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Summary

The sustainable management of agricultural waste is a critical challenge in
modern society, given the increasing demands for food production.
Agricultural waste, such as grape pomace (GP) from Txakoli wine production,
poses environmental problems like pollution, ecosystem disruption, and
greenhouse gas emissions. To address these issues, the circular economy is

emerging as a solution, aiming to minimize waste and maximize resource use.

GP, composed of grape skins, seeds, and stalks, is a significant agricultural
residue in the Basque Country. Despite being considered waste, GP holds
nutritional value with high fiber, phenolic compounds, and nutrients. From a
biotechnological perspective, GP can be a sustainable source for high-value

products.

Bacterial cellulose (BC), which can be biosynthesized from GP, is a
biodegradable biopolymer with exceptional properties. BC's 3D network
structure and high water-holding capacity make it versatile for various
applications. Furthermore, GP, rich in polyphenolic compounds concentrated
in grape skins and seeds, has bioactive properties valuable to industries such as

pharmaceuticals, cosmetics, and food.

This thesis explores GP valorization strategies, focusing on BC in membrane,
nanofiber, and nanocrystal forms, along with its combination with
polyphenolic extracts from GP. These innovative systems have potential
applications in agriculture, biomedicine, food, pharmaceuticals, and cosmetics,

contributing to a circular economy approach.
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Introduction

Chapter 1: Introduction

1.1 Motivation

The sustainable supply of food and goods for a continuously growing
population is one of the main challenges of modern society. Meeting the food
demands of an increasingly consumer-oriented society results in the
generation of tons of agricultural waste every year. The accumulation of these
waste leads to water and soil pollution, disruption of local ecosystems, and

greenhouse gas emissions.

In the face of these problems, the application of circular economy emerges as
an essential solution. The circular economy is an economic model that seeks to
minimize waste generation and maximize resource utilization through reuse,
recycling, and valorization. In the agricultural context, the circular economy
involves harnessing agricultural residues as resources rather than considering

them as waste.

Grape pomace (GP) generated from the production of Txakoli wine is one of
the main agricultural residues in the Basque Country. GP refers to the solid
matter remaining after pressing grapes in the wine industry and it is composed
of seeds, skin and stalks. Despite being one of the largest representatives of
agricultural waste globally, GP offers numerous opportunities for valorization
from a circular economy perspective. It is indeed a byproduct with high
nutritional value due to its high content of dietary fiber, phenolic compounds,
and nutrients. These interesting qualities of GP can be exploited in several

ways.
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From a biotechnological point of view, GP represents a sustainable source of
compounds for the development of high-value-added products. On the one
hand, the high fermentable sugar and mineral content of GP makes it a low-
cost carbon source for the design of bacterial culture media. One of the best
examples of this valorization strategy is bacterial cellulose (BC) biosynthesis.
BC is a biodegradable and biocompatible biopolymer with excellent
physicochemical and mechanical properties. Given its glucan chains assembly
and its porous 3D network-like structure of interconnected cellulose ribbons or
nanofibers, BC presents exceptional purity and crystallinity and outstanding
water holding capacity. Indeed, BC has become one of the major topics of
research in the last decade to produce composites with applications in a wide

variety of fields.

On the other hand, GP, especially that which is derived from Txakoli
production, contains an extraordinary amount of polyphenolic compounds,
primarily concentrated in the skins and seeds of grapes. In fact, GP from white
wines has greater polyphenol content due to the absence of a maceration
process prior to fermentation. Polyphenolic compounds are bioactive
molecules with recognized antimicrobial, antioxidant, anti-inflammatory, and
anticancer properties, among others. Therefore, the extraction of these
compounds is of special interest to the pharmaceutical, cosmetic, and food

industries.

This thesis explores different valorization strategies for GP derived from local
Txakoli production. The work follows a biorefinery concept of investigation,
exploring the promising applications of BC in the form of membranes,
nanofibers, and nanocrystals, as well as their combination with polyphenolic

extract from GP. In this way, advanced systems have been designed with

4



Introduction

applications in the fields of agriculture, biomedicine, food, pharmacy, and

cosmetics.

1.2 Grape Pomace

1.2.1 Production and concerns of GP

Grape is one of the largest and most significant fruit crops in the world, with an
approximate production of 80 million tons in 2018 [1]. Mediterranean
countries in the southern region of Europe, such as Spain, Italy, and France,
with a rich winemaking tradition, are the leading grape harvesters globally. To
be more precise, it is estimated that European countries contribute to the 38%
of total grape harvest, of which more than 70% is used for wine production

[2,3].

Wine production is traditionally more concentrated in certain regions than
others. For example, only in the Basque Country, around 7500 tons of grapes
were cultivated in 2020 for the production of Txakoli [4], a white wine with a
certificate of origin in the region. The winemaking process is characterized by
the generation of a large volume of waste and by-products, with grape pomace

(GP) being the most predominant [5] (Figure 1.1).

Stems Grape pomace Lees

Ly 2, .4>

Grape harvesting Grape pressing Alcoholic fermentation Wine

Figure 1.1 Graphical representation of the white wine production process with the waste

generated at each step.



Chapter 1

GP is the residue resulting from grape pressing prior to the fermentation
process as it is represented in Figure 1.1. It is estimated that GP accounts for
approximately 25% w/w of the total grape production, resulting in tons of this
residue accumulating within a short period of time, thereby exacerbating its
potential risks [6,7]. In fact, the accumulation of agricultural residues such as
GP involves several environmental drawbacks, including water and soil
contamination, germination inhibition, oxygen depletion, slow decomposition,

odor and the production of greenhouse gases [8—10].
1.2.2 GP composition

GP is composed of 50% grape skins, 25% grape seeds and the remaining 25%
are grape stems or stalks as represented in Figure 1.2 [11]. Each component of
the GP exhibits numerous high-value compounds, making it an excellent
candidate for integrated biorefinery and environmental impact minimization
(Figure 1.2) [2,9]. However, the composition of the GP varies depending on
geographical location, viticulture, grape variety, maturity, and climatic

conditions [12].

