ABSTRACT
ZWILLING, JACOB, DENNIS. Fundamental Understanding of the Formation of Lignin
Colloids by Nanoprecipitation and Their Potential for Antimicrobial Applications. (Under the
direction of Dr. Ronalds Gonzalez, Dr. Richard Venditti, and Dr. Hasan Jameel,)

Colloids are a heterogeneous mixture of compounds in which one or more compounds
are dispersed within a continuous medium. Colloids allow for what would normally be a two-
phase immiscible mixture of materials to exist as a stable homogenous dispersion of the two
phases. Colloids are crucial in food systems, healthcare, energy, and materials manufacturing and
unlock a greater versatility of applications for immiscible compounds. Lignin, a plant-derived
aromatic polymer, possesses self-assembly characteristics in aqueous systems that allow for
colloid formation. This transformation of lignin expands its uses in aqueous environments and
may be a viable candidate for antimicrobial carrier solutions.

The transformation of lignin as an industrial waste product to a functional lignin
nanoparticle (LNP) and its potential applications in antimicrobial formulations was investigated
from a fundamental perspective in this work. To better understand the formation mechanisms
and colloidal interactions of LNPs, a fractionation method was implemented to isolate specific
physical and chemical characteristics of lignin and their relationship to the nanoscale. The
fundamental understanding of LNPs allows for the development of other colloid formulations
such as nanocomplexes with small molecules for antimicrobial applications.

Firstly, an observational study of the persistence of foodborne-related bacterial organisms
on lignocellulosic surfaces was performed by inoculating bleached and unbleached paper
surfaces with bacterial cultures. This provided the motivation for future work to develop

biobased antibacterial solutions to foodborne outbreaks. It was determined that two model

organisms for bacterial foodborne pathogens, Salmonella enterica serovar Typhimurium and



Listeria innocua can survive on lignocellulosic surfaces for over 40 days, with little reduction in
the viable bacteria populations. Contrary to our initial hypothesis that lignin’s aromatic structure
may yield antibacterial activity, it was found that the lignin-containing surfaces yielded higher
bacterial growth compared to fully bleached paper surfaces. This was attributed to the higher
hydrophobicity of the lignin-containing surface, providing enhanced nutrient accessibility to the
organisms.

Secondly, to promote the design of antimicrobial biobased nanomaterials, the synthesis
and characteristics of lignin nanoparticles was investigated. A nanoprecipitation method was
implemented using a solvent exchange process by solubilizing lignin in a water-miscible organic
solvent followed by the rapid addition of excess water, to which lignin has negligible solubility.
To dive deeper into the formation mechanisms, different fractions of lignin were isolated, each
with a unique chemical and molecular weight distribution. It was determined that LNPs formed
from more hydrophilic lignin were 67% larger on average than those formed from less
hydrophilic lignin. This was attributed to a particle swelling and fusion phenomenon due to
higher interactions between the lignin fraction and the aqueous medium. It was also determined
that less hydrophilic LNPs possess a higher surface free energy, resulting in the aggregation of
individual particles driven by hydrophobic forces. In this work we investigated the surface forces
that play a role in the formation and stability of soft colloids that can be extrapolated to other
colloidal systems.

Thirdly, to develop antibacterial solutions from biobased materials, lignin was
coprecipitated with a known antibacterial essential oil compound, isoeugenol, at a high oil-to-
lignin ratio. This coprecipitation was engineered using concepts from the ouzo effect in which a

submicron droplet is spontaneously formed by supersaturated nucleation. The lignin



nanocomplex (LNC) configuration was suggested to follow the unique case of “trapped species
in a droplet”, in which lignin stabilizes an isoeugenol droplet from within by balancing the
surface interactions at the oil-water interface. It was determined that lignin greatly increases the
stability of an isoeugenol dispersion through ripening inhibition, as evidenced by the consistent
turbidity at high ionic strengths and elevated temperatures. The improved stability of the
isoeugenol dispersion translated to twice the antibacterial activity against Salmonella enterica
serovar Typhimurium and Listeria innocua in solution and on dry paper surfaces. Lignin was
also fractionated to tune the LNC characteristics and stability. Less hydrophilic lignin fractions
enhanced the stability of isoeugenol to a greater degree than more hydrophilic lignin fractions.
This work elucidates the versatility of lignin as a nanomaterial and potential for lignin
valorization in antimicrobial applications.

Finally, the design of a continuous nanoprecipitation mixer (NPcont) to produce LNPs was
reported using concepts from the Venturi effect. The Venturi effect employs a laminar flow of
fluid through a constricted volume to generate a drop in static pressure that may be exploited to
generate a flow of a second stream. The two streams used for LNP formation were a continuous
flow of water and an aqueous acetone lignin solution. In this research, the solvent effects of LNP
formation were investigated and the determine optimal parameters were used for LNP scaled-up
synthesis. The NPcont Showed potential to produce much smaller particles than at the bench scale

and at a rate of 225 g/hour on a dry basis.
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1 INTRODUCTION

1.1 Lignin description

Lignin exits in almost all forms of biomass and is the second most abundant biopolymer
in nature behind cellulose. It acts as a structural component of plant cell walls that provides
rigidity and support at the cellular and organismal level. It is a polyphenolic biopolymer with a
diverse chemical structure dependent on the biomass source. It is synthesized from three
phenylpropanoid subunits, termed monolignols that undergo a polymerization process within the
plant cells resulting in a complex structure that is not very well characterized due to chemical
changes during extraction (see Figure 1-1). The ratios of these monolignols vary with the
biomass source, greatly affecting the chemistry of the polymer. Softwood lignin results from the
polymerization, in vivo, of predominantly one of the three monolignols, namely coniferyl
alcohol, whereas hardwood lignin results from the polymerization of a mixture of coniferyl
alcohol and sinapyl alcohol. All three monolignols are prominent during the polymerization of

non-wood lignin.

HO HO. Ho.
OCH; HaCO OCH;
p-coumaryl alcohol coniferyl alcohol sinapyl alcohol

Figure 1-1. Conventional monolignols for lignin biosynthesis



Utilizing lignin as a valuable biomaterial has its challenges given that it must undergo
rather intense extraction processes. Most commonly, lignin is extracted during the kraft pulping
process in the pulp and paper industry. Kraft pulping involves the extraction of lignin and
hemicellulose from biomass through high alkaline conditions, in which the lignin is solubilized
and separated from cellulose. The mixture of lignin, hemicellulose and extractives from the
pulping process is colloquially referred to as black liquor. Lignin can then be further purified
from the black liquor through acid precipitation, in which lignin is no longer soluble. The
precipitation and purification of lignin has been implemented at the industrial scale using the
LignoBoost process (Valmet).

During the extraction of kraft lignin (KL) from biomass, the macromolecule is broken
down by a series of complex thermochemical reactions that, among other products, generate a
large number of phenolic hydroxyl groups by the cleavage of ether bonds (Hu et al., 2016). KL
thus has a significantly different structure than native lignin. Due to KL’s newly formed multi-
functional groups, mainly phenolic hydroxyl, carboxyl, and aliphatic hydroxyl groups, it
possesses a unique set of properties related to its UV absorption (Qian, Qiu, & Zhu, 2015; Yearla
& Padmasree, 2016), emulsion stabilization ability (Nypel6 et al., 2015), antioxidant effects

(YYearla & Padmasree, 2016), chelation (Guo et al., 2008).

1.2 Lignin availability and commercial isolation

The primary source of lignin readily available for use on a large scale is found in wood
pulping liquors, colloquially referred to as black liquors. On a global basis, more than 78 million
tons of lignin are generated from Kraft and sulfite pulping operations (Jardim et al., 2020).
However, 96% of this lignin is not isolated but instead burned on-site to provide steam for heat

and power generation. The heating value of lignin is similar to ethanol (27 KJ/g), and is a



suitable source for bioenergy (Culbertson et al., n.d.; Jardim et al., 2020). For this and other
practical reasons, most of the industrial lignins are burned on-site, and only a small fraction is
used for materials manufacturing. However, the huge opportunity for securing vast quantities of
lignin from the pulp and paper industry, and at large scale, is compatible with developments in
biorefineries and bioproduct mills that integrate biomass conversion processes aiming at
increasing the value of under-utilized streams such as lignin. As previously mentioned, recent
technological developments have made possible the extraction of lignin from pulp and paper
operations at a cost less than USD 250/ton (Abbati De Assis et al., 2018; Prasad et al., 2018)with
a production volume near the hundreds of tons per day available for further value-added
transformation. Examples of industrial lignins, also known as technical lignins that are
commercially available include BioChoice Lignin (Domtar) and Indulin (Ingevity). The scalable
extraction of lignin from kraft pulping liquors has been implanted at an industrial scale at various
pulp mills. One of the more common industrial methods is the LignoBoost method depicted in
Error! Reference source not found. (Hamaguchi et al., 2012; Valmet LignoBoost - Lignin

Extraction, n.d.).

Conc. black .
liquor 4= Evaporation Diluted black liquor

Wash water
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Figure 1-2. Diagram of the LignoBoost method from Valmet (Hamaguchi et al., 2012; Lignin

Extraction Process, n.d.)



The LignoBoost method involves the precipitation of lignin by acidifying the alkaline
black liquor effluent stream. Acidification will protonate phenolic groups of kraft lignin,
drastically reducing its solubility in an aqueous medium. The precipitate is washed, pressed, and
acid washed to remove hemicellulose and inorganics.

Furthermore, recent environmental life cycle, cradle-to-gate analysis on the impact of
adding a commercial-scale lignin extraction process to an existing kraft pulp mill (modeled after
the BioChoice Lignin produced at Domtar), indicated a considerable reduction of the estimated

global warming potential (Culbertson et al., n.d.).

1.3 The rise of paper packaging

Our society is facing a pivotal moment in the transition to a more sustainable future as a
direct result of the global effects of climate change and the rise of more environmentally
conscious generations. The initial focus was aimed toward CO; reduction and renewable clean
energy projects and has since achieved great progress in the development of electric cars,
industrial process optimization, and even carbon capture technologies. With the energy sector
making such great strides in their fight against an uninhabitable future, the next step is limiting
the amount of waste our society produces. While plastics have contributed toward many societal
and economic benefits by protecting our food, transporting liquids, and clothing our bodies, their
resilient nature poses a potential environmental disaster. The EPA reports that more than 80
million tons of packaging waste were generated in the U.S. in 2018 (US EPA, 2018).
Fortunately, the recycling rate of packaging materials has increased from 10% in 1960 to 54% in
2018 (US EPA, 2018), yet the net amount of landfilled mass has been steady during the same

time interval (see Fig. 1-3).
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Figure 1-3. Total packaging waste disposal pathways in the U. S. from 1960 to 2018 (US
EPA, 2018).

The major packaging materials used for food, drinks, and other goods are primarily paper
and plastics, with nearly three times more paper packaging products by mass being generated
than plastic packaging (US EPA, 2018). Plastic waste poses major environmental concerns and
challenges related to biodegradability and processibility in recycling efforts due to the variability
in plastic types (e.g., PET, PLA, polyethylene, etc.). Plastics are highly desirable in their
resilience to environmental conditions (e.g., moisture, mechanical stress), high production
volume and low-cost (Siracusa, 2016). Conversely, paper and paperboard materials were
recycled at a rate of nearly 81% in 2018 (US EPA, 2018) and are considered biodegradable given
their natural origin, yielding it a better option for packaging materials from an environmental
perspective.

On the other hand, bio-based plastics such as starch and cellulose derived films, are a
major research interest due to their natural origin and biodegradability. The demand for products

that are eco-friendly, safe, and non-toxic continues to grow, with many consumers willing to pay



more for environmentally certified products (Barbarossa & De Pelsmacker, 2016; Rokka &
Uusitalo, 2008; Vlosky et al., 1999). As a result, the market value of paper-derived packaging
materials is nearly USD 400 billion with a 6 % annual growth rate (Food Packaging Market
Worth $456.6 Billion By 2027, n.d.), Moreover, the recent SARS-CoV-2 pandemic has
contributed to a 40% surge in e-commerce, an industry that almost solely utilizes corrugated box

for primary and secondary packaging (U.S. Department of Commerce, 2021).

1.4 Foodborne pathogens and their prevalence

The SARS-CoV-2 pandemic has sparked a global conversation and scientific research
relating to the transmission of pathogens through direct human contact and/or inanimate
surfaces. Hundreds of thousands of deaths annually are linked to foodborne pathogen-related
diseases, and up to 600 million illnesses and 400 thousand deaths worldwide every year (Adley
& Ryan, 2016; WHO, n.d.). Additionally, these pathogens generate economic losses in produce
transportation and food storage systems due to microbial food spoilage that can be accounted for
in the billions of dollars (Agrillo et al., 2019; Pitt & Hocking, 2009a). It is estimated that in the
U.S. alone $10 — $100 billion is lost each year due to produce losses generated by fungi and
mold. Most of these losses are incurred in produce such as strawberries and grapes. In addition to
a tremendous amount of food waste, it is estimated an extra $1 billion is spent on fungicides,
profoundly affecting the balance sheet of the berry and wine industries (Dean et al., 2012; Hua et
al., 2018; Snyder & Worobo, 2018).

Pathogens can be foodborne and persist on (packaging) surfaces for hours or even days
(Chin et al., 2020; Gongalves et al., 2021; Johnson et al., 2021; Siroli et al., 2017a; Sizun et al.,
2000; van Doremalen et al., 2020a). The occurrence of novel viruses and the potential for future

pandemics have created and awareness recently in this regard (Chin et al., 2020; Mallakpour et



al., 2021; Marzoli et al., 2021; van Doremalen et al., 2020a). In a new report, SARS-CoV-2 has
been detected on surfaces for up to 28 days (Marzoli et al., 2021), which is much longer than
other coronaviruses. The FDA has recently reported that the transmission of SARS-CoV-2 from
packaging is extremely low due to the limited number of particles that are transferred from
surfaces to humans, yet more contagious variants are continuously appearing and may require a
much lower viral load to result in illness (B. Li et al., 2021). Given the abundant utilization of
paper-based packaging and the growing market for bio-based plastic alternatives, it is necessary
prioritize consumer health and safety by understanding the behavior of pathogens on these
surfaces. Once the problem is fully addressed, potential solutions by developing active
antipathogenic additives will help mitigate further pandemics, secure supply chains, combat
foodborne illnesses, and extend the shelf-life of produce and other perishables.

Packaging of foods are designed currently to have “passive” protection. Passive
protection can be defined as having barrier properties to the environment including, but not
limited to, moisture, microbial contamination, heat (insulators), animals, and UV light radiation.
This passive protection is very effective for non-porous, hydrophobic materials such as plastics,
but absorptive and porous materials like paper or bio-based plastics are at an increased risk to
microbial contamination via the absorption of aqueous media like contaminated water, blood, or
myoglobin.

Foodborne bacterial pathogens account for nearly 3.6 million illnesses annually and make
up 64% of the total foodborne pathogen related deaths in the U.S (Scallan et al., 2011). More
specifically, the CDC listed Salmonella spp., Listeria monocytogenes, and E. coli as the most
prominent bacteria to cause multistate foodborne illness outbreaks in the U.S. (List of Selected

Multistate Foodborne Outbreak Investigations | Foodborne Outbreaks | Food Safety | CDC,



n.d.). The USDA actively estimates the total annual cost of the most common foodborne
pathogens and bacterial pathogens alone account for nearly 12 billion USD (Table 1-1) (USDA

ERS - Cost Estimates of Foodborne IlInesses, n.d.).

Table 1-1. Estimated cost of foodborne illness from bacterial pathogens

Bacteria Cases Cost
Salmonella (non-typhoidal species) 1,027,561 $4,142,179,161
Listeria monocytogenes 1,591 $3,189,686,110
Campylobacter spp. (all species) 845,024 $2,181,485,783
Clostridium perfringens 965,958 $384,277,856
Vibrio vulnificus 96 $359,481,557
Yersinia enterocolitica 97,656 $313,297,920

Shiga toxin-producing Escherichia coli

0157 (STEC 0157) 63,153 $311,036,907
Shigella (all species) 131,254 $159,202,402
Vibrio non-cholera species other than

V. parahaemolyticus and V. vulnificus 17,564 $81,749,064

Vibrio parahaemolyticus 34,664 $45,735,332

non-0157 Shiga toxin-producing

Escherichia coli (STEC non-0157) 112,752 $31,701,852

Total 3,297,273 $11,199,833,944

Natural food preservatives have been used since ancient times due to the appearance of

multiple food related illnesses, generated mainly by different types of bacteria (Cruz et al.,



2018), while fungi have been linked to food spoilage and produce losses (Pitt & Hocking,
2009b). Although virus transmission through food is less reported, the main sources are hepatitis
A and norovirus related outbreak cases, creating awareness of healthy food safety practices
(Koopmans & Duizer, 2004). The appearance of SARS-CoV-2, which is not a foodborne virus
but rather a virus that can be transmitted through direct contact with the infected patient, had
indirect consequences at an early stage of the pandemic, including heightened awareness of
surface cleaning practices in 2020 and 2021 (Barman et al., 2021; Kitz et al., 2021; Zhang et al.,
2021). Although surface transmission is not the primary transmission route for SARS-CoV-2,
several studies reported surface-survival time (Marzoli et al., 2021), which can reach up to 28
days on metal, polymeric and banknote surfaces, longer than other coronaviruses. The virus was
found on different surfaces, e.g., hand sanitizer dispensers, medical equipment, shelves for
medical equipment, and door handles (Razzini et al., 2020). Disruptions in supply chains
occurred due to the number of illnesses, high contagious rate, and economic uncertainty,
indicating the consequences that a virus outbreak can generate on a global scale (Barman et al.,
2021; Hayes et al., 2021; Marquez et al., 2021; C.-H. Tang et al., 2021). More direct changes in
the packaging industries because of COVID-19 was the drastic increase in e-commerce and
direct-delivery related industries (e.g., Uber Eats, Amazon, Hello Fresh), which rely heavily on

containerboard and plastic packaging.

1.41 Foodborne infections

Pathogens are defined as microorganisms or biological materials that prompt human
disease (Balasubramaniam et al., 2021; Otter et al., 2013; Siroli et al., 2017b; Sirsat, 2020a). The
two main categories of pathogens, namely facultative and obligate (Balloux & van Dorp, 2017),

have had a massive impact on human history, shaping it through the toll on human life and the



economic and societal upsets which have followed epidemics. The rise of new viruses and their
relation to pandemics have created societal awareness recently in this regard (Chin et al., 2020;
Mallakpour et al., 2021; Marzoli et al., 2021; van Doremalen et al., 2020b). At present,
infectious diseases continue to be significant health threats, with foodborne infections being one
of the most frequently reported.

Hundreds of thousands of deaths are linked to foodborne pathogens-related diseases
annually, including bacteria and viruses, with up to 600 million illnesses and 400 thousand
deaths worldwide every year (Adley & Ryan, 2016; WHO, 2019).

Table 1-2 shows some recent foodborne illness outbreaks in the U.S., Listeria
monocytogenes, Salmonella spp., and Escherichia coli are reported to be the leading causes of
fresh produce-related outbreaks (Vieira & Boyer, 2015). On the other hand, it is known that in
the U.S., meat products are responsible for a significant share of the 500-1500 foodborne
outbreaks that have been reported yearly between 2000 and 2021 (Kumar et al., 2020; Siroli et

al., 2017c; Upadhyay et al., 2013).

Table 1-2. Examples of recent outbreaks of foodborne illness in the U.S. (FDA, 2020)

Year Outbreak source Contaminating pathogen
2016 Beef products and alfalfa sprouts Escherichia coli
2016 Frozen vegetables and packaged salads Listeria monocytogenes
2016 Frozen strawberries and scallops Hepatitis A
2017 Papaya Multiple Salmonella strains
2018 Precut melon Salmonella adelaide
2018 Romaine lettuce Escherichia coli
2018 Packaged vegetable trays Cyclospora
2019 Fresh papayas and frozen tuna Salmonella
2019 Fresh blackberries Hepatitis A
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Table 1-2. (Continued)

Year Outbreak source Contaminating pathogen
2019 Romaine lettuce, salad mix and flour Escherichia coli

2019 Hard-boiled eggs Listeria monocytogenes
2020 Red onions, peaches, and mushrooms Salmonella

2020 Bagged salad Cyclospora

2020 Mushrooms Listeria monocytogenes
2020 Clover sprouts Escherichia coli

2020 Cheese Listeria monocytogenes
2020 Alkaline water Hepatitis

2021 Shrimp Salmonella

2021 Salad Salmonella

2021 Onions Salmonella

2021 Spinach Escherichia coli

2021 Packaged salad Listeria monocytogenes
2022 Packaged salad Escherichia coli

2022 Powdered infant formula Cronobacter and Salmonella
2019 Romaine lettuce, salad mix and flour Escherichia coli

2019 Hard-boiled eggs Listeria monocytogenes

and their transmission follows a set of complex surface chemistries, environmental conditions,

The occurrence of pathogens in produce and food products stems from various sources,

and inherent viability. It has been found that the long-lasting presence of some microorganisms

on the surface of fresh produce packaging can lead to their rapid multiplication and possible

biofilm formation in the case of bacteria (Karumathil et al., 2016; Rawdkuen et al., 2016;

Yahaya et al., 2019). Regarding viruses, norovirus and hepatitis A are known to be transmitted

via surfaces, such as the case of packaged food handled without standard healthy practices. Thus,
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several outbreaks have been reported in recent years in the U.S. and other countries (Greening &

Cannon, 2016; Lin et al., 2021; Petrovi¢ & D’Agostino, 2016).

1.4.2 Essential oils entrapment

EOs are volatile compounds that can easily evaporate and/or degrade under heat,
pressure, light, and oxygen, limiting their use in packaging applications. Furthermore, their
relatively non-polar structure makes them practically insoluble in water, and simple aqueous
formulations cannot be readily prepared. However, such drawbacks can be ameliorated to
enhance the physical stability and bioactivity of such compounds during processing, application
and storage by employing nano-/micro-encapsulation technologies, resulting in a practical and
efficient approach.

Encapsulation is generally defined as the entrapping of active compounds (solid, liquid,
or gas core) in solid or micellar capsules. The capsule or shell material protects the active core
from the surrounding environment and may allow, in many cases, controlled release of the core
substances (e.g., EO molecules, drugs, biocides, among others). The encapsulation of essential
oils can be attained by different methods (Figure 1-4), mainly as solid-lipid nanocarriers,
liposomes, and nanoemulsions (Chelliah et al., 2019). The encapsulation material can vary.
Surfactant molecules, polymer complexes, phospholipids and biopolymers have been used

effectively as encapsulation materials.
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Figure 1-4. Types of nanostructured encapsulation systems applied for essentials oils with
antiviral activity (Marquez et al., 2022).

