. Conclusion 

The goal of this project was to produce a dried extruded product that could be suitable for 

use as an RUTF ingredient. Three different potential pilot-scale extrusion temperatures (75¡C, 

110¡C, and 130¡C) were examined to assess their suitability. Texture, nutritional content, and 

water activity were studied. From the analyses performed, it is concluded that the 110¡C and 

130¡C treatments were the most nutritionally viable, particularly in terms of protein quality. 

Most proximates are consistent across treatments. Based on the guidelines summarized on the 

targets for RUTFS, from UNICEF, FAO/WHO, and MAM requirements (Annan, et al., 2014), 

all of the treatments met the requirements for total protein, moisture, water activity, and mineral 

content. While none of the treatments contained the required carbohydrate or lipid amount, it 

should be understood that the snack could be one part of the components for the RUTF final 

product. Further research should focus on performing a complete profile and quantification of 

vitamins, minerals, and fatty acids. 
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Table 1. An overview of the parameters (barrel temperatures and extrusion speed) that varied 
between selected treatment groups. 

Treatment 
Number 

Barrel 
Temperature 

1 
(¡C) 

Barrel 
Temperatur

e 2 
(¡C) 

Barrel 
Temperatur

e 3 
(¡C) 

Barrel 
Temperatur

e 4 
(¡C) 

Barrel 
Temperature 

5 
(¡C) 

Screw 
Speed 
(rpm) 

1 

20 

 
40 

 
50 

 
60 

75 350 

2 110 

3 60 90 110 130 550 

 

 

 
Table 2. Texture results for the 75¡C, 110¡C and 130¡C treatments 

Treatment 
Average Work 

(J) 
Average Fracture 

Force (N) 
Average Extension 

(mm) 
T75 0.088±0.01a 1.039±0.20c 2.776±0.39f 
T110 0.143±0.01b 1.649±0.16d 2.629±0.39f 
T130 0.257±0.01b 3.922±0.27e 2.298±0.15f 

Pretzel 1.340 4.131 0.849 
 
 
 
 
Table 3. Proximate data for the 75¡C, 110¡C and 130¡C treatments  

Proximates in 
Percentage 

75¡C 110¡C 130¡C 

Moisture 2 2 2 
Lipid 11 10 12 

Total Protein 23 23 23 
Ash 4 3 4 

Carbohydrates 60 60 61 
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Table 4. Amino acid composition, comparison between requirements (NRC 1989) and reported 
analysis of mealworms as analyzed by Yi et al., (2013). 
 

Amino Acid 
Requirement  

mg/kg/day (~2 yr) 
Requirement 

mg/g Crude Protein 
Mealworm Flour 

mg/g crude Protein 
His 21 19 29 
Ile 31 28 43 
Leu 73 66 73 
Lys 64 58 54 

Met + Cys 27 25 26 
Phe + Tyr 69 63 100 

Thr 37 34 39 
Trp 12.5 11 12 
Val 38 35 61 

Sum of eaa 373 341 437 

 



   

156 
 

 

 
Figure 1. An example layout of the extruder, with temperature ranges shown. Exact temperature 
profiles for each treatment can be seen in Table 1. 
 
 
 

 
 
Figure 2. A flowchart that summarizes the flow of work from preparation of raw ingredients to 
extrusion through all of the analyses conducted. 
 

 
 



   

157 
 

 
* Denotes no significant difference 
Figure 3. Water Activity of Pilot Scale Extrusions 
 
 
 

 
* Denotes no significant difference 
Figure 4. Average Moisture Content Percentage for each Final Barrel Temperature %Moisture = 
(mwater / msample)*100 
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* Denotes no significant difference 
Figure 5. Average lipid content of all three treatment groups 
 
 

 

 
* Denotes no significant difference 
Figure 6. Average ash content of across three treatment groups 
 
 



   

159 
 

 
* Denotes no significant difference 
Figure 7. Protein content as a percentage of wet sample weight for all three treatment groups % 
Protein= % Nitrogen *6.25 
 
 

 
 
 



   

160 
 

 
Figure 8. Amino Acid content averages for each treatment when compared to amino acid 
requirement.  
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CHAPTER 6 

CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK 
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Concluding remarks and suggestion for future work 

The studies presented in Chapter 3 and Chapter 4 offered scientific nutritional 

information about carbohydrate responses and hormonal interactions applied in a biological 

study after the consumption of products derived from sweet (SP) and white potato. The glycemic 

index (GI) of sweetpotato chips, fries, powder and juice were reported for the first time for these 

specific products. Carbohydrate-containing foods are consumed as staple in most countries. It is 

in the best interest that the food scientists develop products that would result in lower glycemic 

and insulin responses. These types of foods will cause a slow, gradual rise in blood glucose with 

longer duration energy levels.  