Grape stems/stalks:

- Lignin

- Hemicellulose/cellulose )
- Phenolic compounds Grape skins:

- Dietary fiber

- Fermentable sugars
- Phenolic compounds
Grape seeds:

- Unsaturated fatty acids
- Phenolic compounds
- Lignin/proteins/minerals

Figure 1.2 Representation of the main compounds that can be found in each component of GP.
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The grape skin is primarily composed of dietary fiber, phenolic compounds and
sugars [11]. The amount of dietary fiber and sugars is strongly related to the
grape variety, with higher percentages of both found in red grape varieties
[13]. Polyphenolic pigments such as anthocyanins can be detected in varying
concentrations also depending on grape variety. Similarly, despite lacking such
pronounced pigmentation, white grape varieties could have a higher
concentration of polyphenols due to the absence of the pre-fermentation
maceration process [14]. Proteins, lipids, ash and minerals have also been

identified in grape skins [15].

The stalk is the lignocellulosic residue that serves as a connection structure
between the grapes to form a bunch. It is primarily composed of lignin,
hemicellulose, and cellulose, but it also contains a significant amount of
phenolic compounds, predominantly tannins [11,16]. It is worth noting that
the contribution of this residue within GP is linked to the destemming

technology employed by the winery.

Equally, the seeds are characterized by the presence of unsaturated fatty acids
(oleic and linoleic) and numerous phenolic compounds [17,18]. Proteins, lignin
and minerals have also been reported to be constituents of GP seeds [15].
Tannins of seeds and stalks are commonly used to modify the sensory
properties of wine and provide it with increased astringency when needed
[19]. Grape seed extract is considered a valuable byproduct of viticulture,
although it has not been extensively exploited, likely due to the difficulty of
selective seed separation [2]. In fact, the proportion of total extractable
phenolics in GP is approximately 60-70% in seeds, 30-35% in the skin, and
nearly 10% or less in the pulp [19].
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1.2.2.1 GP phenolic compounds

The current lifestyle with unhealthy habits, lack of sleep or physical exercise,
and environmental pollution, contribute to the increasing oxidative stress in
society. Oxidative stress leads to disruptions and elevated levels of Reactive
Oxygen Species (ROS) that endogenous antioxidants in the human body cannot
always counteract. For this reason, oxidative stress has been associated with
several physiological alterations, ageing, and various pathologies such as
atherosclerosis, carcinogenesis or neurodegenerative disorders [20]. In this
context, polyphenols from plants can play a crucial role, whether as dietary
supplements, food ingredients, medical formulations, or topical applications
[5,19,21]. Existing literature provides evidence of the health-promoting
properties of grapes and their byproducts showing their anticholesterolemic,
antimicrobial, antiviral, cardioprotective, neuroprotective and anti-cancer
activity, among others [22-27]. Accordingly, the market value of phenolic
compounds is continuously growing, and it is expected to reach 2 billion US$

by 2025 [28].

Certainly, GP is particularly rich in phytochemicals with reported health
benefits, such as polyphenols, which enhance its added value. According to
Dwyer et al, around 70% of the grape phenolics persist in the pomace after the
winemaking procedure [29]. Polyphenols are secondary metabolites of the
plant kingdom that, in addition to contributing to aromas and color, are part of
the plant's defense system. Figure 1.3 depicts the main phenolic compounds

found in white GP.
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Polyphenols are mainly divided into two families based on their chemical
structure: flavonoids and non-flavonoids. Non-flavonoids include phenolic
acids that are characterized by one functional carboxylic acid, for example
hydroxycinnamic acids and hydroxybenzoic acids (Figure 1.3) [19]. These
compounds are distinguished by their antioxidant activity, as they scavenge
free radicals and decrease ROS levels. On the other hand, flavonoids can be
divided into seven subgroups: flavones, flavanones, flavanols, isoflavones,
flavonols, anthocyanidins/anthocyanins and chalcones [30]. Flavanols
(catechins) or anthocyanins, are the main polyphenols in grapes, and in
addition to influence the sensory properties of wine, they also exhibit diverse
antioxidant mechanisms of action. For example, these compounds can avoid

peroxidation processes scavenging free radicals and chelating metals [2,15].
1.2.3 GP applications

GP has traditionally been considered a low-value residue with difficult handling
due to its low pH [29]. The main applications of GP are reviewed below,
starting with traditional direct applications and ending with the most
innovative indirect applications, which require further processing of the
residue but allow for the exploitation of its bioactive components. Figure 1.4

depicts a graphic representation of the known GP applications.
1.2.3.1 Direct applications

The direct applications are those that do not require any treatment or involve
just minimal treatment of GP. For this reason, they have been more commonly

used by winegrowers (Figure 1.4).

10
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DIRECT APPLICATIONS INDIRECT APPLICATIONS
xR = : . Biogas
i 2 Biofuel
Bio-oils
Soil spreading Biological treatment quustnal chaymes
. Biopolymers
\ v
U< :
= Antioxidants
Animal feeding Chemical treatment Nutraceuticals
- Cosmetics
@ Grape pomace j
, Biochar
Distillation Thermal treatment . Adsorbents

Figure 1.4 GP applications classified according to the type of treatment required and the main

products obtained.

One typical use of GP is its direct spreading on agricultural soil. However, its
chemical composition and certain phytochemicals can be detrimental to the
environment [31]. In fact, the high concentration of phenols can have an
inhibitory effect on germination [10,32,33]. Additionally, the presence of lignin
hinders the degradability of polysaccharides that could be beneficial for the
soil [34]. For this reason, in some regions, the spreading dosage is limited, and
composting is recommended before using it as a fertilizer [31]. Composting GP,
either alone or with other agricultural residues, allows for the production of an
effective fertilizer without causing harm to the environment [31,35-37].
However, this is not the most commonly used strategy by winegrowers who
tend to rely on more commercially available fertilizers on a more occasional

basis.