Alternatively, essential oils may also be encapsulated as nanoemulsion using surfactants.
Nanoemulsions are the most reported method to encapsulate essential oils. EOs nanoemulsions
have been stabilized by using nonionic ethoxylated sorbitan esters surfactants to attain oil-in-
water (O/W) emulsions (Prakash et al., 2018). The presence of the surfactant or linker molecules
allows a gradual polarity change at the vicinity of the interface (shell of the capsule), and thus

more beneficial interactions between surfactant—aqueous phase and surfactant—oil phase where
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solubilized EOs bioactive compounds are encountered (Chu et al., 2014; Salager et al., 2005,
2019). This allows the Winsor R relation (Bourrel & Schechter, 2010; Salager et al., 2022;
Winsor, 1954) to become R < 1 (i.e., hydrophilic-lipophilic deviation, HLDn < 0) if an O/W
emulsion is the target (Forgiarini et al., 2021; Salager et al., 2020). On the other hand, R =1 or R
slightly lower than 1, would be necessary if a bicontinuous microemulsion (HLDn = 0) or O/W
microemulsion are needed, respectively (Ontiveros et al., 2013; Queste et al., 2007; Salager et
al., 2020).

The method for nanoemulsion preparation uses spontaneous emulsification if low-energy
emulsification methods are preferable (Bullon et al., 2007, 2021; Forgiarini et al., 2001;
Komaiko & McClements, 2015) or high-energy emulsification with homogenizers or
microfluidizers (McClements & Rao, 2011). The formulation could be applied as a liquid spray
solution or placed inside an absorbent pad after generating the O/W emulsion or gel (by using a
rheology modifier polymer or a high concentration of surfactants), e.g., in food packaging
(Prakash et al., 2018). It has also been found that in cosmetic formulations, lotions, and hand
sanitizers, among others, a quantity of encapsulated essential oil has been incorporated to
generate a specific antiviral activity (Oliveira et al., 2020; Takeda et al., 2021; Yadav et al.,
2017). The maximum concentration limit is usually determined by a toxicity threshold for some
essential oils, e.g., clove essential oil or eugenol (Millet et al., 1981). If a homogenous external
oil phase is preferable, as is the case with W/O nanoemulsions, EOs compounds have to be
solubilized in biocompatible or biobased solvent oils, which has been found to be difficult due to
its high hydrogen bonding (H) and polar (P) parameters according to a Hansen Solubility
Parameter approach (Benazzouz et al., 2014). A summary of methods to entrap or encapsulate

essential oil compounds is listed as the following (Figure 1-4):
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1. Encapsulation in inclusion complexes with cyclodextrin biopolymers. Cyclodextrins (CD)-
essential oil inclusion complex has been attained with various essential oils (Poulson et al.,
2022), (Buendia-Moreno et al., 2019; L. B. Moreno et al., 2020; Suprani et al., 2019). The
molecular structure of a-CD, B-CD, and y-CD allows tuning the encapsulation of EOs to be
applied in a CD vehicle as a coating in packaging materials.

2. Encapsulation in liposomes with phospholipids. Liposomes have been used (although
scarcely) for essential oil encapsulation for antimicrobial applications (Varona et al., 2013).
Despite its complex fabrication, advantages of this type of encapsulation are the
biocompatibility and the possibility of controlled release due to the membrane-like structure
given by lecithin, which is used in most formulations reported (Yasuda, 1991).

3. Encapsulation in Pickering emulsions using solid nanoparticles. Thymol, cinnamon and
chamomile essential oils have been encapsulated mainly in silica nanoparticles-based
pickering emulsions (Das, Horvath, Safranko, Joki¢, Széchenyi, & Készegi, 2019; Fasihi et
al., 2019; J. Li et al., 2018; Sun et al., 2020; Zhou et al., 2018). Antimicrobial activity has
been reported, although certain authors have raised safety concerns regarding nanoparticle-
based formulations, suggesting that further studies addressing such concerns might be

required (Dickinson, 2010; Espitia et al., 2016; Slavova et al., 2020).
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2 BACKGROUND

2.1 Nanoprecipitation method

A nanoparticle can be considered as a form of matter that has at least one dimension with
a length between 1 nm and 1000 nm. Nanomaterials can be synthesized from metal ions,
proteins, organic molecules, or polymers and frequently utilized in the food and agriculture,
pharmaceutical and technology and communication industries. Reducing the size of materials to
the nanoscale greatly enhances the surface-area-volume ratio, allowing for superior functionality
compared to macroscale materials.

Nanomaterials from organic matter are commonly involved in the creation of colloidal
dispersions in aqueous or lipid mediums. These materials are sometimes referred to as “soft
matter.” The nanometric features allow for high dispersibility without sedimentation in stable
systems, resulting in molecular characteristics of typically insoluble materials. These can be in
the form of nanoparticles, nanoemulsions, micelles, coacervation complexes, nanogels, and
many others.

A variety of methods exist to fabricate nanomaterials, with one of the more common
methods being solvent exchange or nanoprecipitation. Nanoprecipitation involves changing the
physical state of a dissolved system by drastically reducing the strength of interaction between
the solute and solvent. This can be achieved by changing the composition of the solvent or
chemically altering the solute (e.g., protonation/deprotonation, redox reactions, crosslinking,
polymerization, etc.). In the case of polymers or organic small molecules, this most frequently
involves the dissolution of the material in an organic solvent followed by the addition of an
antisolvent (usually water) that is miscible with the organic solvent. Alternatively, the material

can be dissolved in a binary solvent including both a volatile organic solvent and water, followed
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by the evaporation of such volatile organic solvent. In both cases, the solvent composition is
drastically changed to a point at which the solute is no longer in a dissolved state and a
thermodynamically driven process occurs to generate a dispersed state of matter. The molecules
will arrange themselves by means of surface energy minimization, in which the surface area-to-
volume (S/V) ratio is minimized. Therefore, this process most commonly generates spherical
morphologies, in which the S/V ratio is lowest. The thermodynamics of this process will be
discussed in later sections.

Common practices of nanoprecipitating polymers, include 1) the injection of a dissolved
polymer into water, 2) the injection of water into a polymer solution, or 3) the integration of two
streams, one being water and the other being the polymer solution. All of which have proven to

be relatively simple and low-energy methods to produce polymeric nanoparticles.

2.2 Mechanisms of nanoparticle formation

2.2.1 Classical nucleation and growth

Nucleation of matter is the phase separation of heterogeneous materials (i.e., solvent and
solute) from a single-phase system to a biphasic system, comprised of a dispersed phase and
continuous phase. Nucleation is driven by the transition from a metastable state to a stable state
by means of self-assembly. Although there is an overall favorable energy change, nucleation and
growth cannot proceed without overcoming kinetic and thermodynamic barriers, as discussed
further in this section. Nucleation can be segmented into homogeneous and heterogeneous
nucleation, with the former being the spontaneous generation of clusters of a single material and
the latter requiring a nucleating agent or crystallization surface to initiate nucleation. Both

nucleation events can hypothetically occur, but homogenous nucleation is less common due to
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the purity requirement. Any impurities in the system (e.g. dust, supramolecular clusters, air, etc.)
will lower the energy of nucleation and therefore must be defined as heterogenous nucleation.
However, nucleation can be described thermodynamically under the assumption of homogeneous
nucleation and heterogenous nucleation can be derived thereafter. In depth descriptions of CNT
have been described many times since its initially birth in 1878 by Josiah Willard Gibbs, but will
also be reviewed briefly here (Karatutlu et al., 2018; Thanh et al., 2014; C. Zhao, 2016).

The propensity for a particle to form is dependent on whether the seed nucleus will
remain stable after phase separation or will redissolve. The reciprocation between nucleation and
dissolution will occur many times at early stages of nucleation. This phenomenon can be
described mathematically in terms of free energy. According to the classical nucleation and
growth model for homogenous nucleation, the total free energy of a particle can be described in

terms of surface free energy of a particle and free energy of molecules in the bulk (Eg. 1 and 2),

413AG,

AG = 4mr?y + Q)
AG, = TS @

where AG is the total Gibb’s free energy, r is the particle radius, y is the surface free energy, AGy
is the free energy difference per unit volume between the nucleating material and the solvent, ky
is the Boltzman constant, T is temperature, S is supersaturation ratio Cx/Cmax, and v is the molar
volume.

In the case that a cluster of molecules spontaneously aggregate in a supersaturated

solution such that AGy is negative, and the surface free energy always being positive, the total

18



free energy of the formed particle scales with r with a maximum free energy at critical radius r*

(Figure 2-1)
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Figure 2-1. Gibb’s free energy diagram of the surface free energy and bulk free energy
contributions to nucleation events as a function of particle radius (Thanh et al., 2014).

Figure 2-1 shows that as the size of the clustered molecules increases, the surface free
energy increases and scales with r? and the free energy in the bulk decreases and scales with r3,

The total free energy of the particle is a sum of the two terms where the supersaturation drives

the nucleation, whereas the surface free energy acts as a barrier to the progression of nucleation.

The radius of the nuclei at which the change in free energy of the bulk is favorable enough such

that the surface free energy barrier is overcome can be defined by Equations 3 and 4.

dAG
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The critical radius is therefore the minimum radius at which nuclei can exist without
being redissolved into solution. As mentioned previously, the nucleation of particles from a
supersaturated solution must overcome an energy barrier to form stable nuclei seeds, thus, by
definition, the solution of molecules prior to nucleation is in a metastable state. The derivation of
the critical radius is important considering it is a rearrangement of the Ostwald-Freundich
equation which describes the Ostwald ripening phenomenon in which small particles or nuclei
redissolve and merge with larger, more stable nuclei. This concept of Ostwald ripening will be
revisited in later sections.

The Kkinetic barrier of CNT is that of a statistical probability that molecules will collide
and interact to form initial nuclei for growth to spontaneously occur. This probability is greatly
enhanced by supersaturating the local environment. The rate of nucleation (dN/dt) can be defined
in Equation 5 by the classical nucleation theory and is independent of whether heterogenous or
homogenous nucleation occurs, as the pre-exponential term, A, will account for the discrepancy

(Thanh et al., 2014).

anN _ __lemy*vh
dt Aexp ( 3(ka)3(1n(S))2) ()

Equation 5 states that the rate of nucleation is highly dependent on the degree of
supersaturation. Assuming the mixing rate is faster than formation of nuclei and the
supersaturation condition is met, a large number of nuclei at radius r* will be formed, greatly
decreasing the solute concentration, limiting the formation of future nuclei. Thus, the remaining

mass of metastable or unstable solute molecules will adsorb onto the surface of preformed nuclei
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and the particles will grow. This is essentially the burst nucleation mechanism developed by La
Mer (Lamer & Dinegar, 1950).

In the case of heterogeneous nucleation, the nuclei will not form a complete sphere
initially, but rather forming an ellipsoid with a contact angle, 0, respective of the already-present

surface and the bulk solvent (Equation 6).

(2+c0s8)(1—cos6)?
4

AG,(r*) = BAG, (") = AG, (") (6)
Since the surface is already present in the solid state, the energy barrier, AG(r"), is less

than that of homogenous nucleation (See Figure 2-2).
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Figure 2-2. Gibb’s free energy correction factor (B) for heterogeneous nucleation as a function of

particle interface contact angle (O).

Once the conditions are met where the critical radius of the nuclei is achieved, there is
kinetic exchange between the formation of new nuclei, redissolution, and the growth of pre-
existing nuclei. Energetically, the growth of already formed nuclei is more favorable than the
formation of a new surface, but this is spatially constrained and cannot be extrapolated to the
bulk. Therefore, let us consider the thermodynamic propensity and growth rate of preformed

nuclei. The total flux of molecules, J, can be described as a function of the diffusion coefficient,
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D, particle radius, r, and distance from the particle surface, X, the concentration of the particle
molecules at the solid-liquid interface, Ci, and the concentration of the solute molecules in the
bulk, Cy (Equation 7).

J =4nDr(C, — C)) @)

2.2.2 Solid-liquid phase transitions

Supersaturated solutions and their relationship with phase transitions of polymers and
small molecules can be described in terms of free energy of mixing, where the solution can been
in several different energy states including stable, unstable, and metastable (Brick et al., 2003; C.
Zhao, 2016). The phenomenon of spinodal decompositions occurs under this description in the
unstable regime. In spinodal decomposition, the solute is in a highly supersaturated state where it
is inherently unstable in terms of free energy of mixing and the energy barrier for nucleation to
occur is non-existent.

Figure 2-3 describes the qualitative relationship between free energy of mixing and the

solution composition in terms of polymer concentration(Brick et al., 2003).
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Figure 2-3. Free energy of mixing diagram and the solution composition in terms of polymer
concentration (Brick et al., 2003; C. Zhao, 2016).

At low solute concentration, the free energy of mixing is negative and the change in free
energy (G2 - G1) during a phase separation into two phases, A and B, is positive (non-
spontaneous), therefore redissolves into the bulk. Similarly, when the “solute” concentration is
nearly 100%, the solute will be in a swollen solid state and the phase separation will also be
unfavorable energetically due to insufficient solvent. Conversely, when the solute is locally
supersaturated, S1 < Cx < S2, where Cx is the solute concentration, the phase separation is highly
energetically favorable due to a negative change in free energy. However, the metastable regions
between the local minimum and the spinodal points (S1, S2) require additional energy for a

complete phase separation which can be provided by large fluctuations in solute concentrations.
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S1 and S2 are the spinodal points edging the concentration regime of the saddle point, where
spinodal decomposition occurs.

Based on the previous description, a solute can undergo a phase separation by either
increasing in the solute concentration, decreasing the solvent concentration, or decreasing the
solubility of the polymer (pH, temperature, etc.). The nanoprecipitation method through
antisolvent precipitation can be described by relating the various points along the AGmix Vs solute
concentration curve over an array of antisolvent concentrations and the binodal (equilibrium)

curve and spinodal decomposition curve can be constructed as in Figure 2-4.
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Figure 2-4. Free energy of mixing and phase diagram of a solute precipitation from solution by

the addition of a non-solvent (Co-3) (Brick et al., 2003)
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In Figure 2-4, Co-C3 are the increasing concentrations of the antisolvent in the system.
The occurrence of spontaneous phase separation (spinodal decomposition) will occur at lower
solute concentrations when more antisolvent is added to the solution. The region between the
binodal and spinodal curves represents the metastable regions. As previously mentioned,
classical nucleation theory requires energy to form stable nuclei and eventually form particles.
This energy is provided by the energy release during the statistical fluctuations in the formation
of a single stable nuclei, driving more nuclei formation. Both classical nucleation and spinodal
decomposition possess the requirement of supersaturation to occur, with spinodal decomposition
requiring higher levels of supersaturation due to the statistical independence. Thus, both models
can be present in the same system assuming high supersaturation, where there is a distribution of
events, especially in systems of heterogeneous nucleation. As the concentration of the solute
greatly decreases, the system is pushed into the metastable regions where the statistical formation

of nuclei drives further particle growth.

2.3 The Ouzo effect

Ouzo, a popular alcoholic beverage in some Mediterranean countries, is a mixture of
ethanol, water and a small amount of anise oil that turns milky-white when diluted with
additional water and remains stable for long periods (Ganachaud & Katz, 2005; Vitale & Katz,
2003). It was speculated that the dilute anise oil is precipitated out of solution in a droplet form
when the solvent composition becomes less favorable for the hydrophobic compounds. This
phenomenon intrigued colloid researchers and prompted a wave of investigations into the
mechanism and exploitation of the precipitation of hydrophobic compounds in agueous systems.
This interest was quickly expanded to include the food, material, and pharmaceutical sciences,

among others. It was apparent that hydrophobic molecules can be precipitated from hydrophilic
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solvents by simply the addition of excess water. Many hydrophilic solvents are also commonly
more volatile than water such as ethanol, acetone, and THF, and can be easily recovered via
evaporative techniques.

The ouzo effect is a special type of spontaneous emulsification that typically does not
require a surfactant to remain stable for a finite amount of time. More specifically, this occurs
when two immiscible liquids are in contact with one another and emulsify without agitation
(Groves, 1978). The ouzo effect is restricted to a specific range of mixture compositions called
the “ouzo region.” The ouzo region is in the metastable regime, between the binodal and
spinodal regions (see Figure 2-4). For the nucleation of hydrophobic molecules, this means a low
solute-to-solvent ratio and a low solvent-to-antisolvent ratio. Vitale et. al., details the
experimental description of the ouzo effect and the many variables that may affect the formation
and stability of the colloidal dispersion (Vitale & Katz, 2003). For example, the phase diagram of
a divinylbenzene in an ethanol water mixture is depicted in Figure 2-5 (Ganachaud & Katz,

2005; Vitale & Katz, 2003).
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Figure 2-5. Phase diagram of divinylbenzene precipitated from an ethanol water solution
(Ganachaud & Katz, 2005; Vitale & Katz, 2003).
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As previously mentioned, the spontaneous emulsification of hydrophobic molecules by
solvent shifting occurs in the metastable regime between the binodal and spinodal curves. Thus,
the ouzo effect is that of a nucleation mechanism rather than a spinodal decomposition
mechanism. Energetically, the formation of the hydrophobic droplet dispersions will follow the
homogeneous nucleation mechanism described in Section 2.2.1. In Figure 2-5, the region above
the binodal line will result in a dissolved state of the hydrophobic compound, whereas below the
spinodal line, spinodal decomposition will occur, forming very large droplets that will quickly
coalesce and phase separate. At very high solute and solvent concentrations, a reverse ouzo
dispersion may form where water, the antisolvent, is the dispersed phase. Mechanistically, when
the solubility limit is reached, the hydrophobic compounds will rapidly nucleate creating a local
depletion of solute, restricting further nuclei formation. The nucleation will be followed by
absorption/adsorption of excess solute molecules by existing nuclei. The small droplets will then
grow over time by coalescence through particle collisions or Ostwald ripening, homogenizing
the size distribution. The particles will reach a larger enough size where Ostwald ripening is
limited, and the dispersion will become stable. However, it must be noted that the destabilizing
mechanisms of Ostwald ripening and coalescence will not simply halt but will occur at a lower
rate. Thus, many researchers include stabilizers such as surfactants or ripening inhibitors to

reduce further destabilization occurrences.

2.4 Ostwald ripening

Classical nucleation theory provides a high-level description of the formation of
nanoparticles by nanoprecipitation but has its limitations, much of which can be attributed to the
capillary assumption, where the nuclei are considered to have an infinitely flat surface at its

interface. However, in cases of low solute concentration or very high mixing rates, nuclei are
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likely to be composed of very few molecules, which is better represented by having a sharp,
curved surface at small sizes. This, in turn, will generate an increase in the so-called Laplace
pressure, in which there is an inverse relationship between the internal pressure of a spherical

particle and its radius (Equation 9).

Asz(Ril—i)z%y (Let R, = R,) (9)

R,
The Laplace pressure will increase the energy barrier to form stable nuclei. The Laplace
pressure of a particle with radius R times the molar volume, vy, yields the chemical potential, Ay,
of dissolution of molecules in the bulk, p», and phase separation of molecules in a particle, pp, as

in Equation 10 (Kabalnov, 2001; Webster & Cates, 1998).

2yvp

A= pp =y = 2L (10)

s _ _2ywp
TR (11)

The chemical potential is always positive in the case of a positive surface energy, which
agrees with the argument that a particle dispersed in a continuous phase is always dissolving
(Kabalnov, 2001). The derivative of the chemical potential difference with respect to particle
size is always negative and scales with 1/R?, so any instances of polydispersity will drive the
system to quickly stabilize by dissolution of molecules from metastable small particles and
deposit on larger, more stable particles in a saturated solution (Equation 11, Figure 2-6). This is

the definition of Ostwald ripening.
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Figure 2-6. The relationship between the particle radius and chemical potential of a molecule at

the surface of a particle.

However, there are methods to inhibit Ostwald ripening. One type of ripening inhibitors
is the trapped species model. In this case, a third constituent is introduced to the solution that is
more soluble in the dispersed phase and highly insoluble in the continuous phase. The

introduction of this third entity yields a modification of Equation 10 into Equation 12:

R 4mR3
3

Ap= |- &] v (12)

In Equation 12, N is the number of molecules of the third component dissolved in the
dispersed particle/droplet. The first term is related to the Laplace pressure. However, the Laplace
pressure is in constant competition to the osmotic pressure of the trapped species, the second
term, due to relatively high local concentrations of the solute in a phase separated particle. Now,
at small particle sizes, the change in chemical potential favors the particle state over the

dissolved state (Au < 0). The relationship between particle radius and chemical potential is

shown in Figure 2-7.
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Figure 2-7. Chemical potential of a molecule at the surface of a particle containing a ripening

inhibitor.

The critical radius r* from classical nucleation theory mentioned in Section 2.2.1 is the
radius at which the particle will remain phase separated and grow rather than redissolve. A
similar critical radius, R, can be derived from the first derivative of Equation 12 where the

osmotic pressure and Laplace pressures are equal:

« _ [3NkgT
R* = “omy (13)

Above this critical radius, the chemical potential is positive, and the particle will dissolve.
Below the critical radius, the chemical potential is negative, and the dissolution of the particle
will not occur. As the number of trapped species in the droplet, N, increases, the larger the
particle can exist without Ostwald ripening occurring. This type of ripening inhibition is
especially effective in the case of the dispersed droplet having partial solubility in the continuous
phase and the third component (trapped species) having less solubility in the continuous phase

then the dispersed component yet being highly miscible with the dispersed phase.
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3 SURVIVABILITY OF SALMONELLA TYPHIMURIUM (ATCC 14208) AND
LISTERIA INNOCUA (ATCC 51742) ON LIGNOCELLULOSIC MATERIALS FOR

PAPER PACKAGING

3.1 Abstract

Lignocellulosics are a major resource for food packaging materials. Given their highly
porous and absorptive nature, the uptake and retention of bacteria during food processing,
transportation, and storage presents a potential risk for outbreaks of foodborne disease. Thus, a
greater understanding of how bacteria proliferate and survive on lignocellulosic surfaces is
crucial. The aim of this work was to compare the growth and survivability of Salmonella
Typhimurium and Listeria innocua on bleached and unbleached paper packaging materials. Two
different paper materials were fabricated to simulate linerboard from fully bleached and
unbleached market pulps and inoculated with each bacterium at high bacterial loads (10’ CFU).
The bacteria propagated during the first 48 hours of incubation and persisted at very high levels
(> 107 CFU/cm?) for 40 days for all paper and bacterium types. Unbleached paper allowed for a
greater degree of bacterial growth to occur compared to bleached paper, suspected to be due to
the more hydrophobic nature of the lignin-containing fibers. However, there are several other
considerations such as storage conditions, nutrient availability, and chemical composition of the

fibers that may alter the behavior of the bacteria on lignocellulosic surfaces.