In order to achieve a low glycemic response, certain ingredients and their interactions 

with other ingredients and processing conditions should be investigated. For example, one must 

understand the processing and cooking methods and the impact on starch granules.  The presence 

of starch-lipid complexes can be favorable, if selecting for an adequate oil-type. Oleic acid, 

present in vegetable oils, is a mono-unsaturated fatty acid that does not increase low-density 

lipoproteins (LDL), lower insulin sensitivity and or cause inflammatory conditions (Mondal et 

al., 2011).  

Starches that are subjected to gelatinization, gelation and retrogradation processes can 

have a significant influence on the digestion and absorption of starches particularly in the 

formation of indigestible complexes that result in R3-type resistant starches. The GI value in the 

analyzed products is also impacted by the amount of dietary fiber present, with non-soluble 

dietary fiber (particularly, cellulose and lignin) having the most impact. Further work is needed 

to determine how the GI values are influenced  by soluble and non-soluble fiber concent of these 

products. 
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An important part of glucose homeostasis is hormonal regulation. A more thorough view 

of a glucose response can be obtained by measuring different hormones. This profile could also 

include the responses achieved by calculating an Insulin Index (iAUC) in combination with other 

hormones such as cholecystokinin (CCK) and Neuropeptide Y. These hormones are considered 

potent appetite controllers through inhibition and stimulation respectively (Gropper and Smith, 

2005).   

Sweetpotato powder from culls can be added into different formulations offering an 

additional value to this crop. This shelf stable, nutritious-orange powder can be the result of two 

different processes. First, fresh culls can be dehydrated and ground with the use of simple 

technologies such as a kitchen dehydrator and a small grinder. The powder can also be a result of 

culls from the juicing process. In both cases, the dehydrated fibrous granules can be used in 

different food products. Chapter 5 and Appendix H offered two different applications for this.  

The protein quality in SP has been previously investigated. Sulfuric amino acids 

(Methionine and Cysteine) have been singled out as limiting amino acids for this crop. Lysine is 

reported as the second limiting amino acid (Walter et al., 1984).  In insects, tryptophan is 

reported as the limiting amino acid (European Food Safety Authority (EFSA), 2015). When 

ingested together, SP products and products derived of insects can be complementary. This effect 

would increase the quality of the total protein consumed. A suggestion for future work will 

include carefully examining the amino acid profile when thinking of the design of a product that 

would improve food insecure conditions.  Chitin, a polymer of glucosamine molecules, which is 

also present in insects, should also be quantified to be included as part as non-soluble dietary 

fiber. 
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Supplementary Table 1. Comprehensive utilization of sweetpotato and commercial products 
reported by Wang et al., 2016 
 

Categories Products According to author 
 

Pasta, plain 
 

Noodles 
 
Lee et al. (2005); Lee et al. 
(2006); Tan et al. (2006) 

Starches, 
modified 

Sour starch 
Bread 

Miguel et al. (2014) 
Greene and Bovell-benjamin 
(2004) 

Pickled 
vegetables 

Gari 
Lacto-Pickles 

El Sheikha and Montet (2014) 
Panda et al. (2007, 2009b) 

Dairy products Acidophilus milk 
Curd and yogurt 

Perez and Tan (2006) 

Panda et al. (2006); Mohapatra 
et al. (2007) 

Major 
condiments 

Red vinegar Terahara et al. (2003) 

Beverages Lacto-juices (non-alcoholic) 
Wine and beer (alcoholic) 

Panda and Ray (2008); Panda et 
al. (2009a) 
Panda et al. (2013) 

Food 
Additives 

Organic acids (lactic acid, 
citric acid) 

Yen et al., (2010), Panda and 
Ray (2008) 

Sugar syrups   high fructose 
syrup) 

Johnson et al. (2009) 

! -cyclodextrins Alves-Prado et al. (2008) 
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Supplementary Table 2. Classification of carbohydrates according to chemical composition 
(Sheperd et al., 2013) 
 