11
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Another direct alternative would be its use for animal and poultry feed.
Depending on the composition of GP, the high concentration of lignin and
secondary metabolites such as tannins and anthocyanins hinders digestion and
decreases the caloric content [9,38]. In this regard, GP animal feeding in
farming has been considered more as an approach to improve the quality of

the obtained final milk, eggs or meat through the polyphenol intake [39-41].

Finally, the distillation of GP is the primary application for winegrowers.
Indeed, the production of spirits is a prosperous industry in certain regions of
Italy, France, or Spain [42,43]. However, it is a process that demands large
volumes of GP, entails significant resource consumption and the generation of

potentially toxic waste [44].
1.2.3.2 Indirect applications

Indirect applications are those that involve prior treatment of GP to generate
high-value-added products. Generally, indirect applications can be divided into
those requiring thermal treatment, chemical treatment, or biological

treatment (Figure 1.5).

Similar to other organic wastes, pomace has the potential to be utilized in
thermal processes such as combustion, gasification, and pyrolysis [2]. For
instance, high-energetic potential pellets have been produced through the
combustion of GP [45]. By adopting a circular economy approach, pyrolysis is
an alternative for producing biochar from GP without compromising the added
value of the residue. This type of biochar has demonstrated its adsorption
capacity for heavy metal and pesticide removal [46—48]. Considering the high

water content of GP, hydrothermal carbonization also appears to be a an

12
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interesting topic of research for this type of agricultural residue, as suggested

by some authors [49,50].

Another valorization strategy for GP is the extraction of high-value
polyphenols. Selecting the appropriate extraction method to obtain the
desired polyphenolic compound or profile is a crucial process to consider [51].
Given the numerous applications of phenolic compounds, various
methodologies have been published for their extraction from GP [9,19].
Among these technologies, the use of hydroalcoholic solvents and ultrasound
or microwaves stands out for obtaining the product in a sustainable and highly
effective manner [19]. In this context, the extraction of phenolic supplements

is one of the more interesting applications of GP.

Certainly, given the antioxidant and bioactive nature of GP, the utilization of its
extracts is of great interest in the food industry, nutraceuticals, and cosmetics
[15,19,52]. Numerous components of GP, particularly those present in the
seeds, have demonstrated anti-hypertensive, antimicrobial, anticancer, or anti-
aging properties that can be useful in diverse pathologies. Namely, the
effectiveness of supplementation with gallic acid, proanthocyanidins, catechins
and linoleic acid has previously been demonstrated [5,53,54]. In this regard,
the encapsulation of grape polyphenols within different formulations appears
to be one of the most promising alternatives to enhance their availability and

prevent rapid degradation [55-57].

Finally, the biotechnological treatment of GP is definitely of great interest
within the scientific community. The presence of fermentable sugars in GP and
the wide variety of microorganisms that can thrive in acidic environments

significantly increase the applicability of the residue. Red wine generates

13
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biomass that contains yeast and ethanol for fermenting grape material,
whereas white wine has a higher concentration of water-soluble
carbohydrates and a lower level of ethanol [19]. In this scenario, the
biosynthesis of biofuels (ethanol, acetone and butanol) [11], biogas (methane
and succinic acid) [58-60], bio-oils [61], industrial enzymes [62], and
biopolymers (bacterial cellulose, gellan gum, polyhydroxybutyrate and
polyhydroxyalkanoates) [63—67] has been documented through both aerobic
and anaerobic fermentation processes. The utilization of GP for cultivating
mushrooms and producing vitamin, low fat, dietary fibre, protein and mineral-

rich foods with umami flavor has even been proposed [68].

1.3 Bacterial cellulose

1.3.1 Cellulose structure and origin

Production characteristics, as well as the global volume of grape production,
make GP an ideal candidate for obtaining high-value-added products from low-
cost culture media. A promising example of valorization is the utilization of GP
for biosynthesizing BC, as BC is one of the biopolymers that has attracted
significant interest from the scientific community over the past two decades

[69].

Cellulose is the most abundant and cost-effective biopolymer in the world,
naturally synthesizing approximately 150 billion tons annually [70]. Combined
with lignin and hemicellulose, it serves as a structural element in vegetal
tissues and is typically extracted from plants and their lignocellulosic residues.
Cellulose is composed of chains of D-glucopyranose monomers linked by (1-4)
glucosidic bonds as represented in Figure 1.5. The presence of hydroxyl groups,

primary at C¢ and secondary at C, and GCs, allows for hydrogen bonding
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between the glucan chains, resulting in a highly ordered semicrystalline
biopolymer. Indeed, the ordered crystalline regions are normally interspersed
with amorphous regions, and the presence of each domain determines the
final crystallinity of the material. Additionally, the chemical, enzymatic or
mechanical extraction techniques alter the physicochemical properties of
plant-derived cellulose [71]. In fact, holocellulose, a mixture of cellulose,
hemicellulose, and lignin derived from plants, is primarily used for
fractionation into its monomers. These monomers are subsequently

bioconverted into valuable chemicals and biofuels, as explained earlier [72].
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Figure 1.5 Molecular structure of cellulose and distribution of its crystalline and amorphous

regions.