3.2 Introduction
The transmission of harmful pathogens can occur via multiple pathways (e.g., surfaces,
direct human interaction, etc.). Recently, due to the SARS-CoV-2 pandemic, the adaptation of

consumer behavior has also had indirect consequences on supply chains including surges of

31



nearly 40% in e-commerce sales that rely heavily on the use of corrugated boxes to store,
transport, and deliver goods and food products (U.S. Department of Commerce, 2021). The EPA
reports that 33.3 million tons of corrugated boxes, presumably for mainly packaging purposes,
were generated in the U.S. in 2018, while only 14.5 million tons of plastic packaging were
generated in the U.S. in 2018 (EPA - United States Environmental Protection Agency, 2020). In
that same year, the recycling rate of corrugated boxes was 96.5% while the recycling rate for
plastic packaging was only 13.6% in the U.S (EPA - United States Environmental Protection
Agency, 2020). Thus, much of our food and other goods are distributed and preserved with
lignocellulosic packaging materials and the majority are recycled. As sustainability becomes a
growing factor in relation to food packaging, it is likely that paper-based packaging will become
even more predominate among consumers and industry.

Foodborne disease caused by bacterial pathogens causes approximately 3.6 million
illnesses annually and represent 64% of the foodborne pathogen-related deaths annually in the
U.S., with the remaining 36% caused by viruses and parasites (Scallan et al., 2011). Many of
these illnesses, including those caused by Salmonella spp. and Listeria monocytogenes, have
been linked to human contact with both raw meats and fresh produce, with the transmission
emerging from packaging and processing, contaminated irrigation, handler error, improper
storage, and contaminated soil systems (Hanning et al., 2009; Harris et al., 2003; Malhotra et al.,
2015; Sung et al., 2013). Unfortunately, to the authors’ knowledge, there are no published
studies directly relating the number of these illnesses contracted through direct or indirect
contact with paper packaging specifically, although some early reports attribute cross-
contamination to be a major route of transmission (Buzby et al., 1996; Roberts, 1986).

Nevertheless, it is important to understand the factors that may influence the survivability of
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foodborne bacterial pathogens on paper-based packaging to guide the development of more
advanced technologies aimed at combating foodborne disease.

Several studies have investigated the survivability of common foodborne bacteria on
various surfaces and have concluded some general understandings to that regard (Kramer et al.,
2006; Kusumaningrum et al., 2003; Patrignani et al., 2016; Siroli et al., 2017a; Sirsat, 2020b;
Sirsat et al., 2013; Wilks et al., 2006). For example, Siroli et al. studied the survivability of E.
coli and L. monocytogenes, among others, on plastic and paper surfaces and found that the plastic
surfaces yield higher survivability rates compared to that of paper surfaces (Siroli et al., 2017a).
The authors proposed that the sequestration of the microbes in the porous fiber matrix of paper
materials restricts the access of the microorganisms to necessary nutrients, whereas the nutrients
remain much more accessible on the surface of non-porous plastic materials (Siroli et al., 2017a).
On the other hand, Sirsat et al. studied the survivability of Salmonella spp., L. monocytogenes,
and E. coli on cardboard coupons and found that the microbes can last more than 30 days, apart
from E. coli, which maintained viability for only 48 hours, yet not much information was given
about the surface material other than it being paper-derived (Sirsat, 2020b). The survivability of
similar microorganisms on stainless steel surfaces has also been investigated and it was
determined that foodborne bacterial pathogens can survive up to four days on such surfaces
(Kusumaningrum et al., 2003; Wilks et al., 2006). In conclusion, the longevity of bacteria on
surfaces is highly variable and strain dependent, and access to nutrients seems to be a major
contributing factor (Kramer et al., 2006; Patrignani et al., 2016; Siroli et al., 2017a; Sirsat et al.,
2013).

Paper packaging materials are produced from pulping lignocellulosic biomass containing

cellulose, hemicellulose, and lignin. The amount of lignin and hemicellulose present in the paper
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decreases with pulping and bleaching (Zambrano, Marquez, et al., 2021). In addition to
delignification, conventional bleaching methods oxidize the cellulose, resulting in a relatively
large number of carbonyl groups (Zambrano, Marquez, et al., 2021). However, the presence of
carbonyl groups on the surface of a cellulosic fibers will not likely result in a dramatic increase
in antibacterial activity. Lignin, the second most abundant biopolymer present in biomass behind
cellulose, has been associated with antimicrobial activity due to its polyphenolic substructure,
deeming it a potential candidate for use as a biobased antimicrobial agent (Espinoza-Acosta et
al., 2016). While many studies have examined the antimicrobial effects of lignin as an extractive
from pulp and paper processes, termed technical lignins, much of the more promising results are
found with lignin composites containing other known antimicrobial agents, such as chitosan,
cationic polymers, and metal ions (Alzagameem et al., 2019; Rai et al., 2017; Richter et al.,
2015a; Yang et al., 2016). Lignin’s primary role as an antimicrobial agent in vivo is a barrier
polymer for carbohydrates in plants structures (Bhuiyan et al., 2009; Nicholson &
Hammerschmidt, 1992; Vance et al., 1980). To the authors’ knowledge, there has not been an
investigation comparing the behavior of bacteria on unbleached and bleached paper surfaces.
Decoupling the effects of lignin content and oxidation of the cellulosic components during pulp
bleaching is conceptually difficult due to the harsh chemical treatment needed to perform such
process and was not investigated in this work.

Herein, we examined the microbial growth and survivability of Salmonella Typhimurium
and Listeria innocua on bleached and unbleached paper substrates. Salmonella Typhimurium is a
known foodborne pathogen and commonly associated with the majority of salmonellosis
outbreaks (Anderson & Kendall, 2017; Hanning et al., n.d.; Won & Lee, 2017). Listeria innocua

has been considered a safe, nonpathogenic surrogate for Listeria monocytogenes given their
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similar biochemical and growth characteristics (Francis & O’Beirne, 1998; Pradhan et al., 2012).
The paper substrates were made to simulate linerboard for paper packaging applications using
fully bleached and unbleached southern softwood kraft pulp at a lignin content relevant to
common paper packaging materials (e.g., corrugated paperboard). It was expected that paper-
based materials with higher lignin content could inhibit the growth and longevity of bacteria due
to lignin’s suggested bioactive properties. This study adds to the current literature investigating
the survivability of microbes on packaging materials and may serve as a foundation for

developing antipathogenic additives for such materials.

3.3 Materials and Methods

3.3.1 Materials

Two market wood pulps, southern bleached softwood kraft (SBSK) and southern
unbleached softwood kraft (UBSK) pulp from a paper mill in the Southeast United States were
used for the formation of paper samples.

Two microbial strains, Salmonella enterica serotype Typhimurium MHM 124 (ATCC
14208) and Listeria innocua (ATCC 51742), were received as freeze-dried samples from the
American Type Culture Collection (ATCC). Trypticase soy broth (TSB) and trypticase soy agar
(TSA) were used for overnight cultures incubated at 37° C for both bacterial strains (Fisher
Scientific, Waltham, MA, USA). Additional growth factors including dextrose, ammonium iron
(1) citrate and anhydrous magnesium sulfate were acquired as well from Fisher Scientific

(Waltham, MA, USA).
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3.3.2 Fabrication of Paper Samples

Paper test specimens were cut from pressed paper handsheets to simulate cardboard with
different chemical compositions, specifically lignin content. The procedure for making paper
handsheets is described by TAPPI standard methods (TAPPI T205 sp-02, 2006). The handsheets
were made with a basis weight of 120 g/m? and were pressed to simulate a similar structure as
linerboard for packaging. These handsheets were set to dry in a humidity-controlled room (23°C,
50 % relative humidity) for 48 hours. Once conditioned, the sheets were cut into 2 cm x 2 cm
squares. The paper specimens were wrapped in tin foil and autoclaved at 121°C for 60 minutes

before inoculating with the bacteria for sterilization.

3.3.3 Characterization of Paper Samples

The paper samples were characterized for their lignin content and associated relative
hydrophobicity. The procedure for determining the lignin content of the pulps used for the
fabrication of paper handsheets is described by TAPPI T236 cm-85 (TAPPI Test Methods,
1996). The relative hydrophobicity was determined by the water apparent contact angles that
were measured by the sessile drop method using a Phoenix 300 contact angle analyzer (Surface
Electro-Optics, Suwon City, Korea). Measurements were performed on the first image captured
20 milliseconds after releasing the water droplet to minimize roughness, swelling, and absorptive
effects. The water contact angle was estimated using the tangent line-fitting mode from a

minimum of seven measurements at various locations on the sheet surface.

3.3.4 Inoculation of Microbes on Paper
Trypticase soy broth media (TSB) was modified with additional growth factors at the

following concentrations: 10 mg/L of ammonium iron (111) citrate and 120 mg/L of anhydrous
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magnesium sulfate (TSB+). Trypticase soy agar (TSA) media was modified with the same
additional growth factors at the same concentrations, with the addition of 2.5 g/L of dextrose
(TSA+). The additional growth factors were added to promote bacterial proliferation in overnight
broth cultures and colony formation on agar plates. All broth and agar solutions were autoclaved
at 121°C for 60 min. A solution of dextrose was autoclaved separately then added to the agar
solution after sterilization to avoid Maillard reaction byproducts (Helou et al., 2014).

Each bacterial strain was cultured overnight in TSB+ media at 37°C. The overnight
culture was then transferred to sterile 3 mL vials and frozen overnight at -80°C. The frozen
culture was scraped with an inoculation loop, and T-streaked on the TSA+ plates, then incubated
at 37°C overnight. The colonies from the overnight plates were transferred to a sterile conical
tube containing 10 mL of autoclaved saline solution (8.5 g/L of NaCl) and homogenized using
vortex mixing. The colonies were added until the suspension reached an optical density at 600
nm (OD) of 1.0 (~10° CFU/mL for both microbes). Each microbial suspension was diluted by a
factor of 10 in 27 mL of TSB+ media to make the inoculate suspensions. The paper specimens
were inoculated by dropping 0.1 mL of the inoculate suspensions on the paper specimens
separately, resulting in a final bacterial load of ~107 CFU.

Individual paper specimens were allowed to dry for 10 min then placed into 50 mL sterile
conical tubes for storage. The paper specimens were inoculated with the bacteria in a broth
suspension to simulate a “worst case” scenario, in which the bacteria have optimum conditions to
propagate in the initial stages of the experiment (Pradhan et al., 2012; Suominen et al., 1997).
The samples were stored for up to 40 days at ambient conditions. The conical tubes were opened
every other day to allow for air regeneration. For comparative purposes, two alternative storage

conditions for the inoculated paper specimens were studied including 1) a dry, high nutrient
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environment and 2) a dry, low nutrient environment (See APPENDIX A: Supplementary
Information for Chapter 3).

The microbes were extracted from the paper specimens by adding 20 mL of a sterile
saline solution (8.5 g/L NaCl) to a conical tube with the inoculated paper specimen and agitated
using a vortex mixer (MN:12-812, Fisher Scientific, Waltham, MA, USA) at 60% power for 30
seconds. The resulting suspension was diluted with the sterile saline solution to the appropriate
concentration then plated on TSA+ plates. Each condition had 3 replicates for each day of
extraction and the entire experiment was repeated for experimental replication (n=6 per day per

condition).

3.3.5 Bacterial Enumeration
The bacteria were incubated on TSA+ plates for 24 hours for S. Typhimurium and 48
hours for L. innocua at 37°C. The dilutions were plated over three orders of magnitude to

account for major increases or decreases in microbial populations on the paper specimens.

3.3.6 Statistical Analysis

All statistical analyses were performed using JMP v. 15 software (SAS, Cary, NC, USA).
The customized least squares regression fit model was utilized for the comparison of mortality
rates. The JSL code for the mortality rate comparisons is provided in APPENDIX A:
Supplementary Information for Chapter 3. The least squares mean comparison was performed
using a two-way ANOVA standard least squares regression model. Tukey’s HSD multiple
comparisons test was used for determining significant differences between groups at a 95%

confidence level. Further information on the individual tests is described in later sections.
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3.4 Results

3.4.1 Survivability of bacteria on lignocellulosic materials

The two bacterial strains (L. innocua, S. Typhimurium) were inoculated on bleached
(SBSK) and unbleached (UBSK) paper specimens separately and were stored in ambient
conditions over a 40-day period. The concentration of each bacterial inoculum was quantified
prior to inoculation of the paper specimens as a control. The number of bacteria extracted from
the paper specimens by vortex mixing was not equal for bleached and unbleached samples, thus
an extraction efficiency (e, Eq. 1) was calculated and used to correct for the actual bacterial

populations in each sample for each day studied. The corrected bacterial count, ¥, was calculated

using Eq. 2,
€=¥o/Yc (1)
y=yvile )

where ¢ is the extraction efficiency on the log scale, o is the average log CFU recovered
from paper on Day-0, ¥ is the average log CFU in the inoculum, and yiis log CFU on Day-i. The
Day-0 point represents the number of bacteria extracted from the sheet 30 minutes after
inoculation. Both papers were characterized by their microbial extraction efficiencies, lignin

content, and relative hydrophobicity by contact angle (Table 3-1).
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Table 3-1. Paper characteristics and extraction efficiencies (g) of microbes from bleached
(SBSK) and unbleached (UBSK) pulps. The arithmetic extraction efficiency is the average CFU

extracted from each paper type divided by the average CFU in the inoculum.

Paper Characteristics

Paper Type Bleached Unbleached

Lignin  Content

(%) <12 13.0+£0.1

Contactangle (°) 20x3 55+5

Extraction Efficiencies

Bacteria L.innocua  L.innocua S. Typhimurium S. Typhimurium
Paper Bleached Unbleached Bleached Unbleached
y. (log CFU) 7.3 7.3 7.28 7.28

yo (log CFU) 7.16 6.81 6.86 6.5

€ (Log Scale) 0.98 0.93 0.94 0.89

¢ (arithmetic) 0.77 0.32 0.40 0.17

2The lignin content of fully bleached softwood kraft pulp is below the limit of detection by
the kappa test used in this experiment but has been determined elsewhere (Zambrano, Wang,
etal., 2021).

The lignin content of the bleached paper was less than 1%, whereas the unbleached paper
contained 13.0% lignin. Since lignin is a relatively hydrophobic molecule, a higher water contact
angle was expected for the unbleached paper (55° vs 20°). The increase in relative hydrophilicity
of bleached paper could be due to both the removal of lignin and oxidation of the cellulose
during bleaching. The extraction efficiency from the bleached paper was more than twice that of
unbleached paper for both microbes, and the extraction efficiency of L. innocua was about twice
that of S. Typhimurium for both paper types (Table 3-1). The results of the extraction
efficiencies show that the bleached samples release more bacteria from the fiber matrix than

unbleached samples during vortex mixing. It was observed that the bleached samples lost most
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of their original structure when vortex mixing (i.e., free suspended fibers), whereas the
unbleached samples showed almost no structural change from agitation.

The number of bacteria extracted from the bleached and unbleached paper specimens for
each of the microbes was studied over a 40-day period under a worst-case condition (moist,
nutrient-dense environment) (Figure 3-1). Both bacteria species seem to not only survive but
proliferate ~500-fold after 48 hours on the paper specimens due to the nutrients present in the
inoculum (Figure 3-1). After 40 days, the viable microbial populations are still higher than their
initial population extracted 30 minutes after inoculation. The growth and survivability of the
bacteria was also tested over a three-day period under less favorable conditions, specifically a
drier and less nutrient-enriched environment (APPENDIX A: Supplementary Information for
Chapter 3). Under drier conditions but a nutrient-dense inoculum, the bacterial growth was
shortened by one day compared to the worst-case scenario and a reduction of the overall
population to the level of the initial inoculum within three days (APPENDIX A: Supplementary
Information for Chapter 3). In contrast, in the absence of excess nutrients (saline inoculation
media) and continuous air regeneration, the bacteria were at populations lower than the limit of

detection after 24 hours (APPENDIX A: Supplementary Information for Chapter 3).
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Figure 3-1. Average log CFU/cm? of L. innocua and S. Typhimurium on bleached and
unbleached paper specimens over a 40-day period. The average log CFU/cm? was corrected for
the extraction efficiencies (€) as described previously. The error bars are representative of the

standard deviation.

In consideration of the extensive growth of the bacteria in the first 48 hours, followed by
a gradual decline thereafter, a non-linear cell growth and decay model was performed on the
dataset from day 0 to day 40 (APPENDIX A: Supplementary Information for Chapter 3). This
non-linear model fits reasonably well, but the growth parameter is not very accurate due to the
limited number of data points taken within the growth stage. Given that the dataset was corrected
for the extraction efficiencies and the inoculum concentrations were roughly the same (Table
3-1), the Day-0 data points are therefore trivial for all conditions, and a more representative

linear model was applied to the dataset from days 2 through 40 (Figure 3-2).
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Figure 3-2. Standard least squares regressions for each of the four conditions (two bacteria, two
papers). The average log CFU/m? was corrected for the extraction efficiencies (¢) as described
previously. The error bars are representative of the standard deviation. Slopes, y-intercepts, and

R? values are displayed in Table 2.

From the linear regressions, the mortality rates () are reasonably similar between all four
conditions with greater variability present in the S. Typhimurium samples (Table 3-2). It should
be noted that the S. Typhimurium samples exhibited much greater variability between replicates
than the L. innocua samples, thus explaining the relatively low R? -values (Table 3-2). However,
the variability reported in this work is comparable to previously reported studies where similar
microbial species were examined (Kusumaningrum et al., 2003; Sirsat, 2020b; Sirsat et al., 2013;
Wilks et al., 2006). To test the statistical significance of the differences between slopes, a
customized least squares comparison model was performed on the dataset from days 2 through
40 (Table 3-2). From the data analysis, there is enough evidence to suggest with 95% confidence
that S. Typhimurium on bleached paper decays significantly faster than the L. innocua samples
on either paper type. The samples containing S. Typhimurium exhibited considerably higher
growth after 48 hours of incubation (ymax) compared to the samples containing L. innocua
(Figure 3-2, Table 3-2).
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Table 3-2. Fitting parameters for each of the linear regressions displayed in Fig. 3-2. Values for

the parameters were calculated using JMP standard least squares fit model with paper and

bacteria as fixed effects as well as the interaction term. The comparison of slopes test was

computed using a customized least squares regression (see supplementary material, Section 2). A

p-value < 0.05 is considered a statistically significant difference.

L. innocua

Parameter Bleached Unbleached

yo 6.686 6.655

Ymax 8.064 8.493 Y = Ymax + Bt

Mortality (B) -0.024 -0.026

R? 0.73 0.82

S. Typhimurium

Parameter Bleached Unbleached

yo 6.643 6.607

Fmax 9.092 9.708 Y = Ymax + Bt

Mortality () -0.057 -0.042

R? 0.39 0.24

Comparison of Slopes (o = 0.05)

Bacteria Paper -Bacteria -Paper p1-p2 P-value
L. innocua Bleached L. innocua Unbleached 0.002 0.881
L. innocua Bleached S. Typhimurium  Bleached 0.033 0.002
L. innocua Bleached S. Typhimurium  Unbleached 0.017 0.095
L. innocua Unbleached S. Typhimurium  Bleached 0.031 0.003
L. innocua Unbleached S. Typhimurium  Unbleached 0.016 0.129
S. Typhimurium Bleached S. Typhimurium  Unbleached -0.016  0.120

In contrast to the initial hypothesis, the lignin-containing unbleached paper samples

yielded higher viable bacterial populations for each day studied, for both types of bacteria (See

Figure 3-1, Figure 3-2, Table 3-2). To confirm the significance of these effects (bacteria, paper),
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a statistical comparison was performed on the dataset (Table 3-3). The time interval of interest is
after the initial growth period between days 2 and 40 for reasons previously stated, therefore, the
Day-0 data points for all conditions were omitted. A least squares means plot is included in the

analysis for graphical representation of the differences (Figure 3-3).

Table 3-3. Comparison of least squares means for each of the four conditions tested.

A p-value < 0.05 is considered a statistically significant difference.

L. innocua

Paper LS Mean (u)  Std. Error
Bleached 7.64 0.087
Unbleached 8.04 0.087

S. Typhimurium

Parameter LS Mean (p) Std. Error
Bleached 8.10 0.083
Unbleached 8.98 0.083

Tukey HSD Comparison of Means (o. = 0.05)

Bacteria Paper -Bacteria -Paper pl-p2 P-value
L. innocua Bleached L. innocua Unbleached -0.402 0.007
L. innocua Bleached S. Typhimurium Bleached -0.455 0.001
L. innocua Bleached S. Typhimurium Unbleached -1.343 <0.001
L. innocua Unbleached S. Typhimurium Bleached -0.053 0.972
L. innocua Unbleached S. Typhimurium Unbleached -0.941 <0.001
S. Typhimurium Bleached S. Typhimurium Unbleached -0.888 <0.001
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Figure 3-3. Least squares (LS) means of each of the four conditions studied.

Error bars are representative of the 95% confidence interval.

The results from Table 3-3 and Figure 3-3 suggest with 95% confidence that unbleached
paper yields higher viable bacterial populations than bleached paper for both microbial species
studied. When combining these results with the comparison of slopes in Figure 3-2 and Table
3-2, a few conclusions can be made. The microbial growth in the first 48 hours is higher for S.
Typhimurium on paper surfaces than L. innocua. The mortality rates are statistically similar
between groups apart from S. Typhimurium on bleached paper which decays at a slightly higher
rate than the L. innocua bleached and unbleached samples. There was no significant difference of

mortality rates between the different paper types for S. Typhimurium.

3.5 Discussion

The aim of this study was to determine if there was a difference in bacterial growth and
survivability of bleached and unbleached paper surfaces for both L. innocua and S. Typhimurium
bacterial strains. It was determined that unbleached paper substrates containing a higher lignin
content allowed for higher levels of microbial growth compared to bleached paper with minor

differences in mortality rates over a 40-day period. This conclusion contradicts the initial
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hypothesis that lignin in its lignocellulosic form would have a negative effect on bacterial growth
and survivability. The difference in chemical compositions of the two paper materials is more
complex than lignin content, such as oxidation of cellulose and hemicellulose during bleaching.
Decoupling these components is conceptually difficult given that delignification involves some
degree of oxidation of cellulose, such as the case for fully bleached market pulp (Zambrano,
Marquez, et al., 2021). This presents a limitation in this study regarding the root causes of the
bacterial growth and survivability differences on the two surfaces. Future work could address
this limitation by controlling pulping and bleaching conditions and tracking the growth and
survivability of bacteria on the resulting materials. Nevertheless, the significance of this work is
apparent in identifying the high potential for bacterial contamination and viability on industrially
significant paper materials developed for packaging.