Class Subgroup DP Name 
Constituent 

monosaccharide 

Absorption / 

Hydrolysis in 

the small 

intestine 

Sugars 

Monosaccharides 

1 Glucose N/A 
Rapid, Active 

absorption 

 Fructose N/A 
Rapid, Active 

absorption 

 Galactose N/A 
Rapid, Active 

absorption 

 Xylose N/A 
Passive 

absorption 

 Arabinose N/A 
Passive 

absorption 

Disaccharides 

2 Sucrose Glucose + fructose Hydrolyzed 

 Lactose Glucose + galactose 

Hydrolyzed (in 

presence of 

lactase) activity 

 
Maltose / 

isomaltose 
Glucose + glucose Hydrolyzed 

 Trehalose 
Alpha-Glucose + 

Alpha-Glucose 
Hydrolyzed 

Polyols Sugar Alcohols 1 

Sorbitol, 

mannitol, 

lactitol, xylitol, 

erythritol, 

maltittol 

N/A N/A 

Oligossacharides 
Malto-

oligosaccharides 
3-9 Maltodextrin Glucose Hydrolyzed 
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Supplementary Table 2. Continued 

Class Subgroup DP Name 
Constituent 

monosaccharide 

Absorption / 

Hydrolysis in the 

small intestine 

Oligossacharides 
Non-digestible 

oligosaccharides 

3-9 

Galacto-

oligosaccharides 

-Raffinose 

-Stachyose 

One fructose, one 

glucose, one galactose 
Non-hydrolyzed 

3-10 
Fructo-

oligosaccharides 

Fructose polymer 

(glucose terminal end) 
No hydrolysis 

Polysaccharides 

Starch >10 

Amylose, 

amylopectin, 

modified starches 

Glucose polymers 

linked with alpha 

glycosidic bonds 

Hydrolysis except 

for resistant 

starches 

Non-starchy 

polysaccharides 

>10 Cellulose 

Glucose polymers 

linked with beta 

glycosidic bonds 

No hydrolysis 

>10 Pectin 

Rhamnose with L-

arabinose, galactose, 

xylose 

No hydrolysis 

>10 
Fructans (e.g. 

inulin) 

Fructose polymer 

(glucose in the 

terminal end) 

No hydrolysis 

>10 
Plant gums and 

mucilages 

Hexose, methyl 

pentose and pentose 

sugars 

No hydrolysis 

>10 Hydrocolloids 

Xanthan gum 

Gum Arabic 

Gum guar 

No hydrolysis 

12 Polydextrose 
Glucose polymer + 

sorbitol 
Hydrolyzed 
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Appendix B 
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Chemical composition of products 
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Chemical composition of products continued 
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Chemical composition of products continued 
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Chemical composition of products continued 
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Chemical composition of products continued 
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Appendix C 
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Pre-screening questionnaire for inclusion criteria (page 1/2) 

Glycemic Index Study, Feng, IRB 9415 

Please check (! ) in each circle if you relate to any of the following health and habit 

categories: 

o Healthy men and women with wide age (19Ð65 y) 

o BMI ranges [(in kg/m2) 20Ð29.9] from Raleigh-Durham area 

o Is your  BMI  " 35 kg/m2 

o Have you been diagnosed with type 1 or 2 diabetes? 

o Have you had a record of fasting glucose "125 mg/dL 

o Use of medications or supplements known to affect glucose metabolism for example: 

insulin, sulfonylureas, metformin, glucosidase-inhibitors, thiazolidinedione, insulin 

sensitizers, gastrointestinal motility (prokinetic agents), or affecting lipid metabolism 

(bile acid sequestrants, fibrates, cholesterol absorption and nicotinic acids, anabolic 

steroids, fish oil) 

o Renal disease as defined by a history of chronic kidney disease 

o Liver disease as defined by a history of chronic hepatitis B or C, cholestatic or cirrhotic 

liver disease, nonalcoholic fatty liver disease 

o Pancreatic disease (History of chronic pancreatitis, or history of acute pancreatitis within 

the last year) 

o Cardiovascular disease 

o Also uncontrolled hypertension as defined as systolic blood pressure (SBP) > 140 mm 

and diastolic blood pressure (DBP) > 90 mm. 

o Inflammatory bowel disease or malabsorptive disorder 
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Pre-screening questionnaire for inclusion criteria (page 2/2) 

o Disorders of esophageal  

o Disorders in gastrointestinal motility or  

o Previous esophageal or gastric resection 

o Hypo- or hyperthyroidism 

o Anemia as defined by screening hematocrit of 34% for women and 38% for men 

o Pregnancy 

o Breastfeeding 

o History of polycystic ovary syndrome 

o History of autoimmune or other connective tissue disorders associated with chronic 

inflammation, such as rheumatoid arthritis 

o Smoking within the past 6 months 

o Alcohol consumption more than 7 drinks/week 

o Weight gain or loss of more than 15 lbs within 6 months prior to enrollment. 