In this context, cellulose biosynthesized by bacteria emerges as a highly
interesting source of biopolymer for the scientific and industrial world [69]. BC

exhibits exceptional purity, which provides it with unique nanostructure, water
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retention capacity, mechanical strength and crystallinity [73]. Furthermore, it
has even been published that in a period of 7 years, plants produce 80 tons of
cellulose on 1-hectare land, whereas it only takes 22 days to produce 79.2 tons

of BCin a 500,000 L culture [74].
1.3.2 BC biosynthesis

BC is biosynthesized by different species of bacteria commonly found in fruits,
vegetables, fermented beverages, or vinegars [75,76]. The bacterial genera
capable of producing BC are diverse, including Komagataeibacter (formerly
known as Glucanoacetobacter and Acetobacter), Azotobacter, Pseudomonas,
Salmonella, Sacina and Agrobacterium [71]. All of them are strict aerobes and
mostly gram-negative. This implies that they have an obligatory requirement
for oxygen both for their growth and for BC production. The most exploited
bacteria species is Komagataibacter xylinus, from the Acetobacteriaceae
family, known for its demonstrated high BC production rate [77,78]. However,
in this thesis, we focused on K. medellinensis, a species of the same bacterial
genus that is characterized by its high BC production capacity in particularly
acidic environments [76,79]. Taking into account the scaling up of BC
production, selecting a potent bacterial strain is a key parameter to consider in

the experimental design [71].

BC biosynthesis of Acetobacter xylinum was first described by Brown in 1886
[80]. BC is produced extracellularly as a pellicle at the in interface of liquid
media and air, when cultured in nutrient-rich static media [79]. This provides
the bacteria with access to oxygen from the air and nutrients from the
medium, while also offering protection against the environment, UV rays, and

competing microorganisms [81]. The biosynthesis process of BC is complex and
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involves different enzymes that catalyze four main reactions, as depicted in

Figure 1.6 [71].

Komagateibacter medellinensis

Cell wall

v Cytoplasmatic membrane
Fructose

uTtp

v
L} Glucose—» GEP—+ GIP—~" UDPG
GK PGM UDPGP l

Glucan chain
(..m""

Glucan chains
assembly

BC nanofiber formation

BC membrane

BC nanofiber 3D network

Figure 1.6 Graphical representation of the biosynthesis process of BC by K. medellinensis.
G6P=Glucose-6-phosphate, GK=Glucokinase, G1P=Glucose-1-phosphate UTP=Uridine
triphosphate, PGM=Phosphoglucomutase, UDPG=Uridyl di-phosphate glucose, UDPGP= UDPG

phosphorylase, CSC=Cellulose synthase complex.

The first reaction is the phosphorylation of glucose to glucose-6-phosphate
(G6P) catalyzed by the enzyme glucokinase (Figure 1.6). G6P is then isomerized
to glucose-1-phosphate (G1P) by phosphoglucomutase. Next, the enzyme

phosphorylase catalyzes the reaction between G1P and uridine triphosphate

17



Chapter 1

(UTP) to generate uridine diphosphate glucose (UDPG). Finally, UDPG is
polymerized into glucan chains by the cellulose synthase complex in the cell
membrane and released into the medium through tiny pores on the cell
envelope [82]. These chains combine and assemble into primary fibers that
subsequently aggregate to form cellulose ribbons (nanofibers) (Figure 1.6). It
should be noted that if the initial carbon source is not glucose, it will undergo
enzymatic isomerization or hydrolysis reactions in the case of fructose and

sucrose, respectively [83].

Similarly, it is important to identify and understand the genetic mechanism
that encodes and regulates the biosynthesis of BC. This biochemical process is
encoded by four genes of the bsc operon (bscA, bcsB, besC, and besD) [84]. An
operon is a set of contiguous genes on the DNA strand with transcription
regulatory capability. The proteins encoded by the bcsA and bcsB genes are
associated with the activity of cellulose synthase, while the bcsC and bcsD
genes have been linked to the transport and assembling of glucan chains
[85,86]. Different types of bcs operons have been published, with type 1 and 2
being the most described ones and encoding the synthesis of different types of
cellulose depending on the environment and culture conditions [84,87]. Since
the composition of operons can vary among Komagataeibacter species, the
genetic mechanism behind BC synthesis in K. medellinensis has also been
described. Hernandez-Arriaga et al. identified four independent bcs operons in
K. medellinensis 1D13488 [88]. They found that the bcs1 and bcs4 operons
were the most highly expressed during BC biosynthesis. Furthermore, in line
with the literature, they observed that the bcs1 operon was directly associated
with the synthesis of type | cellulose, the most extended cellulose type in

nature. Indeed, the bcsl operon was transcribed at pH 3.6, confirming the
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strain's functionality under acidic conditions [79,88]. Deciphering the genetics
behind BC biosynthesis is crucial as it allows for the maximization of
production through the overexpression of specific genes using a synthetic

biology approach [89].
1.3.3 BC properties

The properties that usually characterize BC are its high purity and crystallinity
compared to plant cellulose [90]. The most common polymorph of BC is type |
cellulose, although bacteria can also synthesize type Il cellulose [87,91]. Type |
cellulose polymorph exhibits a mixture of two types of crystalline structure
forms (I« and Ig), with I, being more prevalent in BC, while lg is more commonly

found in plant cellulose [73,92].

As explained before, the glucan chains are packed together through intra- and
intermolecular hydrogen bonds, forming a highly interconnected 3D nanofiber
network. The result is a material with high mechanical strength in both dry and
wet conditions [81,93,94]. Due to these hydroxyl groups and the nanofiber
content, BC presents numerous opportunities for chemical and physical
modifications. The hydroxyl groups present on the glucan chains can be easily
functionalized with desired moieties, enabling BC to acquire advanced
properties such as adjustable hydrophobicity, antimicrobial capacity,
controlled drug release, or improved mechanical properties, among others
[95-97]. However, there is often a trend to avoid relying on chemical reactions
and instead embrace less impactful methodologies [95], which is why the
simple ex situ and in situ modification techniques are widely documented in
the literature. Ex situ approaches involve the utilization of purified BC through

impregnation techniques to attach, coat, or infiltrate additives within the gaps
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between the nanofibers of the BC membrane [98-100]. In situ techniques
enable the incorporation of the additive into the developing nanofiber
network, as the compound is added to the culture medium and is present

during the biosynthesis process of BC [101,102].