One potential reason for unbleached paper favoring microbial growth could be the more
hydrophobic nature of the fibers derived from the higher lignin content, as evidenced by a greater
water contact angle. Zambrano et al. determined that unbleached pulp has a higher absorption
capacity for water than bleached pulp due to the increased interstitial spaces between fibers
(APPENDIX A: Supplementary Information for Chapter 3), whereas the bleached pulp retains
much more water within the fiber cell wall, as evidenced by a higher wicking rate (Zambrano,
Marquez, et al., 2021). The more hydrophobic nature of the fibers may reduce the amount of
wicking of broth media from the inoculum, resulting in more nutrients available to the bacteria in
the form of droplets in the interstitial space between fibers during the early growth stages. This
would explain why the unbleached paper had consistently higher microbial growth after 48 hours
of incubation. Since the mortality rates of the microbes were similar, the unbleached paper will

have consistently higher bacterial populations since they grew to a much greater number initially.
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If the inhibition of bacterial growth was due to bioactivity of either the lignin in unbleached
paper or oxidized cellulose in bleached paper, there would likely be more dramatic differences in
the mortality rates between the groups overtime. The higher hydrophobicity may also explain the
lower extraction efficiency of unbleached samples. The more hydrophilic bleached fibers swell
and loosen to a greater extent than unbleached fibers when submerged in the saline solution. The
bleached fibers also lack the additional structural rigidity given by the presence of lignin. Both
effects result in the disintegration of the bleached fiber network under vortex agitation. The free
fibers expose more surface area to the medium and thus release nearly twice as many microbes
into the saline solution.

More generally, the results show that these microbes can survive for longer than one
month on paper materials at ambient conditions with very low mortality. Both bacterial species
studied can form biofilms which may have enhanced their survivability in unfavorable conditions
(Andino & Hanning, 2015; Jeon et al., 2018). As previously mentioned, the survivability of
Listeria spp. and Salmonella spp. (among others), on surfaces is highly strain-dependent and can
vary from hours to months depending on the experimental conditions (Kramer et al., 2006;
Kusumaningrum et al., 2003; Wilks et al., 2006). The survivability of these microbes in this
study is much greater than other studies performed on similar microorganisms. As previously
referenced, Sirsat et al. reported more than 1000-fold decreases in the bacterial populations on
cardboard coupons after two days of incubation. The authors also reported Listeria spp. having
much lower survivability than Salmonella spp. on paper (Sirsat, 2020b). Similarly, Siroli et al.
observed reduction in bacterial populations greater than a 100-fold CFU/cm? in 48 hours after
inoculation for all species and surfaces, and in some cases below the limit of detection as soon as

one hour after inoculation (Siroli et al., 2017a). Differences in the bacterial strains studied as
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well as storage humidity, nutrient availability, and temperature likely contribute to the
discrepancies in reports (see supplemental material, Section 1). For instance, using saline instead
of nutrient broth for the inoculation media will result in an increase in the concentration of NaCl
during evaporation, essentially dehydrating the cells. These discrepancies should be evaluated
systematically in future work and a standard procedure should be developed in accordance to
more realistic conditions.

The high survivability of these foodborne bacterial pathogens poses a problem in the food
and agricultural industries with a high chance of cross-contamination when utilizing paper-based
packaging materials (Patrignani et al., 2016). Farmers, food transportation, and restaurants
should be cautious when reusing and recycling these materials after exposure to dairy products or
raw meat and eggs. Also, the generation of biofilms in paper recycling plants pose a threat to
production operations and quality control (Brandwein et al., 2016; Carpentier & Cerf, 1993; Shi

& Zhu, 2009).

3.6 Conclusions

Foodborne bacterial pathogens pose a great risk to human health and may result in great
economic losses in the food and agriculture industries. The survivability of two model organisms
for foodborne bacterial pathogens, L. innocua and S. Typhimurium, on bleached and unbleached
paper surfaces was determined. This work showed that the bacteria grow on both bleached and
unbleached paper for 48 hours after inoculation and experience very little losses over a 40-day
period with sufficient access to nutrients. It was also shown that lignin, which has been generally
thought to have antimicrobial properties, did not greatly inhibit the bacterial growth or
survivability in paper materials. In fact, the lignin-containing samples (unbleached paper)

exhibited higher microbial growth than that of non-lignin containing samples (bleached paper).
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This was attributed to the higher hydrophobicity of the fibers that may reduce the wicking of the
aqueous nutrient broth, thereby improving the accessibility of nutrients. The results presented in
this study further elucidates the necessity of active antimicrobial packaging materials to mitigate
microbial growth in even the worst environmental conditions. Lignin may be a potential
candidate for a bio-based antimicrobial packaging additive but will require further modification

to observe any substantial effect.
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4 UNDERSTANDING LIGNIN MICRO- AND NANOPARTICLE NUCLEATION AND

GROWTH BY SOLVENT FRACTIONATION!

4.1 Abstract

In recent years, there have been many advances toward developing sustainable, micro-
and nanoscale materials from biobased resources such as lignin to further strengthen the
bioeconomy. It is critical to study the factors affecting nucleation and growth mechanisms, as
well as stability of lignin micro-and nanoparticles (LPs) to further enhance the development of
such materials. However, there remains a gap in the literature examining the many interactions
present during LP formation. These interactions vary with the chemical composition and
molecular weight distribution of different kraft lignin (KL) fractions. To examine the
composition of different lignin fractions, KL can be fractionated using water-miscible organic
solvents of different polarities such as tetrahydrofuran (THF), acetone, and ethanol. Herein, we
show that the micro- and nanoparticles formed from each lignin fraction exhibit significant
differences in their size (50-300 nm), particle aggregation and fusion propensity, and spherical
morphology in aqueous suspensions. These differences are proposed to be due to the solvent-
lignin-water interactions related to molecular weight and functional groups of the lignin fractions
and solvent/water polarity. Another factor affecting the nucleation and growth of LPs is the
lignin concentration. The LPs formed at low lignin concentrations exhibit a larger average
particle size compared to the LPs formed at higher lignin concentrations due to the aggregation
and fusion of the small particles. These results will allow for a stronger foundation in
understanding the nucleation and growth of LPs when attempting to develop value-added

applications for kraft lignin.
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4.2 Introduction

Lignin micro- and nanoparticles have had heightened interest in the past decade in the
attempt to enhance and apply lignin, a by-product of the pulp and paper industry, to more
valuable applications. Applications of lignin have been investigated for close to 70 years, and yet
the most practical use of this biopolymer is to combust it for energy and steam production. In the
present work, softwood lignin was examined. Softwood lignin results from the polymerization,
in vivo, of predominantly one of three monolignols, namely guaiacyl (G-unit), along with small
amounts of p-hydroxyphenyl (H-unit) (Duval & Lawoko, 2014; Gellerstedt & Henriksson, n.d.).

Kraft lignin (KL) has a significantly different structure than native lignin due to the harsh
alkaline treatment during pulping. This includes the generation of a large number of hydroxyl
groups as a result of the cleavage of ether bonds (Chakar & Ragauskas, 2004; Hu et al., 2016).
Due to lignin’s multi-functional groups, mainly phenolic hydroxyl, carboxyl, and aliphatic
hydroxyl groups, a unique set of properties are revealed related to its UV light absorption (Qian,
Qiu, & Zhu, 2015; Yearla & Padmasree, 2016), emulsion stabilization ability (Nypeld et al.,
2015), antioxidant effects (Yearla & Padmasree, 2016), chelation (Guo et al., 2008) and
antimicrobial activity (Richter et al., 2015b; Yang et al., 2016). These properties invoke the
potential for the development of eco-friendly, high-value products from lignin. Although KL has
great potential for valorization, there has remained a lack of exploitation of such properties due
to KL’s challenges in product development. Commonly met challenges in the attempt to apply
KL to value-added applications include its propensity to form large, amorphous aggregates, its
lack of solubility in water, and immiscibility with many thermoplastic and thermosetting

polymers (Kun & Pukénszky, 2017).
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In order to improve the suitability of kraft lignin for high-value applications, it can be
modified chemically (X. Jiang et al., 2018a), fractionated to form more homogeneous samples
(X. Jiang et al., 2017), or precipitated into spherical submicron particles for easier dispersion and
improved features (C. Jiang et al., 2013; Rahman et al., 2018; Richter et al., 2015b). Unmodified
KL tends to form large, irregular-shaped aggregates with a high degree of heterogeneity.
Although mechanical treatment can make such aggregates smaller, morphological uniformity
remains an issue. Transforming lignin into small, spherical particles has advantages over
utilizing KL in solution form (C. Jiang et al., 2013). Smooth, spherical nanoparticles have
intrinsic features such as enhanced electrostatic double layer repulsion for higher stability given
the smooth surface (Kamarainen et al., 2018a; Osterberg et al., 2020), minimized surface energy
from the spherical shape, and a high total surface area per unit mass derived from their small size
(Osterberg et al., 2020). They may be easily applied in low viscosity suspensions and can be
used when extremely small features are desired.

Solvent shifting, or nanoprecipitation, is a common method to synthesize colloidal lignin
suspensions by means of supersaturation (Beisl, Miltner, et al., 2017; Leskinen et al., 2017b;
Lievonen et al., 2016; Ma et al., 2020; Richter et al., 2016; Sipponen et al., 2018a; Tardy et al.,
2018). Various procedures have been developed experimentally including the addition of a lignin
solution into excess antisolvent (Leskinen et al., 2017a), the addition of excess antisolvent into a
lignin solution (Richter et al., 2016), and dialysis (Lievonen et al., 2016), which are respectively
depicted in Figure 4-1a-c. In previous studies, particle formation mechanisms of lignin under
various solvent shifting methods have been investigated, but there remains a gap of comparing
resulting particle characteristics and behavior in aqueous suspensions formed from kraft lignin

fractionated using different organic solvents (Ago et al., 2017; Leskinen et al., 2017a; Lievonen
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et al., 2016; Ma et al., 2020; Osterberg et al., 2020; Sipponen et al., 2018a; Wang et al., 2020; W.

Zhao et al., 2016a).

Lignin in Solvent

Water/Antisolvent

a) b) c)

Figure 4-1. Schematic of different solvent shifting methods including a) lignin solution-into-

water, b) water-into-lignin solution, and c) dialysis of lignin solution with water.

Sipponen et al. determined that the formation of lignin particles in a common lignin
solvent, ethanol, is dependent on solubility and ultimately molecular weight (Sipponen et al.,
2018a). It was reported that the formation mechanism of LPs is kinetically limited, where large
molecular weight lignin fractions nucleate first and thereafter, smaller lignin molecules adsorb
onto the surfaces of the nuclei (Sipponen et al., 2018a). Smaller, metastable soft particles may
also form and can eventually fuse with the larger particles through a process called Ostwald
ripening, contributing to the overall growth of the particles (Sipponen et al., 2018a). Leskinen et
al. discussed a possible micro-emulsification mechanism where lignin molecules become
entrapped within a droplet of solvent and as the antisolvent is added, the droplet constricts and
eventually phase separates as the solvent concentration greatly decreases (Leskinen et al.,
2017a).

Fractionation of KL through solvent extraction is a simple and effective method in
homogenizing the lignin sample for LP fabrication (Leskinen et al., 2017a; Ma et al., 2020; Pang
et al., 2020a; Pylypchuk et al., 2020). Although, fractionation changes the MW distribution and
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chemical composition of the lignin used. Leskinen et al. found that the fractionation of lignin by
increasing the concentration of water in THF as the solvating system yields a smaller particle
size (Leskinen et al., 2017a). In contrast, Ma et al. showed that fractionating smaller molecular
weight lignin molecules by using varying concentrations of ethanol and water prior to particle
precipitation led to an inverse relationship between lignin molecular weight and particle size (Ma
et al., 2020). The results were attributed to the increase in the hydrophilic character of the lower
molecular weight species, where hydrophobic forces tightly compacting the lignin particles are
reduced (Ma et al., 2020). It is worth noting that the lowest molecular weight fraction contained
67% of the starting lignin material, relating to a large degree of polydispersity (Ma et al., 2020).

Previously reported studies have shown there are relationships between molecular
weight, chemical composition, and resulting particle size by fractionation techniques, but the
fractionation techniques used prior to nanoprecipitation did not result in extensive separation of
the low and medium molecular weight lignin fractions (Leskinen et al., 2017a; Ma et al., 2020;
Pang et al., 2020a; Pylypchuk et al., 2020). Thus, significant aggregation and metastability of
lignin particles was not revealed or explored. Additionally, the effect of lignin concentration in
solution on particle size has been briefly addressed as a general increasing trend with increasing
concentration, but the metastability and aggregation propensity of LPs at low lignin
concentrations has not been explored.

Herein, it is shown that fractionating KL with organic solvents of varying polarity (THF,
acetone, and ethanol) results in distinct lignin fractions of approximately equal mass yields with
significant differences in their molecular weight and chemical composition. The hydroxyl
content and molecular weight of lignin fractions were characterized by *!P-NMR and gel-

permeation chromatography (GPC), respectively. The composition differences between the
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lignin fractions translates to a variability of colloidal behavior and resulting particle size when
precipitated. The LP’s size and morphology were determined by dynamic light scattering (DLS)
and transmission electron microscopy (TEM), respectively. Using both DLS and TEM particle
size analysis techniques concomitantly allows for a greater understanding of the stability and
colloidal behavior of the LPs. In addition to studying the effects of solvent fractionation on lignin
particle formation, the effects of lignin concentration prior to precipitation are also examined.
We propose that lignin particles must contain a high enough hydrophobicity to form discrete,
compact, core-shell particles without exceeding a thermodynamically unfavorable surface free
energy that may cause aggregation. The novelty of this work is related to describing the
connection between the chemical composition of lignin, dissolved lignin concentration, and the
colloidal interactions of LPs that result in formation of interparticle aggregates and particle
fusion. The contribution of this work includes a deeper understanding of the nucleation and
growth of LPs and their colloidal behavior relating to aggregation propensity and/or particle

fusion.

4.3 Materials and Methods

4.3.1 Materials

Pine softwood kraft lignin (KL) extracted from black liquor via the LignoBoost method
was used for all experiments. KL was acquired as an air-dried powder and the residual moisture
was removed by vacuum oven drying for at least 24 hours prior to sampling. Acetone, ethanol,
and tetrahydrofuran (1% BHT for stabilization) were acquired from Fisher Scientific (Waltham,
MA, USA) and were reported as reagent grade (>99% purity). Fractionated samples were

centrifuged at 4000 RPM for 5 minutes using 50 mL Falcon centrifuge tubes (Corning, NY,
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USA) using an Eppendorf Centrifuge (Model: 5702). The transfer of solutions and solvents was
done using Eppendorf volumetric pipettes (500 puL-5 mL, 20 pL- 200uL). A plastic cuvette was
used for dynamic light scattering measurements (Model: ZENO0040, Malvern Panalytical).

Dialysis tubing with a molecular weight cut-off (MWCO) of 3500 Da was acquired from Fisher

Scientific (Waltham, MA, USA).

4.3.2 Methods

To properly examine the effects of solvent fractionation of KL on LP synthesis, each
lignin fraction must be analyzed for their chemical structure and molecular weight distribution.
This is critical for a better understanding of formed particle morphology, size, and colloidal

behavior. Figure 4-2 depicts the overall methodology of this work.

K Fractionation Kraft Lignin \

I Dissolution in Organic Solvent
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I Lignin Characterization

N
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Solvent Exchange
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Figure 4-2. Flowchart of lignin fractionation, characterization, and particle synthesis.

/
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4.3.3 Fractionation of Kraft Lignin

For preparing the lignin fractions, approximately 1 g of oven-dried KL was added to a 50
mL centrifuge tube along with 40 mL of anhydrous ethanol. The solution was mixed vigorously
using a Fisher Scientific Digital Vortex Mixer for 60 seconds at 3,000 RPM to ensure maximum
solubility. The mixture was then centrifuged for 5 minutes at 4,000 RPM. The supernatant was
decanted and set aside for later use. In the same centrifuge tube, 40 mL of anhydrous acetone
was added to the ethanol insoluble fraction and the previous steps were repeated. This process
was repeated once more using anhydrous THF as the solvent. The THF insoluble fraction was
discarded. This process is depicted schematically in Figure 4-3. Each individual lignin fraction is
hereby referred to as E-Frac, A-Frac, and T-Frac for lignin fractions soluble in ethanol, acetone,
and THF respectively. Each lignin fraction was then dried by evaporating the solvent using a
Biichi Rotovap R-100 followed by vacuum oven drying. Approximately 30 mg OD of each
lignin fraction was set aside for GPC and 30 mg OD for NMR analysis. The remaining lignin
from each fraction was then re-dissolved in its appropriate solvent to a concentration of 10 g/L.
These lignin solutions were then used for LP synthesis

To characterize the KL soluble in acetone and THF without prior fractionation,
approximately 1 g of oven-dried KL was added to 40 mL of both anhydrous acetone and THF
separately. The solutions were then mixed using a vortex mixer for 60 seconds at 3,000 RPM to
ensure maximum solubility. These solutions were centrifuged, and the insoluble portion was
oven dried to determine solubility of the lignin in each solvent. The insoluble lignin fractions
were discarded and only the soluble fractions were studied. The soluble portions are labelled as
the combined acetone and ethanol soluble fractions (AE-Frac), and all three fractions combined,

TAE-Frac. The solutions were then used for LP synthesis. The solubility of KL could be
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improved with each solvent by adding a portion of water during dissolution, but anhydrous
solvents were used to clearly observe the effects of solvent-lignin-antisolvent interactions based
on polarity and hydrogen bonding differences. Figure 4-3 illustrates the labelling and description

of each fraction.

Kraft Lignin

v
Dissolve in EtOH

THF Soluble
Lignin

EtOH Soluble, EtOH (T-Frac)
E-Frac Insoluble
v
Dissolve in Acetone
AceloLlT;niloluble TAE-Frac
Acetone Soluble, Acetone A
A-Frac Insoluble Lignin
: AE-Frac
Dissolve in THF

Ethanol Soluble
Lignin
(E-Frac)
THF Soluble THF Insoluble
Lignin, T-Frac Lignin e

Figure 4-3. Methodology of kraft lignin solvent fractionation and description of lignin fractions.

4.3.4 Molecular Weight Determination of Lignin Fractions by Gel-Permeation

Chromatography.

Gel permeation chromatography (GPC) was used to determine the average molecular
weights and molecular weight distributions of the kraft lignin fractions. All lignin samples were
acetylated prior to analysis to improve solubility in the mobile phase tetrahydrofuran (THF)
(Glasser et al., 1993a). The analysis was performed using a Waters GPC instrument equipped
with a UV detector (set at 280 nm) using (THF) as the eluent at a flow rate of 0.7 mL/min at 35
°C. A sample concentration of 1 mg/mL and an injection volume of 50 uLL was used. Two ultra

Styragel linear columns linked in series (Styragel HR 1 7.8 x 300 mm and Styragel HR 5E 7.8 x
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300 mm) were used. A series of monodispersed polystyrene standards were used as calibration

standards.(X. Jiang et al., 2017)

4.3.5 Lignin Hydroxyl Group Content by 3P-NMR Analysis

31P-NMR analysis was performed to identify the various hydroxyl group contents of each
lignin fraction. This analysis was performed following the previously reported procedure
(Argyropoulos, 1994; Granata & Argyropoulos, 1995). The 3P-NMR spectra were acquired
using a Bruker 500 MHz spectrometer. Each peak was integrated to calculate the hydroxyl

contents of each sample.

4.3.6 Derjaguin-Landau-Verwey-Overbeek (DLVO) Model of Lignin Particles

The energy of interaction as a function of interparticle distance was modelled using the
DLVO theory of colloidal stability to determine the overall stability of the lignin particles with
decreasing particle size. This model excludes non-DLVO forces beyond electrostatic repulsion
and Van der Waals attractive forces. The following equations were used for the model derived by

Israelachvilli (Israelachvili, 2011):

Vrep =29.22 X 1071 tanh? (%) exp(—«xD) M
AR

Voaw = — 155 @

Viot = Vrep + Voaw (3)

In Equations 1-3, Vrep is the potential energy of electrostatic repulsion at 25°C in an
aqueous medium between two identical spheres with radii R, where (o is the surface potential
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approximated as the Zeta potential, k is the Debye length, and D is the interparticle distance.
Vvaw i the attractive Van der Waals potential energy, where A is the Hamaker constant of lignin

approximated to be 1.7 x 10%° J by Hollertz et al (Hollertz et al., 2013).

4.3.7 Preparation of Kraft Lignin Particles

The synthesis of colloidal lignin particles was performed by first transferring 1 mL of the
lignin fraction from each solvent solution to a 15 mL scintillation vial. After which, 9 mL of
antisolvent (water or dilute NaOH solution) was quickly poured into the solution under rapid
magnetic stirring (Figure 4-1 b). The colloidal suspensions are hereby referred to as TAE-LPs,
AE-LPs, E-LPs, A-LPs, and T-LPs for particles precipitated from their respective lignin fractions
TAE-Frac, AE-Frac, E-Frac, A-Frac, and T-Frac (Figure 4-3). In order to obtain a concentration
profile of particle size and morphology for each solvent system, dilutions of each lignin solution
with the appropriate organic solvent were performed to obtain concentrations ranging from 0.5 to
10 g/L prior to antisolvent addition. Each suspension was dialyzed with DI water for 24 hours
with Fisherbrand dialysis tubing (MWCO: 3500 Da) then further diluted with DI water to a final

lignin concentration of 0.01 wt.%.

4.3.8 Dynamic Light Scattering

A Zetasizer Nano ZS instrument (Malvern Instruments Ltd.) was used for particle size
analysis and {-potential of all samples. For particle size measurements, approximately 2 ml of
the colloidal lignin suspension was added to a plastic cuvette (ZEN0040, Malvern, U.K) with
lignin concentrations of 0.01 wt.% for each sample, within the concentration range advised by
the manufacturer (Malvern Panalytical Ltd.). Particle size measurements were performed in

duplicate at 25°C after an equilibration time of 120 seconds. The particle sizes are determined by
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an intensity weighted average (Z-average) of scattered light and reported as the average particle

diameter, 9.

4.3.9 Transmission Electron Microscopy (TEM)
TEM Images of the lignin particles were taken using a FEI Talos F200X Transmission
Electron Microscope (TEM). These samples were prepared by dropping a small amount of each

suspension on a TEM grid and dried overnight.

4.4 Results and Discussion

4.4.1 Lignin Fractionation and Molecular Weight Distribution

It has been previously established that KL has different solubilities in various organic
solvents due to the polarity of the solvent and hydrogen-bonding capability between the KL and
the solvent (X. Jiang et al., 2017; Schuerch, 1952b). Lignin has been shown to be successfully
fractionated either with organic solvent/water mixtures (Leskinen et al., 2017a; Ma et al., 2020;
Sipponen et al., 2018a) or using separate anhydrous organic solvents (X. Jiang et al., 2017;
Schuerch, 1952b). The characterization of KL fractions separated with three, water-miscible,
anhydrous organic solvents directly used for particle precipitation has yet to be completed and is

provided herein.
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Figure 4-4. Percentage yield of KL distributed in each fraction by mass percent. The first column
(left) represents the completely separated fractions of KL extracted through solvent fractionation.
The middle and right columns are representative of combined lignin fractions by dissolving KL
in acetone (AE-Frac) and THF (TAE-Frac), respectively.