o Fasting glucose " 125 mg/dL. Measured by fingering prick at the time of screening 

o Unwillingness to adhere to study protocol 
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APPENDIX D 
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INFORMED CONSENT FORM for RESEARCH p1 of 3 
 

North Carolina State University 
INFORMED CONSENT FORM for RESEARCH 

Title of Study: Glycemic responses to sweetpotato products (fries, chips, and flours) 
Principal Investigator: Jonathan Allen  
Co-investigators: Sofia Feng, Van-Den Truong    
 
What are some general things you should know about research studies? 
You are being asked to take part in a research study.  Your participation in this study is voluntary. You 
have the right to be a part of this study, to choose not to participate or to stop participating at any time 
without penalty.  The purpose of research studies is to gain a better understanding of your blood glucose 
responses after the consumption of products derived of sweetpotato and white potato. 
 
You are not guaranteed any personal benefits from being in this study. Research studies also may pose 
risks to those that participate. In this consent form you will find specific details about the research in which 
you are being asked to participate. If you do not understand something in this form it is your right to ask 
the researcher for clarification or more information. A copy of this consent form will be provided to you. If 
at any time you have questions about your participation, do not hesitate to contact the researcher(s) 
named above.  
 
What is the purpose of this study? 
The purpose of the study is to investigate the effect of sweetpotato and white potato on changing your 
blood glucose levels (glycemic index). 
 
What will happen if you take part in the study? 
If you agree to participate in this study, you will be asked to 
 
1.  Fill out a health questionnaire. 
 
2. Schedule your first session, where you will come in fasting state (in the morning, after not consuming 
any food for 6-8 hour span). We will ask about foods consumed and activity on the previous day. Your 
sessions will take place at room 216A Schaub Hall, NCSU, Raleigh, North Carolina 27695. 
 
We will be measuring your weight and height and determining your fasting glucose data through a finger 
puncture. If the value we collect is less than 100 mg/dl we will ask you to continue with our study. In that 
case, you will consume a beverage that contains 50 g of sugar (glucose) and repeat the blood glucose 
measurement again for six times in a 2-hour period. During this interval we will ask you to collect a larger 
blood sample from your finger tip for measurement of hormones related to control of blood glucose. The 
outcomes of this research are not for medical diagnoses and if you observe a result that is abnormal, you 
may consult with your personal physician. 
 
3. We may also fit you with a continuous glucose monitoring (CGM) device that inserts a very thin wire 
beneath the skin on your abdomen. This sensing wire is connected to a computer chip that records your 
blood glucose concentration at 5-minute intervals for up to 7 days. When we know this device is working 
and providing equivalent data to the finger puncture measurements, you can have fewer finger punctures 
to measure blood glucose. The device is taped to your skin and allows you to swim or shower normally. 
Insertion of this device by our staff only takes a few minutes. It will be checked by staff each morning 
when you come for your food samples and may be replaced if the probe is detached or malfunctioning. 
 
4. We will schedule the next sessions for the following four mornings. We prefer that each participant 
repeat this procedure for 2 consecutive weeks with the same breakfast foods. Each session will take 
approximately 120-140 minutes.  
 
5. Wear an activity tracker that counts you steps each day and allows you to enter diet records. 
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INFORMED CONSENT FORM for RESEARCH p2/3 (continuation) 
Risks and Benefits 

(A). Repeated finger sticks for blood sampling often results in soreness on the fingertips that goes away 
within a day. There is a remote risk of infection if you do not clean the blood collection site well before 
lancing. If you have irritation on the fingertips we can escort you to the NC State University, Student 
Health Center for a more detailed evaluation.  
 
(B). Ingestion of 50g glucose drink will elevate the blood glucose like a can of soda does. An episode of 
osmotic diarrhea can occur when a person drinks solutions with excessive sugar or excessive 
concentration, this happens when too much water is drawn into the bowels. If any participant experiences 
any gastric problems, we will escort them to the NC State University, Student Health Center or call 911. 
 
(C). The continuous glucose transmitter can cause irritation. This is a small, lightweight device that 
attaches to the glucose sensor, gathers glucose data, and stores it for downloading to a computer at the 
end of each week.  The glucose sensor is inserted with a needle, which is removed after the glucose 
sensor is in place. The most common place to wear a glucose sensor is in the abdomen. There is a 
remote risk of infection if you do not clean the blood collection site well before insertion. Pain can occur 
when the tape holding the device in place is removed if there is hair on the site.  You will be offered the 
option of shaving the location before the sensor is placed.  The sites for the glucose monitors and blood 
collection will be thorough cleaned with alcohols wipes to prevent infections.  
 