On the other hand, BC can also be physically or chemically modified to expand
its applicability. Through mechanical disintegration and enzymatic/acid
digestion, obtaining BC nanofibers (BCNF) and nanocrystals (BCNC) has gained
increasing interest. Both exhibit a rod-like shape with a nanoscale diameter
and several microns in length in the case of BCNF and less than 1 um in the
case of BCNCs. Certainly, the increased crystallinity and aspect ratio of the
BCNFs and BCNCs make them highly promising as reinforcement in composite

materials, drug encapsulation devices or emulsion stabilizers [103—-106].

Furthermore, BC is considered biodegradable due to its high water content,
which makes it suitable for colonization by bacteria and fungi [107,108]. In
fact, due to its hydroxyl groups, BC is highly hydrophilic, with water estimated
to comprise over 95% of its mass. The biocompatibility of BC has also been
successfully tested in numerous studies involving artificial skin, artificial blood

vessels, biosensors, and tissue regeneration [109,110].
1.3.4 Culture medium design

In the production of BC, commercial media specifically designed for bacterial
growth are commonly used, with the most widely used one being the Hestrin
and Schramm (HS) medium [111]. The composition and conditions of HS
medium are tailored to support the growth and cellulose production of specific
bacterial strains. HS medium typically contains glucose or another carbon

source, yeast extract/peptone (nitrogen sources), and mineral salts under an
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adjusted pH. However, the BC production yield and the cost of HS medium
involve challenges for industrial scaling as it is not economically competitive. In
fact, it is estimated that the culture medium accounts for 30% of the total cost
of BC production [112,113]. For this reason, the search for alternative and

cost-effective carbon sources is crucial.

The use of agroindustrial residues could be a strategic alternative from a
circular economy perspective. As previously explained, these wastes represent
a considerable source of nutrients at zero cost. For this reason, the
biosynthesis of BC from agrowastes is a strategy of growing interest [73].
Depending on the agricultural residue, different treatments are required to
obtain fermentable carbohydrates. Residues with a higher lignocellulosic
component, such as oat hulls, corn stalks, rice bark, or wheat straw, often
require chemical and enzymatic hydrolysis treatments, which entail higher

energy costs and potential environmental risks [78,114-116].

In this regard, fruit waste or food industry by-products can be more
sustainable and suitable. Fruit waste, both agricultural and industrial, due to its
higher sugar content, only requires simple extraction treatments to prepare an
appropriate culture medium. On the other hand, the main drawback they
present is their low pH, as is the case with GP [29]. Thus, it is important to
choose the correct bacterial strain and identify the required nutrients in the
waste to maximize BC production. Additional nitrogen sources or supplements
are often used to complement culture media like orange peel, pineapple peel,
or apple pomace [79,117-119]. These additives can not only increase BC
production but also impart interesting mechanical properties to BC [112].
There have also been cases where two agroindustrial residues have been

combined to create a more complete culture medium [79,117].
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It should be noted that designing a culture medium from agricultural residues
involves a balance between the nutritional requirements of the bacteria, the
composition of the waste, and the cultivation conditions. This implies that
certain species of Komagataeibacter may perform better with certain carbon
sources than others [120,121]. Equally, a bacterium with high BC production
yield in HS medium may be affected by certain components present in an
agricultural residue [122]. In this work, the strain K. medellinensis 1D13488 was
chosen to investigate BC biosynthesis in GP medium due to its good
performance with other acidic agricultural residues in previous studies

[79,118,121].
1.3.5 Culture conditions

The optimization studies of BC biosynthesis at the laboratory scale are
commonly carried out using two types of cultures: static cultures and dynamic
or agitated cultures. Static culture for BC production is the most widely used
due to its simplicity and ease of comparison. In this type of culture, BC
develops as a film on the surface of the culture medium, and the cellulose
takes the shape of the flask/container used [123]. Fermentation is conducted
at 28-30°C for 5-20 days, depending on the container. Typically, cultures do not
extend much beyond 14 days when the bacteria enter the stationary phase.
One of the main drawbacks of this technique is the accumulation of inhibitory
metabolites such as glycolic acids or formic acids over time [124]. The result of
this type of production is usually a robust BC membrane with variable
thickness depending on the incubation time [125]. Considering the excellent
properties of BC explained previously, BC produced in static culture has

numerous membrane-based applications [73,112].
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The second most used biosynthesis technique is dynamic or agitated culture,
also known in some cases as submerged culture. This technique is adopted as
an alternative to increase BC production over time as it allows for constant
oxygenation of the medium [112]. The main characteristic of agitated cultures
is that BC is produced in the form of spheres, small filaments, or aggregates
depending on the culture media, inoculum or agitation speed employed
[126,127]. Although it has been reported that some key properties of BC, such
as crystallinity, can be affected by agitation, the increased surface area of BC
and the possibility of producing it in other forms have expanded the potential
applications of the biopolymer [118,128,129]. The main drawback of dynamic
production is the formation of non-BC-producing mutant bacteria, induced by
shear forces and high bacterial proliferation rates [87,130]. For this reason, the
final BC yield compared to static cultures is still under discussion [71,73,112].
Similarly, the process of BC beads formation during biosynthesis and the

influence of agitation are still under study [131,132].

From an industrial scaling viewpoint, both static and agitated production
techniques have the limitation of requiring a significant amount of time and
low yield [71,112]. For this reason, different forms of cultivation or alternative
bioreactors have been designed to improve oxygen supply to the bacteria
[82,133]. Fed-batch cultivation, for example, is a strategy that involves
intermittent feeding of fresh medium to increase the productivity of a static
culture. The technique involves adding fresh medium on top of the previous BC
film, inducing the formation of a new BC membrane [134,135]. The
introduction of a partially submerged rotating plastic composite support has
also been studied [136,137]. The disk successfully acts as a platform for

bacterial growth and, consequently, BC production. Another alternative is the

23



Chapter 1

air-lift bioreactor designed by Wu et al. [133], where vertically placed plates
with air distribution from the bottom were able to biosynthesize BC
pellets/aggregates in agitated media. In summary, although optimization
studies for BC production are conducted in static and agitated modes to
facilitate comparison, the search for bioreactors that enable industrial scaling
of BC production is beneficial to fully spread the applications of this

biopolymer [112].
1.3.6 BC applications

The combination of the structural and mechanical properties of BC, along with
the ease of its functionalization, results in a wide range of promising
applications [138]. Its biodegradable and biocompatible nature further
facilitates its incorporation into various functionalities related to the human
body. Moreover, BC can be easily transformed into BCNFs and BCNCs,
expanding its usefulness in additional areas. The following are some of the

published applications to date.