Figure 4-4 includes the yields of KL in each fraction from solvent fractionation. KL was
first dissolved in ethanol. The ethanol-insoluble portion was then dissolved in acetone. The
remaining acetone-insoluble lignin was then dissolved in THF (see Figure 4-3). Only 31.2% of
KL was soluble in ethanol (E-Frac). Acetone was able to dissolve 54.7% of the ethanol-insoluble
portion, corresponding to 37.6% of total KL mass (A-Frac). THF was able to dissolve 90.1% of
the remaining KL, corresponding to 28.1% of the total KL mass (T-Frac). Directly mixing the
original KL in acetone resulted in a solubility yield of 69.9% (AE-Frac). Finally, directly mixing
the original KL with THF resulted in the dissolution of 96.9% of the entire KL sample (TAE-

Frac).
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Table 4-1. Lignin fractionation results including molecular weight of each fraction after

acetylation measured by gel-permeation chromatography (Mn: Number-average molecular

weight; Mw: Weight-average molecular weight, PDI: polydispersity index).

Fraction M (Da) Mw (Da) Mw/Mn (PDI)
TAE-Frac 1200 5600 4.66
AE-Frac 1200 3400 2.83
E-Frac 800 1400 1.75
A-Frac 1600 4000 25
T-Frac 5500 13000 2.36
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Figure 4-5. Molecular weight distribution curves of each lignin fraction with the intensity

normalized to 1 as measured by GPC. Higher molecular weight molecules elute first, whereas

lower retention time corresponds to higher molecular weight.

In Figure 4-5 , the molecular weight distribution curves of each KL fraction acquired

through GPC are shown. Table 4-1 contains the calculated number average (M) and weight

average (Mw) molecular weight of each fraction from the distribution curves. In GPC, higher

molecular weight (MW) species are too large to become entrapped within the pores of the

column and elute first while the smaller MW species are entrapped within the small pores of the

column and elute last (Figure 4-5). When KL was fractionated, the low MW fractions reside in

the ethanol solution (E-Frac), the intermediate MW fractions reside in the acetone solution (A-
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Frac), and only highest MW fractions of KL were solubilized in the THF solution (T-Frac), as
evidenced in Figure 4-5 and Table 4-1.

The combined KL fractions, TAE-Frac and AE-Frac, have much broader MW
distributions compared to the individual fractions, as evidenced by Figure 4-5 and Table 4-1. The
AE-Frac MW distribution curve is representative of a mixture of the A-Frac and E-Frac, as
expected. The TAE-Frac MW distribution contains all three of the individual lignin fractions
(see Figure 4-5). Solvents that result in a lower solubility of the KL sample, such as ethanol, can
dissolve only the lower MW fractions, whereas the solvents that can dissolve higher MW
fractions, such as THF and acetone, can also dissolve lower MW fractions. Reasons for this
phenomenon are related to the chemical structure of the lignin fractions and will be discussed in

the next section.

4.4.2 NMR Analysis of Solvent Fractionated Kraft Lignin

The solubility of KL fractions in organic solvents is dependent on the strength of
interactions between the solute and solvent. For this reason, it was necessary to understand the
chemical structure of the lignin fractions. 3'P NMR is a useful technique for identifying the
hydroxyl content of lignins, which can then be related to the overall hydrophilicity or
hydrophobicity of the sample. Table 4-2 describes the breakdown of hydroxyl groups present in

each KL fraction.
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Table 4-2. Hydroxyl content of kraft lignin fractions by 3P NMR calculated as mmol/g of solid.
The polarity of the organic solvent used to dissolve each fraction relative to water is listed as a
reference value. C5-substitued-OH can be either 5-5 biphenyl structure or -5 condensed G-unit.
C5-free-OH contains a hydrogen in the C5 position. Finally, H-OH phenolic is the C5 and C3
free phenolic-OH.

Hydroxyl Group TAE-Frac  AE-Frac E-Frac A-Frac T-Frac
Aliphatic OH 1.93 141 141 151 2.04
Total Phenolic OH 4.47 4.54 4.98 4.45 3.01
C5-substituted-OH 1.98 1.93 2.03 2.08 1.48
C5-Free-OH 2.14 2.25 2.57 2.03 1.27
H-OH 0.36 0.35 0.38 0.34 0.26
COOH 0.62 0.62 0.60 0.51 0.37
Total OH 7.03 6.30 6.99 6.47 5.42
Solvent THF Acetone Ethanol Acetone THF
Rel. Polarity of Solvent ? 0.225 0.355 0.654 0.355 0.225
Boiling Point (°C) 66" 56° 78¢ 56° 66"

2 (Reichardt & Welton, 2010)

b (National Center for Biotechnology Information, 2020c)
¢ (National Center for Biotechnology Information, 2020a)
d (National Center for Biotechnology Information, 2020b)

In lignin, a higher hydroxyl content, notably phenolic hydroxyls, corresponds to higher
hydrophilicity of the lignin molecule (Wang et al., 2020). Due to their more acidic nature, the
phenolic hydroxyl content (pKa~10) and carboxyl group (pKa~4) content will contribute more to
the overall hydrophilicity of KL than the aliphatic hydroxyl groups (pKa~17) (Ragnar et al.,
2000). Table 4-2 illustrates that ethanol is only able to dissolve the most hydrophilic lignin
species (E-Frac), as evidenced by the higher total hydroxyl content, whereas acetone soluble
lignin fractions contain intermediate hydrophilicity (A-Frac) as well as high hydrophilic fractions
(AE-Frac). THF can dissolve all KL species (TAE-Frac), including the most hydrophobic
fractions (T-Frac) present in the sample (see Table 4-2). The higher polarity of the solvent

precludes the dissolution of only more hydrophobic KL fractions, whereas lower polarity

solvents (THF) are less selective in which KL fractions they may dissolve. This is due to the
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overall hydrophobic nature of KL, derived from its aromatic character (Wang et al., 2020). While
KL contains hydrophilic moieties, such as hydroxyl or carboxyl groups, the non-polarity of the
KL remains significant.

Combining the results from both GPC and NMR analysis, a few conclusions can be
made. First, KL can be fractionated using different organic solvents of varying polarity. More
importantly, a smaller MW KL fraction, such as E-Frac, is related to a more hydrophilic
character. In contrast, a larger molecular weight fraction, such as T-Frac, is related to a more
hydrophobic character, (see Figure 4-5 and Table 4-1). High polarity water-miscible solvents
limits dissolution to lower MW, more hydrophilic lignin fractions, whereas lower polarity water-
miscible solvents are less selective. These results are important when precipitating KL in a
highly polar antisolvent such as water. In support of green chemistry principles and commercial
scale-up of LP synthesis, acetone has the advantages for processing lignin due to the lower

boiling point compared to ethanol and relatively low toxicity compared to THF.

4.4.3 Fractionation Effects on Lignin Particle Formation

The precursor soluble lignin fractions can be precipitated quickly into colloidal
suspensions using water as an excess antisolvent. The effect of the KL fraction’s chemical
structure and molecular weight distribution on particle formation and colloidal behavior in

aqueous suspensions is described here.
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Figure 4-6. Average particle diameter (8), weight average MW, and phenolic hydroxyl content
for 1) E-LPs, 2) AE-LPs, 3) A-LPs, 4) TAE-LPs, and 5) T-LPs at a precursor lignin solution
concentration of 5 g/L. Error bars are smaller than the size of the icons. Standard deviation of
particle diameters were < 10 nm.

The relationship between the average particle diameters (3) measured using DLS, MW,
and phenolic hydroxyl content for each lignin fraction is presented in Figure 4-6. The LPs were
precipitated from a precursor lignin concentration of 5 g/L. The phenolic hydroxyl content is
reported in Figure 4-6 rather than the total hydroxyl content because it is more likely
representative of the overall hydrophilicity/hydrophobicity of the lignin fractions (Wang et al.,
2020).

Comparing the DLS results for fractionated KL samples, E-LPs have the largest 6 (136
nm) and lowest average MW, whereas A-LPs (81 nm) and T-LPs (82 nm) are significantly
smaller at a given lignin concentration despite having a higher average MW (Figure 4-6). The
LPs formed from the combined lignin fractions, TAE-LPs (108 nm) and AE-LPS (95 nm),
exhibit an intermediate & and phenolic hydroxyl contents relative to the particles formed from the

individual lignin fractions that constitute them. The phenolic hydroxyl content and 6 follow very

similar trends with increasing weight-average MW of the KL fractions, indicating both the
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chemical composition/hydrophilicity and the MW of lignin molecules contribute to the
nucleation and growth of the LPs.

Since DLS measures the hydrodynamic radius of particles in an aqueous medium, the
particle diameters reported do not reflect particle shape. Thus, it was necessary to image the
particle shape/morphologies using TEM. The TEM images for the individual lignin fractions and
combined lignin fractions are shown in Figure 4-7a-b. The TEM images can help explain the

discrepancies in 6 between each lignin fraction.
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Figure 4-7. a) TEM images of E-LPs, A-LPs, and T-LPs formed from the three separate lignin
fractions, E-Frac, A-Frac, and T-Frac at an initial lignin concentration of 5 g/L. b) TEM images
of AE-LPs and TAE-LPs formed from the combined lignin fractions, AE-Frac and TAE-Frac. ¢)

Proposed mechanism of lignin particle nucleation and particle swelling. i) T-LP and A-LP
nucleation of higher MW species followed by adsorption particle growth. ii) E-LP nucleation
followed by adsorptive growth and particle swelling by means of osmosis. iii) TAE-LP and AE-
LP nucleation of high MW lignin followed by particle growth by adsorption of lower MW lignin.
Top row of TEM images scale bars = 500 nm and bottom row of TEM images = 100 nm
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The terminology related to the interactions and destabilization of colloidal particles is
often misused and should be properly defined in the context of this work. Particle aggregation (or
agglomeration) is the adherence of individual particles with discrete particle boundaries and is
typically a reversible process (Slomkowski et al., 2011). Conversely, coalescence and Ostwald
ripening are irreversible processes that result in the disappearance of particle boundaries for the
purpose of minimizing surface free energies, stabilizing otherwise unstable lyophobic particles
(“Coalescence in Colloid Chemistry,” 2008; “Ostwald Ripening,” 2008). However, coalescence
and Ostwald ripening differ in their mass transfer mechanism. Coalescence occurs once unstable
particles have collided, whereas Ostwald ripening involves the dissolution of surface-present
molecules of smaller particles and the subsequent adsorption of such molecules on larger
particles (“Coalescence in Colloid Chemistry,” 2008; “Ostwald Ripening,” 2008). It is worth
noting a more hydrophilic particle favors Ostwald ripening in aqueous systems, due to greater
solubility (Lepeltier et al., 2014a). In the case of LPs, it is difficult to distinguish for certain
whether Ostwald ripening or coalescence is the mode of action, therefore the two terms will be
hereby referred to as particle fusion.

As shown in Figure 4-7a, A-LPs have a well-developed spherical morphology, with
similar homogeneity and size as reported elsewhere (Ma et al., 2020; Richter et al., 2016; Setéla
et al., 2019). In the case of T-LPs, the particles appear to be much smaller than A-LPs as
evidenced by TEM imaging (Figure 4-7a), yet the DLS results report very similar §’s, 82 nm and
81 nm respectively (see Figure 4-6). This could likely be due to the increased degree of
aggregation and particle fusion present in the T-LP sample compared to A-LPs. These larger

aggregates resemble diameters similar to the A-LPs (see Figure 4-7a).
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The smaller individual particle sizes of T-LPs depicted in Figure 4-7a is perhaps due to
the more hydrophobic character. The higher hydrophobicity leads to a lower supersaturation
concentration, thus favoring nucleation over growth, yielding a large number of smaller particles
(Destrée & B.Nagy, 2006; Saad & Prud’Homme, 2016). The increased propensity for T-LPs to
fuse and aggregate can be attributed to the higher hydrophobicity. Hydrophobicity at the
nanoscale increases the degree of entropic aggregation, as described by the hydrophobic effect,
as well as the tendency to reduce the overall surface free energy in agueous suspensions
(Dagtepe & Chikan, 2010; Israelachvili, 2011). The reduction of surface free energy by particle
fusion will be discussed further in the next section.

In the case of E-LPs, the TEM images suggest the more hydrophilic lignin fractions form
soft, metastable, semi-solid particles in the aqueous medium (see Figure 4-7a). These particles
will readily deform and fuse upon collisions with other particles. The lack of hydrophobic forces
necessary for phase separation can lead to diffusion of water into the particle structure (particle
swelling) and deformation of the LP.

The LPs formed from the combined lignin fractions, TAE-LPs and AE-LPS, may
elucidate the effect of MW and MW distribution on particle size. The TEM images in Figure
4-7b suggest the TAE-LPs have a larger particle size distribution and & than AE-LPs. This can be
attributed to the higher polydispersity of TAE-Frac compared to AE-Frac. Kinetically, since
nucleation is highly dependent on the supersaturation condition, the nucleation of hydrophobic,
high MW lignin molecules rapidly reduces the concentration of supersaturated lignin molecules.
This results in a larger population of lower MW lignin molecules involved in particle growth
(Destrée & B.Nagy, 2006; Lamer & Dinegar, 1950). This rationale is consistent when comparing

the 6 and TEM images of A-LPs and AE-LPs. In this comparison, the lignin molecules that form
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the initial nuclei are composed of the same MW and chemical composition, following the
aforementioned nucleation mechanism. Therefore, given the same lignin mass, the AE-LPs will
contain less lignin molecules that can participate in a nucleation and more lignin molecules that
will participate in growth. Thus, greater polydispersity in the lignin sample will lead to less
nucleation and more growth.

Figure 4-7c illustrates the proposed particle swelling mechanism of LPs. Two cases are
depicted in Figure 4-7c: i) the more hydrophobic, high MW fractions of KL, represented by T-
Frac and A-Frac, nucleate and grow into compact hydrophobic particles, ii) the particles formed
from the more hydrophilic, low MW fractions of KL swell by osmosis through the particle’s
surface, driven by stronger interactions of the lignin species with water, representative of E- LPs,
and iii) the particles formed from the combined lignin fractions, TAE-Frac and AE-Frac, first
nucleate the high MW lignin species, followed by the adsorption of lower MW lignin species on
the particle surface, resulting in a compact hydrophobic core, surrounded by a more hydrophilic
shell. This swelling mechanism can be supported by previous studies in which the porosity of
lignin was investigated indirectly, where LPs were found to be penetrable by water and water-
soluble molecules (Dai et al., 2017; Qian et al., 2016; Sipponen et al., 2018a).

Overall, there seems to be a trade-off between the MW distribution and chemical
composition of the lignin fractions with respect to resulting particle size and aggregation/fusion
propensity. The chemical composition of the lignin fractions used for nanoprecipitation affects
the hydrophobicity of the LPs. This hydrophobicity can be related to differences in the
nucleation and growth Kinetics, particle aggregation/fusion, and particle metastability through
partial dissolution in aqueous suspensions upon particle collision and/or close proximities.

Previous studies have found aromatic interactions to be a significant contributor to particle
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formation (Mishra & Ekielski, 2019; Pylypchuk et al., 2020). These non-DLVO interactions
between particles are possible but the steric strain present between spherical structures will likely
prevent these close-range interactions from becoming significant. Although, it is possible r-n
interactions will contribute to the particle growth via coalescence/ripening once particles come
into contact. The average particle size reported from DLS is less useful than TEM when
comparing the actual morphologies of resulting lignin particles from nanoprecipitation. TEM
imaging suggests that particle aggregation/fusion, hydrophobic forces, and surface free energies

of lignin particles must be considered.

4.4.4 Concentration Effects on Lignin Particle Formation

The size of the LPs measured with DLS was investigated as a function of the dissolved
lignin concentration (i.e, initial lignin concentration) for each of the lignin fractions. In general,
as the initial lignin concentration decreases, the particle diameter decreases as well in the linear
region (see Figure 4-8). The general trend can be attributed to fewer lignin molecules present per
unit volume participating in nucleation and growth. The lignin particles likely follow the
nucleation and growth mechanism proposed by La Mer et al. (Lamer & Dinegar, 1950). This
mechanism involves the burst nucleation of supersaturated hydrophobic molecules yielding a
constant number of nuclei at a minimum particle size (Destrée & B.Nagy, 2006; Lamer &
Dinegar, 1950; Lievonen et al., 2016). The supersaturation condition necessary for burst
nucleation quickly subsides after the precipitation of suspended particles. The excess lignin
molecules not involved in nucleation possess a very high surface energy in the agueous medium
from their overall hydrophobic character, and readily adsorb to the formed lignin nuclei (Destree

& B.Nagy, 2006; Lamer & Dinegar, 1950). The increase in size with increasing lignin
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concentration is due to the growth of the particles via adsorption of lignin molecules to the

initially formed nuclei.
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Figure 4-8. Average particle diameter as a function of precursor lignin concentration for TAE-
LPs, E-LPs, A-LPs, T-LPs, and AE-LPs as determined by DLS. TAE-LPs are plotted alongside

the fractionated LP samples for comparison of the average particle diameter over the

concentration profiles. Error bars are smaller than the size of the icons. Standard deviation of

particle diameters were < 10 nm.

However, when the initial lignin concentration is reduced significantly, the apparent

particle diameters measured via DLS are much larger after precipitation, as evidenced by Figure

4-8. This phenomenon has also been observed in similar studies (Destrée & B.Nagy, 2006;

Lievonen et al., 2016; Richter et al., 2016). The concentration at which this occurs can be

referred to as the critical concentration, Co. This phenomenon is consistent for each lignin
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fraction in the concentration ranges studied, with the exception of A-LPs, but occurs at different
concentrations of lignin in solution. The Co is the highest in T-LPs and TAE-LPs and lowest with
E-LPs and AE-LPs (Table 4-3). A-LPs did not exhibit a Co from the concentrations measured
(0.5 10 g/L).

Table 4-3. Critical initial lignin concentration (Co) and resulting average particle diameters

measured by DLS for each solvent system.

KL Fraction Co (g/L) Particle Diameter (nm)
TAE-LP 3.0 90
E-LP 1.0 65
A-LP N/A 50
T-LP 3.0 70
AE-LP 1.0 56

This phenomenon can be further exemplified by Figure 4-9, where the particle size
distribution of T-LPs, measured by DLS, above and below Cy is depicted. For T-LPs, Co was 3
g/L, where initial lignin concentrations below Cq result in the appearance of a peak at much
larger particle sizes (~10x). As the precursor lignin concentration is reduced below Co, the first
peak (left), representative of dispersed individual particles, decreases in intensity and shifts left,
indicating smaller particle sizes, but at a lower abundance. The second peak (right) increases in
intensity dramatically as the first peak is reduced, indicating the presence of either fusion or

aggregation of individual particles.
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Figure 4-9. Scattered light intensity weighted particle size distribution of T-LPs approaching the
critical concentration, CO, measured by DLS.

TEM images were taken for T-LPs fabricated at initial lignin concentrations above and

below Co (5 g/L and 1 g/L, respectively). The TEM images are reported in Figure 4-10.

Figure 4-10. TEM images of T-LPs at an initial lignin concentration of 5 g/L and 1 g/L in THF
prior to antisolvent addition.
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The TEM images suggest extensive aggregation and fusion of the particles at lower lignin
concentrations in order to maximize their thermodynamic stability (Ratke & VVoorhees, 2002;
Thanh et al., 2014). When the lignin concentration is reduced significantly, the particles formed
are much smaller, resulting in a very large surface area to volume ratio (S/V, Eq. 4), where R is

the particle radius.

Surface Area _ 4mR* 3 (4)
Volume (%)n:R3 "R

Smaller, charged particles, will have a favorable charge-to-mass ratio over larger
particles, normally improving colloidal stability. Although, when surface charge remains
constant and particle size decreases, DLVO theory dictates a lower electrostatic repulsive barrier
(Figure 4-11) (Liz-Marzén et al., 2001). The high S/V ratio in a lyophobic suspension can give
rise to a high overall surface free energy, eventually leading to particle aggregation and fusion,
as determined by the Lifshitz-Slyozov-Wagner (LSW) theory (Dagtepe & Chikan, 2010; Lifshitz
& Slyzov, 1961; Marqusee & Ross, 1984; Ratke & VVoorhees, 2002; Talapin et al., 2001). In
theory, given enough time, all particles of like materials will eventually form one large particle
containing the entire mass of the sample. Although, repulsive forces help resist this tendency for
all particles to completely fuse. Therefore, the stability of the LPs is determined by the trade-off
between electrostatic repulsive forces and surface free energy. The lignin particles formed below
Co will be highly unstable and quickly aggregate and fuse upon collisions with nearby larger
particles (see Figure 4-10). This process enhances the overall thermodynamic stability of the
suspension, where the surface free energy is more favorable for larger particles (Ratke &

Voorhees, 2002; Ribeiro et al., 2005).
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A Kinetic reasoning for larger particle size can also be proposed following the previously
described mechanism proposed by La Mer et al.(Lamer & Dinegar, 1950). As the lignin
concentration drops below Co, the supersaturation condition is reduced as well. Thus, the amount
of lignin that is involved in nucleation is much less given that the nucleation rate is mostly
dependent on the degree of supersaturation (Destrée & B.Nagy, 2006; Saad & Prud’Homme,
2016; Thanh et al., 2014). Therefore, growth or nucleation is favored. Although this may
contribute to an overall larger particle size, the TEM images suggest interparticle attraction and

particle fusion are the dominating factors driving the sudden gain in apparent particle diameter

measured by DLS (see Figure 4-10).
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Figure 4-11. Energy of interactions between lignin particles following DLVO model including

electrostatic and Van der Waals interactions. Input parameters are shown in the figure legend.

Hamaker constant = 1.7 x 1021 J, lonic strength = 0.001 M, ¢ = 78.5, k-1 = 10 nm.