Some people experience irritation from the medical tape that adheres the CGM device to the skin. Pain 
upon its removal is like removing a Bandaid. The sterilized sensing probe of the CGM device remains 
below the skin for several days at a time, creating a small risk of infection. The iPro2 device should not be 
used during magnetic resonance imaging (MRI), x-rays, computed tomography (CT) scans, intensity 
modulated radiation therapy (IMRT), or other treatments that generate strong magnetic Þelds or ionizing 
radiation. Data generated by this device in this study should not be used for medical diagnoses. Bleeding, 
swelling, irritation or infection at the insertion site are possible risks associated with inserting the sensor 
and may result from improper insertion and maintenance of insertion site. If sensor is not securely placed 
in Sen-serter¨  prior to insertion, pain or minor injury may occur. If you develop inflammation, redness, 
soreness or tenderness at insertion site, or if you experience unexplained fevers, remove sensor.  
 
Check site often for these conditions and to ensure sensor is still in place, especially before going to bed 
and upon waking. Always make sure the sensor is firmly attached so that it does not come out of your 
body. Factors that may increase the likelihood of the sensor falling off include increased physical activity 
(particularly for younger patients) and improper taping technique. We will provide additional tape if the 
device becomes loose. 
 
As a participant of this research you will learn about your glycemic response and will gain better 
nutritional knowledge about food choices and preparations with sweetpotato products. 
 
The indirect benefits include the support to sweetpotato growers that can potentially be benefited from 
indirect marketing after researchers publish any results that show the benefits of consuming sweetpotato. 
 
Confidentiality 

The information in the study records will be kept confidential to the full extent allowed by law.  Data that 
can be linked to your identity will be stored securely in locked filing cabinets in our locked lab or office. 
Email from you with such information will be deleted from our computers as soon as it is not needed. Data 
that you collect for the study will have an ID code that will be used in our working files prior to statistical 
analysis. These files will be password protected and encrypted on our computers.  No reference will be 
made in oral or written reports that could link you to the study.  
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INFORMED CONSENT FORM for RESEARCH p3/3 (continuation) 
Compensation  
For participating in this study you will receive $20 after each session as incentive, or $10/hr for sessions 
exceeding 2 hr. However, you will not be paid if you withdraw from this research after only one session or 
your glucose test outcome disqualifies you from the research study. Your complete participation is very 
important. However in the event that you withdraw from the study prior to its completion, you will be 
compensated for the amount of completed sessions.   
 
Emergency Medical Treatment 
If you are hurt or injured during the study session(s), the researcher will contact the UniversityÕs 
emergency medical services at 515-3333 for necessary care.  There is no provision for free medical care 
for you if you are injured as a result of this study. 
 
What if you are a NCSU student? 
Participation in this study is not a course requirement and your participation or lack thereof, will not affect 
your class standing or grades at NC State.   
 
What if you are a NCSU employee? 
Participation in this study is not a requirement of your employment at NCSU, and your participation or 
lack thereof, will not affect your job.   
 

What if you have questions about this study? 

If you have questions at any time about the study itself or the procedures implemented in this study, you 
may contact the researcher, Dr. Jonathan Allen, at 100G Schaub Hall, NCSU, Raleigh, North Carolina 
27695 or by phone (919) 513-2257 
 
 
 
What if you have questions about your rights as a research participant? 
If you feel you have not been treated according to the descriptions in this form, or your rights as a 
participant in research have been violated during the course of this project, you may contact Deb Paxton, 
Regulatory Compliance Administrator at dapaxton@ncsu.edu or by phone at 1-919-515-4514. 
 

Consent To Participate 

ÒI have read and understand the above information.  I have received a copy of this form.  I agree to 
participate in this study with the understanding that I may choose not to participate or to stop participating 
at any time without penalty or loss of benefits to which I am otherwise entitled.Ó 
 
Subject's signature_______________________________________ Date _________________ 
 
Investigator's signature____________________________________ Date _________________ 
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APPENDIX E 
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GLYCEMIC INDEX TRIAL HANDOUT 
Page 1 of 2 

 

INSTRUCTIONS FOR iPro2 CALIBRATION 

iPro2 requires calibration with blood glucose meter (BG) 1 hour after installed and 
3 hours after as well as at hour 12 after installation. 

 
iPro2 in place on ___________________ 
 
BG 1 hour after: _______ AT _______ 
 
BG 3 hours after: _______ AT _______ 
 
BG 12 hours after:_______ AT _______ 
 
BMI calculation 
 
Weight _____________ 
Height ______________ 
BMI ________________ 
 
Test will start tomorrow after fasting on ______________________________ 
 
On the day of the test we record consume the food in span of 10 minutes (no more 
than 10 minutes) and drink no more than 250mL of water.  
 