BC is an excellent candidate for the treatment of contaminated water.
Certainly, modified BC membranes and composites have been developed,
capable of absorbing a wide range of organic dyes, oils, pesticides, and toxic
metals [139-142]. Additionally, hydrolysis treatments can yield BCNFs or
BCNCs aerogels with increased contact surface area, thereby enhancing their
oil-water separation capacity [143]. Similarly, when BCNFs and BCNCs are
suspended in water, their absorption ability is significantly improved, allowing
the formation of stable oil-in-water emulsions and extending their applicability

to cosmetics, pharmaceuticals, and food industries [144,145].
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Similarly, the hydrophilic nature, biocompatibility, prolonged half-life, and
versatility make BC an excellent candidate for tissue engineering [138]. Due to
the fibrous structure of BC, the development of composites with collagen,
muscle cells, or other biopolymers has been employed to create grafts with

advanced mechanical properties tailored to specific target tissues [146,147].

In this sense, one of the most promising applications is its use in wound
healing. BC does not cause adverse allergic reactions and provides an
immediate comforting sensation when applied to skin wounds/burns [148—
151]. Indeed, the ease of functionalization after biosynthesis and the highly
porous network make BC an excellent device for drug delivery [152,153].
Additionally, BCNCs can act as nanocarriers within different polymer matrixes,

protecting and releasing diverse bioactive compounds [154,155].

Furthermore, BC has been considered Generally Recognized as Safe (GRAS) by
the FDA since 1992. BC is regarded as non-carcinogenic, genotoxic, or tumor-
promoting, and it does not pose any toxic effects when incorporated into
human food [156,157]. In this particular field, the utilization of BCNFs and
BCNCs holds great potential as they can act as thickeners and emulsifiers,
replacing non-organic particles commonly used in Pickering emulsions
[144,158]. Equally, BC and BCNCs can also be utilized as reinforcing materials
for other active packaging materials [94,159,160].

Additionally, numerous authors have proposed the use of BC as a biosensor
and a precursor for electronic devices [73,138]. Its flexibility, transparency, and
thermal stability are highly promising characteristics in this field [161,162]. The
combination of BC with conductive elements offers the potential for electrodes

and piezoelectric biosensors with great potential in clinical diagnostics and any
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application sensitive to strain, respectively [138]. Recently, BC has been
proposed for the development of high-potential supercapacitors and batteries

[163,164].

One of the emerging applications that is generating substantial interest is the
integration of BC into 3D printing technology. With this technology, it is
possible to synthesize matrices in the desired 3D geometry, which is a
limitation in current BC cultivation methods [73,165,166]. In this context,
another extra advantage offered by BCNFs and BCNCs is their ability to
customize the mechanical properties of polymeric matrices, both in 3D printing

and in the development of new materials [105,167-169].

It is worth noting that BC obtained from agricultural waste has certain
limitations that may conflict with the restrictive regulatory standards of sectors
such as biomedicine, pharmacy, cosmetics, and the food industry [170,171].
Although there is literature on various applications of BC from agro-wastes, it
is necessary to establish quality standards and purification processes for BC to

ensure its viability [73].

Finally, all the mentioned applications of BC contribute to the increasing
market potential year by year. Actually, it is projected that by 2026, the market
value of BC-based products will reach $700 million [71]. The first popularized
BC product was nata de coco, which emerged in the 1970s. Nata de coco is a
traditional dessert in the Philippines, produced through the fermentation of
coconut water by K. xylinum [172]. It is a cholesterol-free and healthy food,
widely consumed throughout Southeast Asia [173]. In fact, the value of

coconut water, an agro-industrial residue, has increased due to the high
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demand for this food product. Since then, the number of BC-derived products

in the market is increasing constantly.

Currently, thickeners, surfactants, skincare cosmetics, and wound healing
products have been commercialized [71]. In a techno-economic approach,
Gama et al estimated that industrial fermentation of BC could reach a net
profit of $3.3 million per year, provided that a significant initial investment is
made [174]. In this regard, all researchers and producers agree that further
studies on high-yielding strains, low-cost media, novel applications, and

alternative cultivation methods are necessary.

1.4 Circular economy approach

Circular economy is an economic model that aims to maximize resource
utilization and minimize waste and environmental degradation. In contrast to
the traditional linear model of "take, make, dispose," the circular economy is
based on the principles of reduce, reuse, recycle, and regenerate. Within this
framework, agricultural residue GP, with its high-value components and large
volume produced in specific regions within a short period, represents a

strategically significant resource.