The proposed LP aggregation/fusion mechanism at low lignin concentration would also
explain why the more hydrophobic particles (T-LP, TAE-LPs) have a higher Co than the other

more hydrophilic particles (see Table 4-3). The more hydrophilic particles will likely have a
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lower surface free energy due to the increased content of hydroxyl groups present on the surface
of the particles (Table 4-2). Interestingly, A-LPs did not exhibit a significant increase in particle
size from a reduction of lignin concentration while the more hydrophilic E-LPs exhibited
extensive particle size increases (~150%). This could be the result of the E-LPs “soft” particle
morphology due to particle swelling, where there is a lack of a discrete repulsive electrostatic
double layer (Leskinen et al., 2017a). The A-LPs exhibited the best overall particle
characteristics with respect to small size, morphology, stability and homogeneity, derived from
the ability to form a discrete, compact hydrophobic core while still containing enough

hydrophilic groups to minimize surface energy.
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Figure 4-12. a) Lignin particle suspensions with increasing precursor lignin concentration for
each of the separated fractions. All suspensions seemed visibly well-dispersed with the exception
of E-LPs at 7.5 and 10 g/L where sedimentation and flocculation are visible. b) TEM images of
E-LPs at an initial lignin concentration of 5 g/L and 10 g/L in solution prior to antisolvent
addition.

It appears that the LPs are well dispersed at higher concentrations for samples including
T-LPs and A-LPs but aggregate to the point of visible sedimentation at initial lignin

concentrations above 5 g/L for E-LPs (see Figure 4-12a). The extensive aggregation was also
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observed by TEM imaging (Figure 4-12b). As already mentioned, as the content of hydrophilic
groups present in the lignin fraction is higher, such that as the case for E-LPs, possible particle
swelling could lead to the formation of soft, metastable particles (X. Jiang et al., 2017; Ma et al.,
2020). This metastability could stem from the reduction of the hydrophobic forces necessary for
complete particle phase separation and stability. As the concentration becomes greater, the
interparticle distances will decrease significantly, where the metastability can lead to
aggregation. Conversely, the LPs with a more hydrophobic behavior remain stable at higher

lignin concentrations.

4.5 Conclusions

Synthesis of lignin particles via nanoprecipitation has improved significantly in the past
years with respect to the spherical morphology, homogeneity, and colloidal stability. The results
shown in this work suggest more is to be understood about the effects of chemical composition,
MW, particle aggregation/fusion propensity, and metastability of LPs.

It was determined that water-miscible organic solvents can be used to effectively
fractionate KL into three distinct fractions, each with a unique set of chemical and physical
properties. Each of the separate lignin fractions contained roughly 30% of the total KL sample,
resulting in an even distribution of the starting KL molecules. It was determined that as the
polarity of the solvent increases, the soluble lignin fraction is more hydrophilic. The hydrophilic
character of the lignin fraction used likely attributes to particle swelling with water and colloidal
metastability. Increased hydrophobicity of lignin also exhibited higher degrees of aggregation of
individual particles. Additionally, a mechanism was proposed relating to particle

aggregation/fusion and metastability of LPs at low precursor lignin concentrations (< 3 g/L).
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These results enable a deeper understanding of the factors contributing to lignin particle
synthesis via a solvent shifting method, further elucidating the effect of solvent-lignin-
antisolvent interactions, and lignin concentration. With regards to the application or scale-up of
colloidal lignin particle synthesis, the effects of organic solvents may become significant with
respect to green chemistry principles, cost, particle stability, and biocompatibility. It was
concluded that the particle formed from A-Frac is most likely the best option from the solvents
studied for the solvent shifting process, when homogeneity, small size, and morphology are of
interest. This is due to the favorable equilibrium between the hydrophobicity and hydrophilicity
of the lignin fraction leading to a relatively low surface free energy but also a compact
hydrophobic core when transformed into a spherical nanoparticle. Additionally, when
considering green chemistry principles, acetone will allow for a lower energy demand during
solvent removal compared to ethanol, as well as lower toxicity and hazards typically associated

with THF.
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5 ANTISOLVENT PRECIPITATION OF SURFACTANT-FREE ISOEUGENOL

LIGNIN NANOCOMPLEXES FOR ANTIMICROBIAL APPLICATIONS

5.1 Abstract

Development of active antimicrobial food packaging to prevent foodborne disease and
improve the shelf life of food products has become increasingly popular. A greater awareness in
the importance of such packaging has emerged due to the COVID-19 pandemic. Technologies
that enable active packaging solutions are commonly associated with a unique set of challenges
such as achieving low toxicity, low cost, recyclability, and antimicrobial efficacy. Creating a safe
and effective biobased alternative to synthetically derived active packaging solutions may
remedy such challenges. Herein, we report a method to fabricate a completely biobased
antimicrobial suspension of submicron particles comprised of an essential oil component,
isoeugenol, and lignin. These lignin nanocomplexes (LNCs) were determined to have double the
antimicrobial activity against Salmonella Typhimurium and Listeria innocua compared to
isoeugenol alone. The gain in antimicrobial activity was determined to be due to the improved
stability, sustained release, decreased vapor pressure, and smaller droplet size of isoeugenol. We
also proposed that this colloidal system is the result of the unique case of “trapped species in a
droplet” emulsion, where lignin acts as a ripening inhibitor to isoeugenol droplets. This allows
for enhanced stability and bioavailability at a high oil/biopolymer ratio, without the need of

traditional surfactants.

5.2 Introduction
Active packaging is a growing field in academic research and industry that is focused on

developing a new generation of materials to transport, store, protect and preserve our commercial
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and consumer products. This new generation of materials extend beyond the traditional barrier
properties of standard packaging products and actively changes the products’ environment to
achieve a specific outcome (Biji et al., 2015). The outcomes that may be achieved through active
packaging solutions including gas barriers, antimicrobial activity, water vapor permeability, and
radical scavenging, among others, have been extensively reviewed elsewhere (Bastarrachea et
al., 2015; Biji et al., 2015; C. B. Contreras et al., 2018; Fucifios et al., 2016; Halonen et al., 2020;
Lim, 2019; Yildirim et al., 2018). The current massive global effort to encourage bio-based,
recyclable and/or compostable alternatives to petroleum products creates an opportunity to
exploit nature’s offerings as greener alternatives.

Lignin, a biopolymer present in nearly all plant life, has been under investigation for its
chemical structure, modification and potential applications for many decades and could be a
viable contributor to utilizing biobased compounds. However, lignin has been associated with
several challenges in its commercialization efforts. These challenges are mainly associated with
the polydispersity and water insolubility of lignins. Most of the available lignin exists in a
heavily modified and degraded form as a byproduct of the kraft pulping of biomass, namely kraft
lignin (KL). During kraft pulping, the native lignin is subject to highly alkaline conditions that
cleave many chemical bonds such as the B-O-4 ether linkage, resulting in smaller polymer units
with greater polydispersity and a high phenolic hydroxyl content (X. Jiang et al., 2017; Zwilling
et al., 2021). The phenolic content of lignin is the major functional group that has been targeted
for exploitation in applications such as emulsifiers, UV absorbers, resin precursors, antioxidants,
and in some cases antimicrobials (X. Jiang et al., 2018b; Lam et al., 2014; Qian, Qiu, Zhong, et
al., 2015; Sipponen et al., 2017; Tian et al., 2017; Wei et al., 2012). However, KL often requires

significant modification for its effectiveness in the mentioned applications.
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One of the more studied and simple modifications to KL is the transformation to
spherical nanoparticles (LNPs). Transforming lignin into nanoparticles allows the polymer to be
stably dispersed in aqueous media while maintaining a high surface area-to-volume ratio.
Unmodified LNPs have shown to be effective in various applications such as sunblock additives
and UV-absorbers in polymer composites, but the more impressive applications are those that
utilize LNPs as nanocarriers and as a Pickering emulsion stabilizer (Ago et al., 2016; N. Chen et
al., 2016; Figueiredo et al., 2018; Iravani, 2020; Lizundia et al., 2021; Osterberg et al., 2020;
Peng et al., 2020; Sipponen et al., 2019, 2020; Q. Tang et al., 2020; W. Zhao et al., 2016b) .

Another plant-based material, essential oils, are organic compounds that possess a set of
unique and potent properties. These plant extracts can be composed of several compounds, many
of which are polyphenols, aromatic and aliphatic hydrocarbons, and carbonyl-containing small
molecules. Essential oils have been used for centuries in applications of holistic medicine,
antimicrobial agents, analgesics, antioxidants, perfumes, among others. As mentioned, many
essential oil components have been associated with antimicrobial effects, but some of the more
notable molecules are eugenol and its isomer, isoeugenol (Figure 5-1) (Calo et al., 2015; Das,
Horvath, Safranko, Jokié, Széchenyi, & Koszegi, 2019; Froiio et al., 2019; Guimaraes et al.,
2019; Hyldgaard et al., 2015; Ju et al., 2019; Krogsgard Nielsen et al., 2016; Marchese et al.,

2017; Maurya et al., 2021; Pattnaik et al., 1997).
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Figure 5-1. Molecular structure of a) eugenol and isoeugenol, and b) monomeric building blocks

of lignin.

These phenolic compounds have very similar chemical structures to that of the building
blocks of lignin during biosynthesis, especially when compared to coniferyl alcohol (G-Unit),
which is the major monomer for softwood lignin. Between the two isomers, eugenol (E) is used
much more frequently than isoeugenol (IE) in industry, notably for its widespread historic use in
dental cements. However, isoeugenol has been gaining more attention for its greater efficacy as
an antimicrobial agent (Hyldgaard et al., 2015; Krogsgard Nielsen et al., 2016).

Herein, a simple process to incorporate antimicrobial essential oil components with lignin
nanoparticles (LNPs) through a one-step nanoprecipitation method to produce lignin
nanocomplexes (LNCSs) is presented. The nanoprecipitation method has been shown to be an
effective, low-energy fabrication method for polymeric materials such as lignin and can be used
in concert with other hydrophobic small molecules utilizing the “Ouzo effect” (Ganachaud &

Katz, 2005; Groves, 1978; Lepeltier et al., 2014b; Vitale & Katz, 2003). The stability, release
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rate, and antibacterial activity of the isoeugenol is greatly improved with the inclusion of lignin
into the matrix. It is proposed that the mechanism of particle formation and morphology is rather
complex and can be further understood through lignin fractionation, isolating specific chemical
and physical characteristics of the polymer that translate to LNC properties. It will be suggested
that the most probable particle model is that of a trapped species in a droplet model, where lignin
is dissolved in isoeugenol droplets at the submicron scale. This presents a several novel notions
in colloid research related to biopolymers in that lignin can stabilize partially water-soluble
hydrophobic compounds from within the particle by acting as a ripening inhibitor. This proposed
mechanism has its advantages over traditional encapsulation methods such as high oil-to-lignin

ratios, increased release rates, and enhanced surface exposure of the hydrophobic compound.

5.3 Materials and Methods

5.3.1 Materials

Two microbial strains, Salmonella enterica serotype Typhimurium MHM 124 (ATCC
14208) and Listeria innocua (ATCC 51742), were received as freeze-dried samples from the
American Type Culture Collection (ATCC). Mueller-Hinton broth (MHB), Trypticase soy broth
(TSB) and trypticase soy agar (TSA) were used for overnight cultures (Fisher Scientific,
Waltham, MA, USA).

Pine softwood kraft lignin (KL) extracted from black liquor via the LignoBoost method
was used for all experiments. KL was acquired as an air-dried powder, and the residual moisture
was removed by vacuum oven drying for at least 24 hours prior to sampling. The chemical
composition of this lignin was fully characterized in previous work (X. Jiang et al., 2017).

Acetone and ethanol were acquired from Fisher Scientific (Waltham, MA, USA). Isoeugenol
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(98%, mixture of cis and trans) was acquired from Sigma Aldrich (Burlington, MA, USA).
Southern unbleached softwood kraft wood pulp was acquired from a paper mill in the Southeast

United States and used for the fabrication of paper samples.

5.3.2 Solvent fractionation of kraft lignin

KL was separated into four fractions by solvent fractionation. One gram of KL was
dissolved in 40 ml of pure ethanol or acetone and mixed for 3 hours. Each solution was
centrifuged to remove insoluble lignin. The soluble lignin in the supernatant was removed and
the insoluble portion was dried at 65°C overnight. A small amount of water was added to the
supernatant from the pure acetone/lignin solution to a final acetone concentration of 90% v/v.
The dried insoluble lignin was then dissolved in 90% v/v acetone/water (A90). The supernatant
from the ethanol/lignin solution was evaporated by rotary evaporation and redissolved in A90.
The process diagram and fraction labeling can be found in the Supplemental information.

The molecular weight distribution of each KL fraction was determined by gel-permeation
chromatography (GPC). All lignin samples were acetylated prior to analysis with pyridine and
acetic anhydride (1:1) for 48 hours at room temperature to improve solubility in the mobile phase
tetrahydrofuran (THF) (Glasser et al., 1993b; Zwilling et al., 2021). The analysis was performed
using an Agilent GPC instrument equipped with a UV detector (set at 280 nm) using THF as the
eluent at a flow rate of 0.7 ml/min at 30 °C. A sample concentration of 1 mg/ml and an injection
volume of 50 ul was used. Two ultra Styragel linear columns linked in series (Styragel HR 1 7.8
x 300 mm and Styragel HR 4E 7.8 x 300 mm) were used for separation. A series of

monodispersed polystyrene standards were used as calibration standards (X. Jiang et al., 2017).
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5.3.3 Essential oil loaded lignin nanocomplex synthesis

KL was dissolved in A90 for 30 minutes and then centrifuged to remove insoluble
components. The insoluble mass was less than 1%. Two milliliters of the KL solution (5 mg/ml)
and 50 pul of pure isoeugenol were transferred to 20 mL glass vials. The mixture was
magnetically stirred at 1000 rpm and 5 ml of MilliQ water was rapidly injected into the solution.
The residual acetone in the suspension was removed via rotary evaporation at 35°C. For
comparison, IE was dissolved in A90 to form IE nanodroplets (IDs) in the same way, but in the

absence of KL.

5.3.4 Particle Size Distribution
The particle size distribution (PSD) was measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern). The average particle diameter (MPD) is reported as the

intensity-weighted Z-average particle diameter.

5.3.5 Stability

The stability of the suspensions was determined by measuring the optical density (OD) of
the suspension (600 nm wavelength) using a BioTek 96-well plate reader. The suspensions were
diluted to a concentration of 5.12 mg/ml in NaCl aqueous solutions of varying concentrations
(1.2 mM - 1.2 M NacCl). The OD reduction was also tracked in MilliQ water at elevated

temperatures (37°C). The relative absorbance (RA) was calculated by Eq. 1.

__ODafter 12 hours
- Inital 0D

RA 1)

5.3.6 Isoeugenol release profile
Two milliliters of ID and LNC suspensions were transferred to dialysis tubing (3-4 kDa

MWCO) separately and placed in a closed glass jar with 98 ml of MilliQ water or phosphate
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buffer solution (pH 7.4). One milliliter of the filtrate was removed and the mass of the
isoeugenol in the aliquot was determined by UV absorption at 260 nm. The volume removed was
replaced thereafter. The calibration curve of absorbance versus isoeugenol concentration can be
seen in the supplemental information. The cumulative release was calculated by Eq. 2-4 (Corsaro

et al., 2021; Ravindran Chandrasekaran et al., n.d.).

M; = Measured Concentration * Total Volume * Dilution factor (2)
M
R(t) = Vgig * Pr—1 + Py (4)

In Egs. 2-4, M is the total mass of isoeugenol in the solution at time t, M; is the initial
isoeugenol mass in the dialysis tubing at t = 0, Py is the percentage of isoeugenol diffused
through the dialysis tubing, R(t) is the cumulative release of isoeugenol, Vaiqis the aliquot
volume withdrawn from the dialysis solution.

The release data was fitted with a Weibull release kinetics model for a more descriptive

analysis for the release of isoeugenol (Eg. 5).

R(t) = Ro,(1 — e‘@ﬁ) ®)

In Eg. 5, R« is the asymptotic maximum of isoeugenol released, t is the scale factor in
units of hours, and B is the shape factor. The data was fitted in using a non-linear regression tool
(JMP pro 16.1).

The solubility of isoeugenol was determined by adding an excess (10 ml) of isoeugenol to
90 ml of MilliQ water. The solution was wrapped in aluminum foil and magnetically stirred at

20°C for 48 hours. The concentration was determined by UV spectroscopy.
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5.3.7 Antibacterial activity

Salmonella Typhimurium was grown in Mueller-Hinton broth (MHB). Typically, MHB
is the suggested media for antibacterial assays, but it was determined in preliminary work that L.
innocua required a more nutrient-rich media for overnight growth studies. Therefore, L. innocua
was grown in Trypticase soy broth media (TSB). Culture plates were made from trypticase soy
agar (TSA) with the addition of 2.5 mg/ml of dextrose. All broth and agar solutions were
autoclaved at 121°C for 60 min. A solution of dextrose was autoclaved separately then added to
the agar solution after sterilization to avoid Maillard reaction byproducts (Helou et al., 2014).

Each bacterial strain was cultured overnight in its appropriate media at 37°C. The
overnight culture was then transferred to sterile 3 ml vials and frozen overnight at -80°C. The
frozen culture was scraped with an inoculation loop, and T-streaked on the TSA plates, then
incubated at 37°C overnight. The colonies from the overnight plates were stored at 4°C and a
single colony was transferred to a sterile conical tube containing 20 ml of TSB and homogenized
using vortex mixing. The inoculated media was incubated at 37°C for 12 hours and used for
further testing.

The MIC was determined using the microdilution 96-well plate assay using standard
methods(Balouiri et al., 2016). Briefly, either ID or LNC suspensions were diluted with
appropriate bacterial media to an IE concentration of either 5120 pg/ml or 3840 pg/ml, followed
by nine, 2-fold dilutions. Ten microliters of each bacterial culture, with a predetermined
concentration of 2 x 106 CFU/mI was added to each well. The final volume in each well was 100
pl. The OD at 600 nm was measured every ten minutes for 18 hours using a Biotek plate reader.

The MBC was determined by transferring 100 pl from the MIC well and the adjacent wells then
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plated on TSA plates. The plates were incubated for 48 hours. No dilution was necessary as a 3-

fold reduction (-99.9%) of bacterial populations was targeted.

5.3.8 Transmission electron microscopy of Bacteria

An overnight culture of each bacterial strain in TSB was diluted to a concentration of 2 x
10° CFU in 10 ml of TSB along with the LNC suspension at a concentration of 1000 ppm. The
conical flask was vortex mixed for 1 hour, and the mixture was centrifuged at 4700 rpm for 30
minutes. The resulting pellet was washed three times with sterile DI water and centrifuged to
remove any excess broth.

The samples were then fixed overnight in modified Karnovsky's fixative consisting of a
mixture of 4% paraformaldehyde and 1% glutaraldehyde, buffered with 0.1 M sodium
cacodylate (pH 7.2). After three-10 min buffer washes with sodium cacodylate, the samples were
post-stained with 2% osmium tetroxide for 1 hour followed by three-10 min buffer washes with
sodium cacodylate. Samples were subsequently dehydrated in an increasing ethanol
series. Finally, the samples were infiltrated and embedded in Epon 812 resin and polymerized in
an oven at 70 °C for 24 h. Microtomy was performed on a Leica EM UC7 and sections were
post-stained with saturated aqueous uranyl acetate for 20 min followed by lead citrate for 5 min.

The sections were imaged using a Hitachi 7800 TEM.

5.3.9 Antibacterial activity on surfaces

Paper handsheets were fabricated following the TAPPI standard methods (TAPPI T205
sp-02, 2006) from unbleached southern softwood kraft pulp at a basis weight of 120 g/m?and
pressed to simulate linerboard for food packaging. The handsheets were cut into 2 cm x 2 cm

square pieces and autoclaved at 121°C for 45 minutes. Each paper sample was placed into a
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sterile petri dish and 100 pl of either the ID or LNC suspension was transferred to the paper. The
final isoeugenol concentration on a dry basis was 2.25% w/w. The paper samples were allowed
to dry for 24 hours at ambient conditions. The paper was then inoculated with 108 CFU of L.
innocua and S. Typhimurium in TSB. The samples were allowed to dry in ambient conditions
overnight.

After 16 hours, the paper samples were re-wetted with 100 ul of sterile DI water. The
paper was then gently pressed with the researcher’s thumb inside a sterile glove. The thumb was

then stamped onto an agar plate (TSA). The agar plate was incubated at 37°C for 48 hours.

5.4 Results

5.4.1 Particle Characteristics

5.4.1.1 Nanoprecipitation of Isoeugenol and KL

Isoeugenol is a relatively simple molecule, but it has a rather unique behavior in agueous
systems due to its amphiphilic moieties (See Figure 5-1). Isoeugenol is an oily substance with
low solubility in water (0.57 g/l), and can self-assemble via spontaneous emulsification,
otherwise known as the ouzo effect (Vitale & Katz, 2003). The particle size distribution (PSD) of
isoeugenol nanoparticles (IDs) measured by dynamic light scattering shows a polydisperse, yet
sub-micron scale droplet distribution of IE in water (Figure 5-2). The PSD and average particle
size of KL nanoparticles (LNP) and the combination of KL and IE (LNC) is also depicted in

Figure 5-2.
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Figure 5-2. Particle size distribution as measured by dynamic light scattering and the intensity-

weight Z-average particle diameter, 6.

The average particle diameters of the suspensions from ID, LNP and both LNC were 370
nm, 58 nm, and 270 nm, respectively. All PSDs were monomodal, including LNC’s, indicating a

single colloidal system.

5.4.1.2 Lignin fractionation effects

Due to the complexity of the lignin composition and its hydrogen bonding potential with
IE and water, it was necessary to determine the formation events during nanoprecipitation.
Lignin is a highly heterogeneous polymer with a broad molecular weight (MW) distribution. In
previous work, we showed the chemical compositions within the fractions of high MW and low
MW lignins differ greatly (X. Jiang et al., 2017; Zwilling et al., 2021). It has been well
understood that the lower MW lignin fractions contain a higher hydroxyl content and is therefore
more hydrophilic than its higher MW counterparts (X. Jiang et al., 2017; Ma et al., 2020;
Zwilling et al., 2021). Dissolving KL in a relatively poor, polar solvent such as ethanol, can
selectively separate lower MW lignin fractions, whereas better lignin solvents such as acetone

and acetone/water binary solvents can dissolve higher MW KL fractions (Zwilling et al., 2021).
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The solvent fractionation yields and MW distributions of each of the lignin fractions can be seen
in Figure 5-3a-b.

Ethanol soluble KL (F1) had the lowest weight-average molecular weight (Mw) of 1,594
Da followed by the acetone soluble fraction (F2) of 2,786 Da. The ethanol and acetone insoluble
fractions (F3, F4) had a Mw of 7,075 and 10,960 Da respectively (see Figure 5-3a). Previous
work showed that low Mw lignin fractions contain a higher number of phenolic hydroxyl groups
relating to a greater hydrophilicity compared to high Mw lignin (X. Jiang et al., 2017; Ma et al.,
2020; Pang et al., 2020b; Zwilling et al., 2021).