Blood samples must be drawn at 15, 30, 45, 60 90 and 120 min started with the 
first bite of the test meal.  
 
A larger sample of blood will be collected at min 0 and min 60. 
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GLYCEMIC INDEX TRIAL HANDOUT 
Page 2 of 2 
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APPENDIX F 
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Supplementary Table 3. Analysis of variance (ANOVA) for the analyzed products 
 

Product DF 
ANOVA 
Sum of 
Squares 

Mean 
Square F Value Pr>F 

Chips 7 24317 39.397 17.835 <0.001 

Fries 7 5127 50.809 2.370 0.0233 
Powder 7 35605 57.682 18.855 <0.001 

Juice 3 492.5 76.836 0.4347 0.72 
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APPENDIX G 
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Supplementary table 1. Analysis of variance (ANOVA) for insulin 
 

Hormone Source DF DFDen F Ratio Prob > F 
Insulin Potato 1 72 12.83556 0.00061 
Insulin Presentation 3 72 3.29781 0.02517 
Insulin Potato*presentation 3 72 3.21793 0.02772 

 
 
 
 
 
Supplementary table 2. Analysis of variance (ANOVA) for C-Peptide 
 

Hormone Source DF DFDen F Ratio Prob > F 
C-peptide Potato 1 72 11.2845147 0.001252473 
C-peptide Presentation 3 72 14.25302091 2.19744E-07 
C-peptide Potato*presentation 3 72 7.546957609 0.000185026 

 
 
Supplementary table 3. Contrast between SP and WP powder, for insulin 
 

NumDF DenDF F Ratio Prob > F 
1 72 18.0471 <.0001* 

  
 
 
 
Supplementary  table 4. Contrast between SP and WP powder, for C-peptide  
 

NumDF DenDF F Ratio Prob > F 
1 72 30.8427 <.0001* 

 
 
 
Supplementary table 5. Analysis of variance (ANOVA) for GIP 
 

Hormone Source DF DFDen F Ratio Prob > F 
GIP Potato 1 72 7.1852 0.0091 
GIP Presentation 3 72 10.7724 0.0000 
GIP Potato*presentation 3 72 3.3285 0.0243 
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Supplementary table 6. Contrast between SP and WP powder, for GIP 
 

NumDF DenDF F Ratio Prob > F 
1 72 15.5688 0.0002* 

 
 
 
 
Supplementary table 7. Analysis of variance (ANOVA) for ghrelin 
 

Y Source DF DFDen F Ratio Prob > F 
Ghrelin Potato 1 72 0.3057 0.5820 
Ghrelin Presentation 3 72 5.3717 0.0022 
Ghrelin Potato*presentation 3 72 1.6606 0.1831 

 
 
 
 
Supplementary table 8 Contrast between SP and WP fries, for ghrelin 
 

NumDF DenDF F Ratio Prob > F 
1 72 4.4274 0.0389* 

 
 
 
Supplementary table 9. Analysis of variance (ANOVA) for GLP-1 
 

Y Source DF DFDen F Ratio Prob > F 
GLP-1 Potato 1 72 0.8632 0.3560 
GLP-1 Presentation 3 72 5.7273 0.0014 
GLP-1 Potato*presentation 3 72 3.7148 0.0152 

 
 
 
Supplementary table 10. Analysis of variance (ANOVA) for GLP-1 
 

Contrast NumDF DenDF F Ratio Prob > F 
Between 

chips 
1 72 4.5125 0.0371* 

Between 
powders 

1 72 5.2205 0.0253* 
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Supplementary table 11. Analysis of variance (ANOVA) for glucagon 
 

Y Source DF DFDen F Ratio Prob > F 
Glucagon Potato 1 72 0.1522 0.6976 
Glucagon Presentation 3 72 0.8965 0.4473 
Glucagon Potato*presentation 3 72 4.5753 0.0055 

 
 
 
 
Supplementary table 12. Contrast between SP and WP chips and powder, for glucagon 
 

NumDF DenDF F Ratio Prob > F 
1 72 9.8240 0.0025* 

 
 