Given the GP nutritional content and the variety of applications of BC,
biosynthesis of BC from GP is a highly promising alternative that demands
further investigation. Furthermore, the literature emphasizes the need for
integrated valorization methods for GP, as its utilization can be approached
through various pathways [2,9,19]. For this reason, studying the performance
of high-value components such as polyphenols and their combination with all

the properties of BC is of great socio-economic and scientific interest.
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1.5 General objectives

The main objective of this study was the valorization of GP from the Basque
Country through biotechnology and sustainable chemical treatments. In this
way, value was added to a voluminous local agricultural waste by developing a
medium for BC biosynthesis and extracting GP phenolic compounds. Different
combinations of BC and GP polyphenolic extract (GPPE) were studied, resulting
in materials with advanced applications in the fields of agriculture, food,

cosmetics, pharmacy, and biomedicine.

e In Chapter 1, a brief introduction is provided, and in Chapter 2, the
reagents and characterization techniques used throughout the work
are detailed. The overall objectives of each chapter in this thesis are
described as follows:

e In Chapter 3, BC was biosynthesized from GP derived from Txakoli
production, in both static and agitated cultures. The superabsorbent
condition of BC spheres was successfully characterized, along with
their usefulness for fertilizer release in agriculture.

e In Chapter 4, BCNCs and GPPE were synergistically combined to create
active Pickering emulsions with applications in the food and cosmetic
sectors. Both BCNCs and GPPEs were obtained using sustainable
procedures while preserving the intrinsic antioxidant properties of the
polyphenols.

e In Chapter 5, the potential utilization of BCNF and GPPE in 3D printing
of starch tablets was exploited. The rheological properties of starch

inks when interacting with nanofibers and polyphenols were
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modulated, followed by the analysis of the influence of BCNF on the
shape, structure, and drug release of printed starch tablets.

e In Chapter 6, BC membranes were used as support of thiolated
chitosan nanoparticles. The active membranes exhibited enhanced
mucoadhesion to human tissues and antimicrobial activity, both of
significant interest for wound healing applications.

e Chapter 7 presents the general conclusions of the study and provides
an outlook on future work that emerged from BC applications and

valorization of GP.

In Figure 1.7, the different integrated approaches studied throughout this work

can be observed, in accordance with the objectives described above.
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Figure 1.7 Graphical representation of the different valorization strategies explored in this work.
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Materials and characterization techniques

Chapter 2: Materials and characterization

techniques

2.1 Materials and reagents

The following reagents were required for the preparation of the HS culture
medium and BC purification in Chapter 3: D-Glucose (C¢H1206 = 99.0%), yeast
extract (289.0%), disodium hydrogen phosphate (Na;HPO4 > 99.0%) and citric
acid (CeHsO; = 99.5%) were purchased from Sigma Aldrich (USA). Peptone
(285%) and potassium hydroxide (KOH) were obtained from Panreac
Applychem (Spain). Urea detection studies were carried out using acetonitrile
from Scharlab (Spain), 4-(dimethylamino) benzaldehyde 99% (DMAB) from
Sigma Aldrich (USA) and hydrochloric acid (HCl 37%) Panreac Applychem

(Spain).

Regarding Chapter 4, cellulase from Trichoderma sp. 6,9 U/mg for BC
enzymatic digestion was obtained from Sigma Aldrich (USA) and sodium citrate
buffer from Panreac Applychem (Spain). Sulfuric acid (H.SOs = 95%) was
acquired from Panreac Applychem (Spain) in the acid hydrolysis of the BC. For
the polyphenol extraction experiments ascorbic acid (289.0%) from Sigma
Aldrich (USA), acetic acid (HAc = 99.5%) from Panreac Applychem (Spain) and

methanol (99%) from Scharlau (Spain) were utilized.

Antioxidant activity assays in Chapter 4 were carried out with 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic  acid (Trolox), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), potassium persulfate (K;5,0s), Folin—Ciocalteu, sodium
carbonate (Na>COs), gallic acid (GA) and 2,2'-azinobis(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt (ABTS) were from Sigma Aldrich (USA).
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For the formation of Pickering emulsions, hexadecane from Merck (99%), and
commercial olive oil and polysorbate 20 (Tween 20) from Qerlan were used

(Chapter 4).

The 3D printing bioinks in Chapter 5 were prepared using normal maize (NM)
and waxy maize (WM) starches, and the form Sigma Aldrich (USA). The
ibuprofen for the drug release studies was also obtained from Sigma Aldrich
(USA). Panreac Applychem (Spain) supplied the phosphate buffered saline

(PBS) tablets used for the drug delivery tests.

Nanoparticles were synthetized with chitosan (Cs) of low molecular weight (M
= 67000 Da, estimated by viscosimetry in 0.3 M acetic acid/0.2 M sodium
acetate trihydrate from Sigma Aldrich (USA) at 25 @9C) (Chapter 6).
Deacetylation degree of Cs, DD = 80 %, was calculated by nuclear magnetic
resonance. N-hydroxysuccinimide (NHS, 98 %), N-(3-dimethylaminopropyl)-Ni-
ethylcarbodiimide hydrochloride (EDC, 98 %), sodium tripolyphosphate
pentabasic (TPP, 98 %), thiolactic acid (TLA, 95 %), curcumin (a mixture of
curcumin, demethoxycurcumin and bisdemethoxycurcumin; CUR, 98 %),
fluorescein-5-isothiocyanate (FITC), mucin (type Il, from porcine stomach), and
deuterium oxide (D;0O, 99.96 %) were acquired from Sigma-Aldrich (USA).
Glacial acetic acid, hydrochloric acid (HCl, 37 %), acetone (99 %) and sodium
hydroxide (NaOH, 1M) were purchased from Panreac Applychem (Spain).
Ethanol (99.8%) was acquired in Honeywell (USA).

Regarding the cytotoxicity assay in Chapter 4, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was acquired from Sigma Aldrich (USA)
and dimethyl sulfoxide (DMSO, purity 99 %) was purchased from Fisher

Scientific (USA). All reagents for cell culture: cell medium (DMEM (Dulbecco's
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Modified Eagle's Medium)), PBS 1X, Penicillin/Streptomycin 100X (P/S),
trypsin-EDTA and Fetal Bovine Serum (FBS) were purchased from Dominique

Dutscher (France).