The fractionated and unfractionated lignins were used to nanoprecipitate the LNCs with
IE. The precipitation points of each of the lignin fractions and IE separately was determined by

water titration (Figure 5-3c).
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Figure 5-3. Kraft lignin, isoeugenol, and LNC characteristics including a) GPC chromatogram of
each of the lignin fractions and the starting lignin material, b) the yield of each lignin fraction
separated by solvent fractionation relative to the unfractionated kraft lignin, b) the precipitation
point of each the neat constituents, c) SEM images of d) LNCs formed from the F1 lignin
fraction, e) LNCs formed from the F2 lignin fraction, f) LNCs formed from the F3 lignin
fraction, g) LNCs formed from the F4 lignin fraction, h) LNCs formed from the unfractionated
kraft lignin sample. The precipitation point was performed in triplicate with no significant

standard deviation.

The precipitation point of lower MW lignin fractions was lower than higher MW lignin
fractions, which agrees with the greater hydrophilic character. IE had the lowest precipitation
point (35% v/v). These results suggests that lignin is more hydrophobic than isoeugenol and
lignin will precipitate shortly before isoeugenol. However, it should be noted that during the

formation of LNCs, water is rapidly added to the acetone solution under high mixing conditions.
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Therefore, the differences in precipitation point likely contribute to the formation mechanism of
LNCs in a very minor way.

The morphologies of the LNCs formed from different lignin fractions was characterized
by SEM imaging. The samples were drop casted onto carbon tape and allowed to dry in a
vacuum oven at 35°C. During the drying process, the water is removed along with the majority
of IE, especially when exposed to the high vacuum during SEM imaging (< 5 x 107 torr). This is
much lower than the vapor pressure of IE (1.35 x 107 torr (Stull, 1947)). Nevertheless, the
residual particles under vacuum show considerable difference with respect to the MW of lignin
(Figure 5-3d-h). More specifically, the LNCs formed from low MW lignins (F1, F2) show
smooth surfaces with film-like bridging between particles, indicative of residual or bound IE
(Figure 5-3d-e). LNCs formed from high MW lignins (F3, F4) show a polydisperse sample with
smaller spheres bridged together and larger spheres with a crumpled surface structure (Figure
5-3f-g). This crumpled surface structure is formed from the capillary pressure upon drying. More
specifically, larger particles with a hollow core or less compact structure will collapse due to the
capillary pressure exceeding the Laplace pressure (Kamardinen et al., 2018b; Tirumkudulu,
2018). Further explanation of the LNC formation mechanism will be described in the discussion

section.

5.4.1.3 Stability
The stability of the various LNC formulations was determined by their independent
methods: 1) loss of turbidity as a function of changes in the ionic strength of the media, 2) loss of

turbidity as a function of time at elevated temperatures (37°C) (Figure 5-4).
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Figure 5-4. Relative stability of colloidal dispersions of isoeugenol with (LNC) and without (ID)
the complexation with kraft lignin. a) Optical density reduction of the ID and LNC suspensions
after 12 hours of exposure to a range of NaCl concentrations (1.2 mM to 1.2 M). b) Optical
density reduction of the LNC suspensions formed from the fractionated lignins after 12 hours of
exposure to varying NaCl concentrations (1.2 mM to 1.2 M). c) Optical density reduction of the
ID and LNC suspensions after 12 hours of exposure to elevated temperatures (37°C) in MilliQ

water.

In Figure 5-4a, the optical density as a function of NaCl concentration of an isoeugenol
suspension with and without KL after 12 hours is depicted. Firstly, the ID suspension has a 37%
reduction of OD after 12 hours at low NaCl concentrations (1.2 mM), whereas the LNC
suspension showed only a 24% reduction in OD. Furthermore, there is a drastic reduction in OD
(-67%) at a NaCl concentration of 37.5 mM for IDs. In contrast, LNCs had a minimal OD
reduction at higher NaCl concentrations.

The stability of the fractionated LNC suspensions was also examined. In Figure 5-4b, the
LNCs formed with low MW KL (F1-LNC and F2-LNC) show similar behavior to IDs at
increasing NaCl concentrations, whereas LNCs formed with high MW KL (F3-LNC and F4-

LNC) show little changes in the OD at higher NaCl concentrations. This suggests that the LNCs
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containing high MW KL remain suspended, whereas the suspensions containing no KL (IDs) or
low MW KL fully destabilize at high ionic strengths.

Similarly, the reduction in OD at higher temperatures as a function of time is greatest for
suspensions containing no KL or low MW KL (Figure 5-4c). The LNCs containing all KL
fractions (LNC) has a reduction of OD less than that of low MW LNCs but greater than high
MW LNCs. These results suggest the final suspension is comprised of droplets containing either
low MW KL or high MW KL, indicating a highly complex, yet intelligent self-assembly. To
summarize, isoeugenol can be stabilized by the addition of KL during precipitation, especially

with high MW KL fractions.

5.4.1.4 Isoeugenol release Kinetics
The release of isoeugenol from LNCs in solution state by dialysis in MilliQ water or a
phosphate buffer solution (PBS) was measured by UV absorption of isoeugenol over time. The

release profiles are provided by Figure 5-5.
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Figure 5-5. Release profile of unfractionated LNCs and IDs reported as cumulative release as a

function of time and the fitted Weibull release kinetic model. a) Release profile for LNCs

dialyzed with MilliQ water. b) Release profile for IDs dialyzed with MilliQ water. c) Release

profile for LNCs dialyzed with phosphate buffer solution. d) Release profile for IDs dialyzed

with phosphate buffer solution. This experiment was performed in duplicate and the standard

deviation for each sample and time was less than 1%.

The pH of the dialysis solutions was measured after 24 hours for each of the samples in

their respective media. The release of IDs and LNCs both resulted in a pH of 5.80 for water and

7.41 for PBS. This was expected due to the similar chemistry between IE an KL and the

buffering nature of PBS. The release of IE was enhanced by the complexation with KL, likely

due to the reduced particle size and enhanced stability at high bulk surface area-to-volume ratios.

The release curves in all samples had a Weibull-like shape with a high rate of release at early

time points followed by a plateau at t~12 hours (Figure 5-5). The plateau was more gradual in

PBS than in MilliQ water likely due to the increase in the osmotic pressure in the outer solution.
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The data was fitted to a Weibull release kinetic model described in the experimental section and
the resulting parameters are listed in Table 5-1.
Table 5-1. Parameters and goodness of fit for the Weibull release kinetic model. R is the

asymptotic maximum cumulative release, T is the scale factor, B is the shape factor, and R? is the

coefficient of determination.

Compound  Medium R (Max %) 7 (hrs) B R?

LNC Water 70% 6.91 0.84 0.988
PBS 63% 5.17 0.94 0.994

ID Water 49% 2.94 0.99 0.984
PBS 45% 3.81 1.02 0.987

The Weibull model has a high correlation with each of the samples (R? > 0.98). The
maximum IE release for LNC was 21% higher than IDs in water and 18% higher in PBS. The
characteristic scale factor, T, for LNC was more than double that of IDs in water and 1.36 hrs
longer in PBS. The scale factor describes the time point at which 63.2% of the compound would
have been released (t = 7). Therefore, the majority of IE with potential to be released is diffused
from IDs in a much shorter time than from LNCs. Moreover, the higher scale factor of LNCs is
representative of the stability gain. The shape factor, B, is the slope of the curve and can give
information of the diffusion mechanism and particle behavior in the medium. Specifically, values
of B between 0.75 and 1 are representative of both Fickian diffusion and case Il transport
(Papadopoulou et al., 2006). This suggest that all samples involved some degree of particle
swelling, especially at higher pH’s (PBS). The degree of swelling and diffusion was mitigated by

the inclusion of KL. This is reasonable considering the partial solubility of IE in water.
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5.4.2 Antimicrobial activity of LNCs

5.4.2.1 Microdilution plate assay

Foodborne bacterial pathogens account for nearly 3.6 million illnesses annually and make
up 64% of the total foodborne pathogen related deaths in the U.S. (Scallan et al., 2011). More
specifically, the CDC listed Salmonella spp., Listeria monocytogenes, and E. coli as the most
prominent bacteria to cause multistate foodborne illness outbreaks in the U.S. (List of Selected
Multistate Foodborne Outbreak Investigations | Foodborne Outbreaks | Food Safety | CDC,
n.d.). The USDA actively estimates the total annual cost of the most common foodborne
pathogens and bacterial pathogens alone account for nearly 12 billion USD (USDA ERS - Cost
Estimates of Foodborne IlInesses, n.d.). Thus, Salmonella enterica Typhimurium and Listeria
innocua were chosen as foodborne pathogen model organisms for this work. The antibacterial
activity of the ID suspension and LNC suspension were determined through microdilution
assays, surface extraction, and TEM image analysis. The minimum inhibitory concentration
(MIC) defined as the lowest concentration of the compound that prevents visible bacterial
growth was determined by the microdilution assay through visual interpretation as well as by OD
measurements (See Figure 5-6a-d). The minimum bactericidal concentration (MBC) defined as
the lowest concentration of the antibacterial causing 99.9% of the bacteria to be killed is also

reported (See Figure 5-6a-d).
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Figure 5-6. Antibacterial activity of the LNCs and IDs. a) Growth curves of S. Typhimurium

exposed to varying concentration of IDs measured by optical density as a function of time. b)

Growth curves of S. Typhimurium expoed to varying concentration of LNCs measured by optical

density as a function of time. ¢) Growth curves of L. innocua exposed to varying concentration

of IDs measured by optical density as a function of time. d) Growth curves of L. innocua

exposed to varying concentration of LNCs measured by optical density as a function of time. e-

g) Transfer of viable S. Typhimurium from untreated paper (e), paper treated with I1Ds (f), and

paper treated with LNCs (g) to a human hand. h-j) Transfer of viable L. innocua from untreated

paper (e), paper treated with IDs (f), and paper treated with LNCs (g) to a human hand. k)

Schematic of the transferability of bacteria test from paper to hand.

The inclusion of KL in the IE suspensions resulted in an improvement in both the MIC,

and MBC for both the Gram-positive (L. innocua) and Gram-negative (S. Typhimurium) bacteria

(Figure 5-6a-d). The antibacterial activity nearly doubled in all cases. This is an additional
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improvement to the initial reduction in the MIC and MBC of IE from its free form to droplet
form (Supplemental). This improvement can be attributed to the smaller particle size (higher
S/V) and greater stability of LNCs throughout the incubation period (Figure 5-2, Figure 5-3,
Figure 5-5). This is especially important considering the incubation conditions including
bacterial media containing a fairly high ionic strength (174 mM) and elevated temperatures
(37°C).

For practical reasons, the antibacterial activity of the ID and LNC suspensions was
investigated in a dry state on paper packaging surfaces. Additionally, the transferability of the
bacteria to a human hand was simulated (Figure 5-6k). As mentioned in experimental section
5.3.9, the bacteria transfer from surface-to-hand was simulated by gently pressing the paper
surface and then touching the contaminated finger to an agar plate (Figure 5-6k). The resulting
agar plates after 24 hours of incubation at 37 °C are shown in Figure 5-6e-j. The paper surface
containing 1Ds exhibited similar growth to the control sample whereas the paper coated with

LNCs showed no visible growth.

5.4.2.2 Antimicrobial mechanism of LNCs

In the previous section, there seemed to be an improvement of the antibacterial activity of
isoeugenol when complexed with KL. However, many studies investigating the antibacterial
activity of essential oil compounds have suggested rather broad explanations of the antibacterial
mechanisms. For that reason, TEM micrographs were taken of the cross section of both bacteria

before and after treatment with LNCs (See Figure 5-7).
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Figure 5-7. TEM images of L. innocua and S. Typhimurium untreated and treated with LNCs. A)
Untreated L. innocua, B) untreated S. Typhimurium, c) treated L. innocua, B) treated S.

Typhimurium.

In the untreated sample of L. innocua, the thick cell wall is clearly visible, which is
characteristic of Gram-positive bacteria. In addition, there appears to be a very clear nucleoid
contained in a defined space for the untreated L. innocua (see Figure 5-7a). However, upon
treatment with LNCs, the cell wall and cell membrane are greatly damaged as evidenced by the
fuzzy partition between the bacterial cells and the extracellular space (see Figure 5-7¢). The cells
also show a darkening of the interior of the cell, indicating increased dye uptake, representative
of membrane permeabilization (Figure 5-7c). Furthermore, the well-defined nucleoid region is

no longer present after treatment with LNCs. Mechanistically, this suggests that IE can penetrate
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the cell and may take part in protein denaturation, and other damaging reactions to the nuclear
material.

For S. Typhimurium, the untreated sample shows a thin, intact outer membrane, as well
as aggregates of either inclusion bodies or ribosomes/proteins dispersed within the cytoplasm
(Figure 5-7b). Upon treatment with LNCs, a fuzzy characteristic of the cell membrane appears,
similar to the treatment of L. innocua (Figure 5-7d). Moreover, the membrane permeability is
also apparent by the increased dye uptake (Figure 5-7d). The IE also seems to eliminate the
presence of inclusions that are visible in the untreated sample, suggesting that IE is disrupting the

stability of the inclusions (Figure 5-7d).

5.5 Discussion

Nanoprecipitation is a common method to quickly produce colloids by rapidly decreasing
the solubility of a substance, thus forcing a phase separation. Fabricating lignin nanoparticles
from this method has been done extensively in the past by using the solvent exchange method,
where lignin is dissolved in a water miscible, organic solvent and quickly precipitated by the
addition of an antisolvent, commonly water. The variables controlling the particle properties of
lignin nanoparticles (LNPs) produced by the nanoprecipitation method has been studied
elsewhere (Leskinen et al., n.d.; Osterberg et al., 2020; Sipponen et al., 2018b; Zwilling et al.,
2021). However, the particle formation mechanisms and characteristics upon adding
hydrophobic small molecules into the precursor polymer solution prior to nanoprecipitation, had
not yet been fully understood.

The Ouzo effect is a special type of nanoprecipitation that has been used to explain the
formation of sub-micron, spherical particles, or droplets in water from water-miscible solvent

solutions. The ouzo effect was initially discovered during the dilution of ouzo, an alcoholic
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beverage containing aromatic oils, with water resulting in a cloudy appearance. More generally,
the ouzo effect is the spontaneous emulsification of hydrophobic compounds from solution in the
metastable regime (i.e., thermodynamically unstable but kinetically stable). This effect has been
extensively studied elsewhere but is likely related to the mechanism of particle formation
occurring in this research (Ganachaud & Katz, 2005; Vitale & Katz, 2003). Previous research
has shown that lignin can effectively encapsulate essential oil compound, but the oil/lignin ratio
must be very low (< 0.5 w/w) (Algahtani et al., 2020; N. Chen et al., 2016; Piombino et al.,
2020; Sipponen et al., 2020; Zikeli et al., 2020). In this research, it was shown that the
improvement of stability and antibacterial activity can be achieved at relatively high oil/lignin
ratios (5 w/w). Many other works commonly add a water-soluble surfactant to the system to
stabilize the capsules/emulsion (Lammari et al., 2020), whereas the LNCs are a surfactant-free

system.

5.5.1 Trapped Species in a Droplet Hypothesis

The partial solubility of IE yields a high propensity for Ostwald ripening to occur at small
particle sizes. Ostwald ripening is the growth of dispersed particles at the expense of smaller
ones driven by the thermodynamic instability. Mechanistically, small molecules on the surface of
dispersed particles are redissolved into the continuous phase and diffuse to larger
droplets/particles. IE was shown to be slightly more hydrophilic than KL, as evidenced by the
larger amount of water necessary for a phase transition to occur (Figure 5-3c). Thus, it would be
unlikely that KL would prefer the interface, such as a Pickering emulsion or encapsulation
model. More likely is the case of a special type of ripening inhibitor, which has been termed
trapped species in a droplet (TSID) (Kabalnov, 1998, 2001; Webster & Cates, 1998). The

trapping of species in a droplet occurs when a dispersed phase is stabilized in a continuous phase

107



by the addition of a third component, typically polymeric. TSID is valid provided the following

requirements are met (Kabalnov, 2001; Webster & Cates, 1998):

1) The oil droplet has low but finite solubility in water.
2) The oil/water ratio must be sufficiently low (ouzo region).
3) The third component (KL) must be completely immiscible with the continuous phase.

4) The third component must be miscible with the dispersed phase.

In the case of LNCs, all four conditions are met given that 1) IE has a solubility of 0.57
mg/mL, 2) IE is suspended at a concentration of 1% v/v, 3) KL is completely immiscible with
water at room temperature and 4) KL is miscible with IE.

The TSID model can explain the release phenomena of IE depicted in such that KL
enhances, rather than inhibits, the diffusion of IE by dialysis. If KL was at the interface, there
would likely be a slower release mechanism as it would be limited to the porosity of the shell
material. Instead, KL resides in the core of the droplet where it restricts droplet growth at early
stages of particle formation by Ostwald ripening which is attributed to the increase in the
osmotic pressure within the droplet. Thus, the tighter particle size distribution offers a larger
surface area-to-volume ratio for diffusion to take place. One of the characteristics of TSID is the
inhibition of molecular diffusion of the dispersed molecules at sufficiently low droplet sizes by
offering a greater osmotic pressure to combat the high Laplace pressure at small particle sizes

Eq. 6

2
Aﬂ:#d_#s:[%_ﬂlvb (6)
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In Eq. 6, Au is the chemical potential difference between a molecule of IE remaining in
particle form (pg) or dissolved in the bulk (ps), y is the surface free energy of the particle, R is
the particle radius, N is the number of molecules trapped in the droplet, ksT is the thermal
energy, and Vy is the molar volume. As R - o, the second term diverges and Ay becomes
infinitely negative (i.e., thermodynamically stable). Essentially, this second term is related to
Raoult’s law, where solute molecules prevent the evaporation, or in this case diffusion, of the
solvent molecules (Kabalnov, 2001; Webster & Cates, 1998). Furthermore, the TSID model
would agree with the particle morphologies after drying give the film-like appearance (see
Figure 5-3d-h). Figure 5-8 below gives a more descriptive schematic of the particle formation

events before and after drying as a function of lignin MW fractions.

a) 0il forms droplets Ostwald Ripening Larger droplet
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Figure 5-8. Proposed LNC formation mechanism. a) ID droplet ripening. b) Low MW lignin

LNC formation and drying mechanism. ¢) High MW lignin LNC formation and drying
mechanism. Green is acetone, blue is water, yellow is IE and brown is lignin. d) The interplay of
capillary pressure and Laplace pressure between two generic spherical particles (gray) upon
evaporation of the solvent (R. Chen et al., 2016).
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In the simplest case of IDs, droplets are formed by ouzo type nucleation and growth,
followed by gradual destabilization through Ostwald ripening, driven by perturbations in the
homogeneity of radii. We can consider the more complex case of TSID with low MW lignin that
is highly miscible in IE (i.e., ideal case) (Figure 5-8b). Lignin molecules and IE are randomly
dispersed and well dissolved in A90 prior to water addition. Upon solvent displacement and high
mixing, the IE droplets can form, dissolving or swelling the lignin. Since the lignin is highly
miscible in IE, it is evenly distributed in the droplet. During the drying process, water is
removed, leaving an ID containing dissolved lignin. Further drying by reduced pressure results in
the evaporation of IE and the lignin within the droplet contracts to form a solid particle. The
particles are bridged by a film of IE between the particles (Figure 5-8b).

Conversely, when high MW lignin is used to form LNCs, an even more complex
mechanism can be suggested Figure 5-8c . Given the condensed structure and lower hydrogen
bonding capacity of high MW lignins, the miscibility with IE is likely to be lower than with low
MW lignin. Thus, there is likely a supramolecular aggregation of high MW lignins that can form
a double emulsion-like system within the IE droplet. However, one must consider the
polydispersity of the fractionated lignin, such that very small aggregates may form as well as
large ones. The resulting dried particle under high vacuum is a mixture of small, compact LNPs
bridged by a layer of IE and core-shell particles that collapse due to the exceedingly high
capillary pressure and mechanical stress during the drying process (R. Chen et al., 2016;

Ké&mardéinen et al., 2018b; Tirumkudulu, 2018).

5.5.2 Antibacterial activity
As previously mentioned, the solubility of IE in water is low but near the concentrations

necessary for bacterial inhibition. However, the IE in water exists not as a free molecule but as
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an aggregated droplet. Thus, the additive exposed surface area is greatly reduced. In the presence
of additional compounds (salts, proteins, sugars), as is the case for biotic media, the solubility for
the IE is expected to decrease. Therefore, IE is the major component involved with enhancing
the antibacterial activity, being resistant to ripening, aggregation, and sedimentation. The

stability is enhanced by the addition of lignin as a ripening inhibitor.

5.6 Conclusions

In this work, we demonstrated that kraft lignin and isoeugenol can be precipitated out of
solution to form submicron particles/droplets in a simple, one-step process. It was show that
while isoeugenol can spontaneously emulsify to form semi-stable colloidal suspensions, the
stability can be greatly enhanced with the inclusion of kraft lignin. This enhanced stability
translated to twice as effective antibacterial activity in aqueous systems. Furthermore, it was
shown that the complexation of isoeugenol with lignin can enhance the antibacterial activity of
isoeugenol in the dehydrated state on paper surfaces fabricated to simulate paper packaging
materials. In this regard, it appears that kraft lignin reduces the evaporation of isoeugenol in the
absence of water. A mechanism of particle characteristics was proposed to explain these results
further using the trapped species in a droplet model (TSID). The TSID fundamentally restricts
the complete evaporation in the dry state and complete molecular diffusion in the droplet state.
This work adds to the rapidly expanding progression of high value lignin-based material

developments with a real-world application in antimicrobials.
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6 HIGH-THROUGHPUT CONTINUOUS NANOPRECIPITATION DESIGN FOR

LIGNIN NANOPARTICLE PRODUCTION UTILIZING THE VENTURI EFFECT

6.1 Abstract

Lignin nanoparticles have gained an immense level of attention from industry and
academia for their potential in high-value applications. Much of the work-related to the
fundamental understanding of lignin nanoparticle formation has already been performed, yet
scalable technologies are scarce to produce this material. Here, we describe a simple low-energy
design to produce LNPs at scale that are substantially smaller than LNPs produced at the bench
scale or in a batch mixing design. This design involves the adaptation of the Venturi effect to
generate a flow of dissolved lignin by passing an orthogonal flow of water through a confined
space. This allows for a LNPs to be produced at a rate of 225 g/hour. Additionally, a solubility
investigation of lignin in aqueous THF and acetone was performed. It was determined that
90%v/v acetone produced LNPs with the smallest average size compared to other concentrations

of aqueous acetone and aqueous THF.