 
 
Supplementary table 13. Analysis of variance (ANOVA) for leptin 
 

Y Source DF DFDen F Ratio Prob > F 
Leptin Potato 1 72 0.0131 0.9091 
Leptin presentation 3 72 2.565 0.0612 
Leptin Potato*presentation 3 72 4.356 0.0071 

 
 
 
 
Supplementary table 14. Contrast between SP and WP chips and powder and SP juice and 
glucose solution, for leptin 
 

Contrast NumDF DenDF F Ratio Prob > F 
Between 
powders 1 72 6.7060 0.0116* 

Between 
SP Juice 

and 
glucose 
solution 

 

1 72 5.0344 0.0279* 
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β-Carotene retention in breads formulated with sweetpotato as a functional ingredient 

ABSTRACT 

Vitamin A deficiency is a major global micronutrient deficiency of concern associated with 

xerophthalmia, blindness and weakened immune systems that can lead to premature death. !-

Carotene is a bioactive precursor retinoid that can form vitamin A. The objective of this project 

was to determine the retention of !-carotene in three different bread formulations including 

sweetpotato ingredients. The formulations included: 1. wheat and sweetpotato flour, 2. wheat and 

sweetpotato puree and 3. a composite of flours (rice, sweetpotato, white potato and soy). Also, 

the !-carotene retention was determined on a sweetpotato flour produced in-house from fresh  

Orange-flesh Covington sweetpotatoes, a commercial sweetpotato puree and a commercial 

sweetpotato bread market in Kenya. !-Carotene in all products and ingredients was obtained by 

hexane extraction and measured by spectroscopy at an absorption of 450 nm. The three bread 

formulations were baked in a Panasonic SD-YD250 automatic bread maker. The formulations 

were prepared as follow: Bread 1: Sweetpotato Flour Bread, with sweetpotato flour substituting 

for 25% of the wheat flour in the standard bread maker recipe; Bread 2: Sweetpotato Puree 

Bread, with sweetpotato puree substituting for the 25% of wheat flour; Bread 3: Gluten Free 

High Protein Sweetpotato Flour Bread that used a mixture of ingredients, including 25% as 

sweetpotato flour to replace all wheat flour. The average !-carotene content of the ingredients 

were as follows. Sweetpotato flour and sweetpotato puree was 372.5 µg ! -carotene/g of sample 

and 95.7 µg  ! -carotene carotene/g respectively. The !-carotene contents of bread samples were: 

Bread 1: 69.5 and 39.1 (post-refrigeration) µg  ! -carotene/g, Bread 2: 145.7 and 94.9 (post-

refrigeration) µg ! -carotene/g, Bread 3: 61.90 and 46.3 (post-refrigeration) µg ! -carotene /g. 

Previously reported !-carotene content in cooked orange-fleshed sweetpotatoes was around 67 to 
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160 mg/kg fwb (Truong, 2010), similar to our ingredients. Sweetpotato bread made with puree 

(bread 2) showed a 65.3% recovery of the !-carotene supplied in the puree. Sweetpotato bread 

from both sweetpotato flour and puree yield higher levels of !-carotene that may help prevent 

vitamin A deficiency in developing countries.  

1 Introduction 

! -carotene is a precursor (bioactive) form to vitamin A and retinoid.  Vitamin A 

deficiencies are associated to xerophthalmia, blindness and premature death[1]. Orange fleshed 

varieties of sweetpotatoes (Ipomoea batatas L.) are used as a staple food in many countries. 

Flour and puree can be derived from sweetpotatoes for long term-storage and used as functional 

ingredients in different preparations[2]. These ingredients can be further enriched with thiamin, 

niacin, riboflavin, folic acid, and iron to improve their nutrient profile[2]. 

Sweetpotato flour (SPF) can be derived using simple processing methods. SPF is a 

nutrient-rich, shelf-stable product that can be used as a substitute for wheat flour in bread-

making[2]. Sweetpotato purees (SPP) are currently used as a functional ingredient in numerous 

food products, such as baby food, casseroles, puddings, pies, cakes, ice cream, yogurt, leather, 

bread, patties and soups[3]. 

To reduce wheat imports in developing countries and/or to improve nutritive value of 

bakery products, studies have been conducted on the use of composite flours, which consist of 

blending wheat flour with flours from other cereals, oilseeds, legumes or tubers. Numerous 

reports describe aspects of the total or partial replacement of wheat flour by sweetpotato pulp, 

flour or starch to produce bakery and confectionary products, noodles and breakfast cereals[4]. 