6.2 Introduction

Lignin is a biopolymer present in all plant life at varying amounts and has been
investigated for potential high value applications including, but not limited to, polymer
composites, antioxidants, anticorrosion, cement additive, UV absorber, among others (Beisl,
Friedl, et al., 2017; Duval & Lawoko, 2014; Osterberg et al., 2020; Rahman et al., 2018; Q. Tang
et al., 2020). However, the valorization of lignin has been greatly hindered by its amorphous
configuration and heterogeneous chemical and molecular weight distribution (Zwilling et al.,

2021). This fact, has propelled a global research effort to chemically modify, homogenize, or
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physically transform lignin for enhanced applications. A recent push towards the modification of
lignin is aimed at the transformation of the polymer into micro- and nanoparticles. This
transformation allows lignin to self-assemble into spherical particles with a distribution of its
various functional groups according to the affinity to the external environment. One of the more
simple and common methods for transforming lignin into nanoparticles is the nanoprecipitation,
or solvent exchange method. This method involves the dissolution of KL in water-miscible
organic solvents followed by the rapid addition of a non-solvent phase, usually water.
Mechanistically, the rapid mixing generates a series of small droplets of dissolved lignin and the
solvent is eventually fully diffused in the water (Beisl, Miltner, et al., 2017; Osterberg et al.,
2020). The hydrophobic character of KL results in a rapid aggregation of the lignin into nuclei.
The spherical shape is characteristic of a surface energy minimization phenomenon. Other
additive properties of LNPs are their high surface area-to-volume ratio and dispersibility in
various media. The transformation of lignin to a colloidal form allows for molecular-like
reactivity in aqueous environments (A. Moreno & Sipponen, 2020).

Kraft lignin has a particularly complex chemistry and molecular weight distribution due
to the degradative extraction during biomass pulping. During pulping, lignin undergoes a vast
array of reactions that result in a high polydispersity. In previous work, it was shown that the
molecular weight of lignin has an inverse correlation with the phenolic hydroxyl content and a
positive correlation to its aliphatic character (X. Jiang et al., 2017; Zwilling et al., 2021). Due to
the lower pKa, phenolic hydroxyls in lignin relate to the hydrophilicity of the fraction. Thus,
each fraction of lignin has a solubility limit in organic solvents that can be related to their
polarity. More specifically, more relatively more polar organic solvents are more selective

towards more hydrophilic, low MW lignin fractions, whereas solvents that are more non-polar,
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such as acetone and THF, are less selective (Ma et al., 2020; Pylypchuk et al., 2021; Zwilling et
al., 2021).

The behavior of polymers in solution is a complicated topic, especially for a
heterogeneous polymer such as lignin. The degree of solvation will vary greatly among the
different lignin fractions. Generally speaking, high MW polymers are more difficult to dissolve
than low MW polymers due to entropic considerations. Therefore, it has been proposed that
lignin can aggregate into supramolecular structures in a single-phase system (S. Contreras et al.,
2008; Guerra et al., 2007). The molecular weight of these supramolecular structures can be on
the order of 10° Da as measured by multi-angle light scattering, whereas GPC of acetylated kraft
lignin estimates molecular weights < 10 kDa. Therefore, it is of interest to investigate how the
nature of the solvent can affect the formation of LNPs during nanoprecipitation.

The nanoprecipitation method is typically performed by adding a small volume of dilute
dissolved lignin to an excess of water under magnetic stirring. At the bench-scale, this method
produces high-quality, monodispersed nanoparticles. However, for nanoprecipitation to occur, a
high degree of supersaturation must be achieved. This is only possible with exceptional mixing
at a larger scale. Therefore, proposals of batch LNP nanoprecipitation processes will likely result

in heterogeneous and aggregated colloidal dispersions.
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Figure 6-1. Schematic of the Venturi mixer modified for LNP production at scale.
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In this research, a high-throughput continuous mixer for the generation of LNPs. The
mixer utilizes the Venturi effect was developed (Figure 6-1) to create a self-generated flow of
lignin solution to a continuous flow of water in a confined space. The Venturi effect is the

decrease in static pressure due to the velocity gain of a fluid passing through a confined volume.

6.3 Materials and Methods

6.3.1 Materials

Pine softwood kraft lignin (KL) extracted from black liquor via the LignoBoost method
was used for all experiments. KL was acquired as an air-dried powder, and the residual moisture
was removed by vacuum oven drying for at least 24 hours prior to sampling. The chemical
composition of this lignin was fully characterized in previous work (X. Jiang et al., 2017,
Zwilling et al., 2021). Acetone and tetrahydrofuran (THF) were acquired from Fisher Scientific

(Waltham, MA, USA).

6.3.2 Methods

6.3.2.1 Kiraft lignin solubility

Five grams of KL was dissolved it 10 ml of either aqueous THF or aqueous acetone and
mixed for 48 hours in the dark. The solution was centrifuged at 10,000 rpm for 30 min and
filtered. The filtrate was diluted until an absorbance value between 0.1 and 1.5. A calibration
curve of absorbance versus KL concentration was created for each of the solvent systems. The

saturated solubility of KL was determined by UV-Vis spectroscopy.
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6.3.2.2 Fractionation

For preparing the lignin fractions, approximately 1 g of oven-dried KL was added to a 50
mL centrifuge tube along with 40 mL of anhydrous ethanol. The solution was mixed vigorously
using a Fisher Scientific Digital Vortex Mixer for 60 seconds at 3,000 RPM to ensure maximum
solubility. The mixture was then centrifuged for 5 minutes at 4,000 RPM. The supernatant was
decanted and set aside for later use. In the same centrifuge tube, 40 mL of anhydrous acetone
was added to the ethanol insoluble fraction and the previous steps were repeated. This process
was repeated once more using anhydrous THF as the solvent. The THF insoluble fraction was
discarded. The characterization of these lignin fractions is found in Chapter 4. The ethanol
soluble, acetone soluble, and THF soluble fractions will be referred to as F1, F2, and F3. Each of
the lignin fractions were redissolved in binary solvent mixture of acetone and THF in water at

various compositions.

6.3.2.3 Bench-scale production of LNPs

The synthesis of colloidal lignin particles was performed by first transferring 1 mL of the
lignin fraction solution to a 20 mL scintillation vial. After which, 9 mL of antisolvent (DI water)
was quickly injected into the solution under rapid magnetic stirring. The colloidal suspensions
are hereby referred to as F1-LNPs, F2-LNPs, F3-LNPs, F4-LNPs, and for particles precipitated

from their respective lignin fractions.

6.3.2.4 Nanoprecipitation mixer design
A customized nanoprecipitation mixer was designed using the principles of Bernoulli and
Venturi. Briefly, a flow of liquid passing through a confined space can create a pressure drop that

can act on a path orthogonal to the initial flow stream (Figure 6-1). In this regard, the mixer was

116



equipped with a Venturi jet mixing adapter with and internal diameter of 1.5 centimeters. Both
ends of the adapter was connected to Tygon laboratory tubing with the inlet stream connected to
a pressurized DI water reservoir and the other end being the outlet stream. The orthogonal inlet
was connected to solvent resistant rubber tubing. The internal diameter was reduced from 10 mm
to 5 mm by attaching a glass Pasteur pipette. The capillary end of the Pasteur pipette was
connected to solvent resistant peristaltic tubing (Masterflex L/S 14) with an internal diameter of

1.6 mm.

Figure 6-2. Diagram of a) the continuous nanoprecipitation mixer (NPcont) and b) the batch
method of LNP production (NPpatch).

For LNP production, KL was dissolved in a binary solvent of acetone and water (90%
v/v) overnight. The resulting solution was centrifuged at 4,400 RPM for 10 minutes. The
peristaltic tubing was submerged in the lignin solution, and the mixing was propagated by
opening the valve to the DI water allowing water to flow through the junction. The flow was
allowed to reach steady state at a rate of 3 L/min and velocity of 0.63 m/s. The outlet stream was
collected in a volumetric cylinder. The volume of lignin solution was monitor concurrently. The
acetone was removed by rotary evaporation at 40°C. The final suspension was stored for particle

size analysis.
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For comparison, a batch method of LNP synthesis was performed by quickly pouring a
lignin solution in A90 into excess water. The lignin/solvent/water ratio was equal to the
continuous method. The acetone was removed by evaporation under the same conditions as

previously mentioned.

6.3.3 Particle size analysis
The particle size distribution (PSD) was measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern). The average particle diameter (MPD) is reported as the

intensity-weighted Z-average particle diameter.

6.4 Results and discussion

6.4.1 Solvent effects on LNP formation
It is well established that the solubility of kraft lignin is drastically improved upon the
hydration of water-miscible solvents such as acetone. Therefore, the saturated solubility of kraft

lignin was estimated in various binary solvents of water and THF or acetone (Figure 6-3).
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Figure 6-3. Saturated solubility of KL in aqueous acetone and aqueous THF.
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In Figure 6-3, the saturated solubility of KL was determined for pure acetone and
acetone/water mixtures. There is a substantial increase in the solubility of KL in 90% v/v
acetone/water (A90) solvent compared to pure acetone. Additional water causes a slight decrease
in the saturated solubility of KL. When KL is dissolved in aqueous acetone well below the
saturated limit (10 mg/ml), a single dissolved phase of KL is visible for 90-70% v/v acetone.
Pure acetone shows a high degree of sedimentation indicating a fractionation event.

In previous work, we showed that pure acetone is unable to dissolve the highest 33%
MW fraction of KL (Zwilling et al., 2021). Therefore, the saturated solubility limit is skewed due
to the selectivity of pure acetone. Thus, the fraction of lignin that pure acetone can dissolve is
relatively high (~270 mg/ml) considering the maximum availability of pure acetone soluble
lignin is 335 mg/ml.

For THF/water mixtures, the maximum solubility was substantially lower than for
acetone/water mixtures Figure 6-3. This solubility is slightly improved by the addition of 10%
water but gradual declines with added volumes of water. These results propagate an interesting
insight into the solubility of KL in organic solvents. Firstly, the increase in solubility with the
addition of a small volume of water is contradictory to standard polymer solubility relationships
such as Hansen and Hildebrand models (Schuerch, 1952a) . The addition of water should move
the solubility parameter further from that of lignin, yet the fraction solubilization and saturated
solubility increase significantly. It may be that the potential for a temporary dipole moment
exchange between the organic solvent molecule and water. Acetone for instance may form a
temporary dipole upon its interaction with water, which may lead to an orientation of the methyl
groups toward the hydrophobic moieties of KL. Additional water will eventually reduce the

interactions of acetone with lignin leading to a decrease in the saturated solubility limit.
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Contrary to acetone, pure THF can solubilize all lignin fractions, but the saturated
solubility limit is lower than for acetone. In Chapter 4, it was suggested that the lower polarity of
THF allows for the solubilization of more hydrophobic, higher MW lignin molecules. However,
this does not necessarily contribute to the quality of the solvent for lignin at high concentrations.
The interaction strength of lignin with aqueous THF and aqueous acetone was estimated through
molecular dynamics modeling and came to the same conclusion (Zou et al., 2021).

The particle size of the various lignin fractions was determined by DLS precipitated from
either aqueous THF (90% v/v) or aqueous acetone (90% v/v) to gather a better understanding of

the polymer interactions in solution (Figure 6-4)
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Figure 6-4. Average particle size of LNPs produced from fractionated lignins in A90 and THF 90

precursor solvents.

In Figure 6-4, the LNPs precipitated from acetone were smaller than those precipitated
from THF, regardless of the lignin fraction precipitated. There is an inverse relationship between

the molecular weight of the lignin and the particle size for both solvents.
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The larger particle size for the LNPs precipitated from THF is likely due to the weaker
solvent-lignin interactions. During solvent displacement, solvent droplet containing lignin will
form at early stages and the strength of interaction will determine the longevity of this droplet’s
existence. As mentioned in the work of Schubert et. al., the slow diffusion of solvent to the non-
solvent will allow for a more complete particle formation, whereas a sudden release of solvent
from the supersaturated droplet will result in voids within the particle (Schubert et al., 2011; Zou
etal., 2021). In summary, aqueous acetone is a better solvent for KL than THF and will form
smaller, more compact nanoparticles. For this reason, aqueous acetone (90% v/v) was the chosen

solvent for scalability experiments.

6.4.2 Scalability of LNP production

In Chapter 4, it was established that the particle size and stability is highly dependent on
the concentration of the precursor lignin solution. For that reason, three concentrations of KL in
A90, 10 mg/ml and 25mg/ml were used in the scale-up experiments. Considering the method of
particle precipitation for the continuous mixer differs greatly compared to the bench-scale
method, it was necessary to compare the resulting particle characteristics. The average particle
sizes for each of the KL solution concentrations are reported in Figure 6-5 along with the bench-

scale and batch method resulting suspensions.
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Figure 6-5. Average particle diameter of LNPs produced from the different precipitation
methods: Continuous (NPcont), Bench (NPuench), and Batch (NPpatch).

The particles formed from the NPcont method had smaller average particle size than from
either the NPpench Or NPpach methods (see Figure 6-5). The NPpench and NPpatch Were much larger
likely due to the rate of mixing. According to classical nucleation and growth, the rate of

nucleation is strongly dependent on the supersaturation (Eqg. 1).

Z_IZ x exp (_ (1n(2))2) @

In Eg. 1, N is the number of particles, t is time, and S is the degree of supersaturation. For
the NPcont, the degree of local supersaturation at the nanoscale will be much higher than the pour-
over methods. This is due to the confined volume in which mixing occurs. The total mixing
volume for the NPpatch method is 100 ml whereas the mixing volume for NPcont is approximately
10 ml.

The Reynold’s number (Re) and for the NPcont Was calculated using Equation 2 to

describe the mixing regime.

_ QDn
Re = " 2
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In Equation 2, Q is the volumetric flow rate, Dy, is the hydraulic diameter, A is the cross-
sectional area, and v is the kinematic viscosity. Table 6-1 includes the input values and the

corresponding Re.

Table 6-1. Reynold’s number calculation for the continuous LNP Venturi mixer.

Variable Value

Q (m®/s) 5.00E-05
Dn (M) 1.00E-02
A (m?) 7.85E-05
v (m/s) 1.35E-06
Re 4.73E+03

The mixing regime was calculated to be in the turbulent regime (Re > 4,000) which is
desired for flash nanoprecipitation (Saad & Prud’Homme, 2016). The solvent/antisolvent ratio
was determined by measuring the decrease in the solvent volume as a function of time using a
volumetric cylinder at steady state. The solvent-to-antisolvent ratio was 1:20 on a volume basis.
Assuming all the original lignin is in nanoparticle form given the negligible solubility in water,
the production of LNPs from an initial lignin concentration of 25 mg/ml was 225 g/hr on a dry
basis. This translates to a batch volume of 180 L, which would involve a massive amount of
energy for adequate mixing. Therefore, the continuous mixer also has its advantages of

scalability over batch methods by minimizing the mixing volume.

6.5 Conclusions

In this research, a simple, low-energy method to produce LNPs at a relatively large scale
without sacrificing particle quality was introduced. Analysis of lignin nanoparticles formed from
fractionated lignin suggests 90% v/v aqueous acetone is the optimal solvent for LNP production.

A scalable nanoprecipitation mixer was designed by utilizing the Venturi effect to create a
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pressure drop orthogonal to a flow of water, creating a self-generated mixing stream. The only
requirement for this mixing apparatus is a steady flow of water. It was shown that the continuous
flow mixer was superior in terms of practical scalability as well at particle size reduction
compared to a batch pour over method. Future work could optimize this design for effective

solvent recovery and mass ratio optimization.
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7 CONCLUSIONS

Plant life has existed on earth for nearly 700 million years and in that time has evolved to
contain materials with great potential with a low environmental impact. In that time, plants have
developed to contain a highly structured network of molecules including cellulose, lignin,
hemicellulose, and other small molecules. Each of these components play a pivotal role for plant
life. Lignin has a unique set of properties that greatly differ from its cellulosic counterparts due
to its polyaromatic character. However, lignin valorization has failed due to many challenges
related to the heterogeneity and recalcitrance of the polymer. However, lignin has received
attention from nanoscience and colloid researchers investigating its viability as a potentially new
advanced material resource.

Bioresources have the potential to become the next generation of materials for a more
sustainable future. For this to happen, rigorous research must be performed by first learning from
nature’s creations and creatively engineering new materials from bio-based sources. The focus of
this research was transforming lignin into a functional colloidal particle and investigating its
application as a nanocarrier/stabilizer of antibacterial compounds.

In this research, the fundamental concepts driving lignin nanoparticle formation were
studied and these concepts were used to develop high-value applications in antimicrobials for
food packaging. Many fundamental concepts were visited including a brief introduction into the
thermodynamics of nanoparticle formation and how it relates to lignin nanoparticles. It was
shown that by forming LNPs from fractionated lignins with various hydrophilic/hydrophobic
characteristics, we can achieve a deeper understanding of the interparticle and particle-solvent
interactions. It was determined that there is an inverse relationship of hydrophilicity with

molecular weight that translates to an expanded particle form. Conversely, highly hydrophobic
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lignin fractions showed higher degrees of aggregation, likely due to the higher surface energy in
aqueous media.

From an applications perspective, it was shown that lignin can form a nanocomplex with
an essential oil compound, isoeugenol with added stability and improved antibacterial activity.
Additionally, it was shown that this added stability and antibacterial efficacy in solution can be
translated to the dry state on food packaging simulated surfaces. This was performed based on
the motivation provided by our work of tracking the viability of foodborne bacterial pathogens
on paper-based materials. It was shown that S. Typhimurium and L. innocua can survive on these
materials for more up to 40 days with little reduction in viable populations. The effect of lignin
content in the paper was also investigated and it was determined that the hydrophobicity
provided by lignin may assist in the accessibility of nutrients for bacteria on paper surfaces.

Finally, a Venturi mixed design was implemented to produce colloidal lignin particle
suspensions at scale using low-energy methods such as a Venturi mixer design. This design
proved superior to a batch design. Additionally, the Venturi design is a continuous design that
requires only a flow of water to propel the production of lignin nanoparticles with an average

particle size as low as 28 nm.
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8 FUTURE WORK

At the inception of this research, little research had been performed on understanding and
applying the synthesis of lignin-based nanomaterials. Since then, a global effort has put lignin
nanoparticles at the forefront of biobased material design. We believe that there are endless
applications of colloidal lignin materials, but a few prospects will be discussed here.

In producing lignin nanocomplexes with essential oil compounds, it became apparent the
versatility of lignin as a dispersant and stabilizer. Therefore, it would be interesting to entertain
various formulations of lignin with plant-based small molecules for encapsulated drug-delivery
systems. This could also be the entrapment of ionophores such a quercetin to enhance the
delivery of ionic compounds such as zinc or iron.

One major gap in the literature understanding the behavior of lignins in solution.
Technical lignins are highly heterogenous and will have an array of interactions with various
solvents, as shown through lignin fractionation. However, this knowledge gap can be remedied
with more advanced polymer and colloid analysis. For instance, small-angle X-ray scattering and
small-angle neutron scattering experiment are underway for characterizing lignin nanoparticles
and have shown to be an additive resource to dynamic light scattering in describing the particle
morphologies of LNPs. Although, this same technique can be used for the elucidation of the
solution structure of lignin. This technigque can give information of the radius of gyration,
absolute molecular weight, supramolecular porosity, and other conformational information. In
addition to the described particle analysis methods, nanoparticle tracking analysis can be
performed to determine the kinetics of nucleation and growth of LNPs or LNCs. This would
become invaluable in the future engineering of nanomaterials from lignin and may help solve the

recalcitrance issue of lignin in pulping. Furthermore, with the increased interest in alternative
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pulping processes such as ethanol solvent pulping, the solution structure of lignin could be very

important in the fluid dynamics of the effluent streams.
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APPENDIX A: Supplementary Information for Chapter 3

Short term effects of storage conditions

Methods

The paper specimens were stored on the laboratory benchtop in sterile, aerobic plastic
petri dishes and inoculated with the bacterial inocula suspended in either TSB+ media or saline

solution (NaCl, 8.5 g/L).
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Figure S1: Short term growth and survivability of Listeria innocua (a,c) and Salmonella
Typhimurium (b,d) on bleached (a,b) and unbleached (c,d) paper specimens stored in sterile petri

dishes inoculated with nutrient media (TSB+) or saline solution (8.5 g/L NaCL).
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JSL code for comparison of slopes test

Fit Model(

Y( :Adjusted ),

Effects(

‘BACTERIA,

'PAPER,

‘BACTERIA * :PAPER,

:Day,

:BACTERIA * :Day,

‘PAPER * :Day,

‘BACTERIA * :PAPER * :Day

),

Personality( "Standard Least Squares" ),

Emphasis( "Minimal Report"),

Run(

:Adjusted << {Summary of Fit( 1), Analysis of Variance( 1),
Parameter Estimates( 1), Scaled Estimates( 0 ),

Plot Actual by Predicted( 0 ), Plot Regression( 0),

Plot Residual by Predicted( 0 ), Plot Studentized Residuals( 0 ),
Plot Effect Leverage( 0 ), Plot Residual by Normal Quantiles( 0),
Box Cox Y Transformation( 0 ), Custom Test(
[000000220,

000002020,

000002200,

000002-200,

0000020-20,

0000002-20],

Label( "compare slopes™ )

)}
)l
SendToReport(

Dispatch(

{"Response Adjusted”, "Custom Test"},
Te;(tEditBox,

{Set Text( "compare slopes™ )})))
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Non-linear model of bacterial growth and decay
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Figure S2: Nonlinear fit model for each of the four conditions (two bacteria, two papers). The

average log CFU/m2 was corrected for the extraction efficiencies (g) as described previously.

Parameter estimates and standard errors are displayed in Table 3-2.

160



Table S1: Nonlinear model cell growth and mortality parameters calculated using JMP nonlinear

modeling program. In Eqg. S1, ymax is the estimated maximum bacterial count (log transformed)

over the period studied, yO is the estimated starting bacterial count. The model was fitted using

log-transformed bacterial counts (log CFU). Growth (o) and mortality (p) are constant rate

parameters. SE is the standard error of the estimated rate values.

(}’max_y;(})])"’l":f;zs‘l'yo*et*ﬁ (S1)
L. innocua
Parameter Bleached SE Unbleached SE
Ymax 8.12 0.05 8.59 0.05
Yo 6.69 0.06 6.66 0.06
Growth (o) 1.09 0.21 1.18 0.18
Mortality (B) 0.0036 0.0003 0.0036 0.0003
S. Typhimurium
Parameter Bleached SE Unbleached SE
Ymax 9.19 0.25 9.79 0.24
Yo 6.64 0.34 6.61 0.34
Growth () 1.93 2.87 1.65 1.23
Mortality (B) 0.007 0.0013 0.0049 0.0012
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Microscopic images of paper specimens

Figure S10-1: Scanning electron microscope image of bleached (left) and unbleached (right)

paper specimens. SEM images were taken of the paper specimens with a JEOL JCM-6000
Benchtop SEM. The paper specimens were coated with gold using a sputter coater directly prior

to image acquisition.
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