Over centuries, bread has been regarded worldwide as one of the most popular staple food 

products[5].  
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2 Materials and Methods 

Preparation of breads 

Two different loaves for each formulation were prepared using the formulation shown on 

Tables 1-3 using an automatic bread maker Panasonic SD-YD250. In order to study the ! -

carotene retention all loaves were stored for ten days at refrigeration temperatures of 4¡C and all 

the ingredients involved in quantification were stored at -18¡C. 

 
 
 
Table 1. Bread formulated with sweetpotato flour 

Ingredient Amount (g) 
Water 304 

Wheat flour 225 
Sweetpotato flour 75 

Sugar 9.78 
Xanthan gum 7 

Egg white powder 6 
Shortening 5.22 
Dry yeast 2.61 

Salt 2.4 
 
 
 
 
Table 2. Bread formulated with sweetpotato puree 

Ingredient Amount (g) 
Water 304 

Wheat flour 225 
Sweetpotato puree 75 

Sugar 9.78 
Xanthan gum 7 

Egg white powder 6 
Shortening 5.22 
Dry yeast 2.61 

Salt 2.4 
 
 
 
 



   

197 
 

Table 3. Bread formulated with composite of flours 
Ingredient Amount (g) 

Water 304 
Rice flour 210 

Sweetpotato flour 30 
White potato flour 30 

Soy flour 30 
Xanthan gum 11 

Sugar  9.78 
Egg white powder 6 

Shortening 5.22 
Dry yeast 2.61 

Salt 2.4 
 
  
 
β-carotene quantification 

Extraction of ! -carotene was based on a method described by Chandler and Schwartz [6], 

(1988). ! -carotene was extracted with a mixture of hexane and acetone solvents (organic 

extraction) and spectrophotometrically quantified. Briefly: 5 grams of product were mixed with 

25 mL of methanol for 1 minute. The mixture was filtered under vacuum through a funnel. 50 

mL of a hexaneÐacetone (1:1) mixture was prepared, added and stirred, filtered again with 3 

repeated additions of hexaneÐacetone (1:1) mixture until the filter cake turned white. The 

colorless residue in the funnel was washed two more times with 25 mL of methanol and then by 

50 mL of the hexaneÐacetone mixture. All of the extracts were combined in a 250 mL separatory 

funnel and washed with water. 5 mL of saturated sodium chloride solution were added to the 

funnel to facilitate phase separation. The aqueous phase was discarded and the upper layer was 

transferred to a 50-mL volumetric flask and made to volume with hexane. Samples were 

analyzed using a spectrophotometer at 450 nm and readings were recorded. Quantities were 

determined as follow: ! -carotene (µg/mL) = A / (e * 10-4) * DF, where A = absorbance, e = 2592 

is the molar absorptivity of !-carotene, and DF is the dilution factor. 
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Results and Discussion 

Different than the loaves, the ingredients (sweetpotato flour and sweetpotato puree) were 

stored for 10 days at -12¡C. The recovery from these ingredients was the highest: 94.7% and 

98.7% respectively (Table 4 and Figure 1). The combination of very low temperature and low 

light exposure allowed such high retention. An increase in firmness and in the amount of 

retrograded chains was observed possibly because of a staling phenomenon[7]. Refrigeration 

affected !-carotene content over 10 days storage. The retention was only of 45.9, 65.1 and 74.8% 

for Breads 1, 2 and 3 respectively. An incomplete extraction of !-carotene could have been 

performed because of the hard matrix that did not allow the solvent to enter and release the 

carotenoids. Metal oxidative activity from wheat flour enriched with iron could have also 

affected the retention percentage by iron-induced !-carotene oxidation[3].  

Conclusion 

! -carotene retention was the highest at -12¡F for SPF and SPP. !-carotene content could 

have been affected because of an incomplete extraction or iron oxidative activity that affected the 

retention percentage. 
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Table 4. Summary of Findings for !-carotene Quantification 
  

Treatment Average Fresh Average After 
Refrigeration 

Retention 
percentage 

υg  of β-carotene / g of sample 
Bread 1 69.5 31.9 45.9 
Bread 2 145.7 94.9 65.13 
Bread 3 61.9 46.3 74.78 

Sweetpotato flour 382.5 362.4 94.74 
Sweetpotato puree 96.3 95.0 98.69 

Bread imported 
from Kenya 

25.3 - - 

 
 

 

 
Figure 1. Carotenoid degradation after 10 days of refrigeration 
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