2.2 Characterization techniques

The characterization techniques used throughout this thesis are described in
the following pages. The experiments and characterization methods that are

focused on specific applications are detailed in their corresponding Chapters.
2.2.1 Physicochemical characterization

2.2.1.1 Chromatographic techniques
High-Performance Anion-exchange Chromatography

To appreciate the in-depth behavior of the bacteria in the culture medium,
detailed sugar analysis was conducted during the incubation process (Chapter
3). For that, the evolution of glucose, sucrose, fructose, xylose, arabinose,
galactose and mannose content was analyzed by lon Chromatography in GP
culture medium over cultivation time, registering the sugar consumption
during biosynthesis. Samples were filtered through 0.2 um syringe filters and
stored at -20°C until analysis. The determination was made with a Dionex ICS-
5000 + lon Chromatograph using the High Performance Anion-Exchange
Chromatography with Pulsed Amperometric Detection technique (HPAEC-
PAD). The analytic column was Dionex CarboPac PA210-4 um, 2x150 mm and
the protective column was Dionex CarboPac PA210 G-4 um, 2x30 mm. The
injection volume was of 2.5 pL and the flow rate 0.2 mL min™®. The eluent
gradient was isocratic, KOH 14 mM, Dionex EGC 500 KOH eluent generator was

used with a Dionex CR-ATC 500 Anion Trap column continuously regenerated.
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Ultra-High-Performance Liquid Chromatography — Mass Spectrometry

The identification of the polyphenolic profile was performed by Ultra High
Performance Liquid Chromatography (UHPLC) from the supernatant of the
centrifuged GPPE (Chapter 4). The UHPLC, with an ACQUITY UPLCTM system
from Waters (Milford, MA, USA), equipped with a binary solvent delivery
pump, an autosampler, a column compartment and a PDA detector. A reverse
phase column (Acquity UPLC BEH C18 2.1x100 mm, 1.7 um) and a precolumn
(Acquity UPLC BEH C18 1.7 um VanGuardTM) from Waters (Milford, MA, USA)
were used at 40 °C for the separation. The flow rate was 35 plL/min and the
injection volume was 2.0 pL. Mobile phases consisted of 0.1 % acetic acid in
water (A) and 0.1 % acetic acid in acetonitrile (B). The gradient conditions for
the separation were as follows: 0—-1.6 min, 2% B isocratic; 1.6—2.11 min, linear
gradient from 2% to 8% B; 2.11-8.80 min, 8% B isocratic; 8.80-9.80 min, linear
gradient from 8% to 10% B; 9.80—17.00 min, 10 % B isocratic; 17.00-22.00 min,
linear gradient from 10 to 20% B; 22.00-23.40 min, linear gradient from 20% to
23% B; 23.40-54.20 min, linear gradient from 23% to 60% B; 54.20-55.20 min,
linear gradient from 60% to 100% B, finally followed by washing and
conditioning of the column. The temperature of the samples was maintained
at 4 °C during the analysis. The wavelength range of the PDA detector was
210-500 nm (20 Hz, 1.2 nm resolution). Hydroxybenzoic acids were monitored
at 254 nm, flavanols at 280 nm, hydroxycinnamic acids at 320 nm and
flavonols and dihydroflavonols at 370 nm. Once the chromatographic peaks
corresponding to polyphenols were assigned, their identity was studied by

mass spectrometry [1].

Mass Spectrometry (MS) data acquisitions were performed on a SYNAPT G2
HDMS with a quadrupole time-of-flight (QTOF) configuration (Waters, Milford,
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MA, USA) equipped with an electro-spray ionization (ESI) source operating in
positive and negative modes. The capillary voltage was set to 1.0 kV for both
ESI+ and ESI-. Nitrogen was used as the desolvation and cone gas at flow rates
of 1000 L/h and 10 L/h, respectively. The source temperature was 120 °C, and
the desolvation temperature was 400 °C. The two acquisition modes used
were MSE and MS/MS. Data acquisition took place across the 50-1200 m/z
mass range in resolution mode (FWHM = 20.000), and the scan time was 0.1 s.
The collision energy for MSEwas 4 V in the trap cell and 4 V in the transfer cell
for Function 1, and a collision ramp of 10 to 40 V in the trap cell and 4 V in the
transfer cell for Function 2. The collision energy for MS/MS was a collision

ramp of 10 to 40 V in the trap cell and 4 V in the transfer cell.
2.2.1.2 X-ray diffraction

X-ray diffraction (XRD) diffraction patterns of BC and BCNC samples were
obtained using PHILIPS X'Pert Pro diffractometer, in 6 - 0 configuration
secondary monochromator with CuKa (A = 0.154 nm) and a solid state pixel
detector, operating at 40 kV with a filament of 40 mA. The diffraction data
were collected from 26 values 5° to 40°, where 0 is the angle of incidence of
the X-ray been on the sample. The crystallinity index (Cl) of produced BC was

determined by the following equation [2]:
Cl (%) = h";’ﬂ 100 (Equation 2.1)
200

where /500 is the maximum intensity of the (200) lattice diffraction at 26 = 22.7°
and I,m is the intensity scattered by the amorphous part of the sample (the

location of the amorphous material signal considered was at 26 = 18°).
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Additionally, texture evaluation of an starch tablet reinforced with BCNF was
measured using a Bruker D8 Discover diffractometer (USA) equipped with a Cr
Twist tube, V filter (A = 2.2910 A), PolyCap™ (1 single crystal cylinders) system
for parallel been generation (divergence of 0.25°), and a 1-D LynxEye detector
(active length in 26 2.6°). The sample was mounted on an Eulerian Cradle with
automatic controlled X-Y-Z stage. Data were collected for the mean reflection
at 33.52 in 2Theta, using a fixed mode and time per orientation of 20s. The
data collection in thinned mode with 5° of 6 was measured for full circle 0-360

incr. 5°in Phi (¢) and 0-70 incr. 5° in Psi () range giving 693 total orientations.

Texture analysis using X-ray Diffraction has typically been performed via the
use of pole figure measurement. Such measurements were performed by
measuring exact 206 maxima and rocking the sample through Psi { (tilt) angles
and Phi ¢ (spindle) rotations via a texture Cradle attachment. The measured
intensities are then plotted as an intensity map where the hemisphere-like
distribution of scattered intensity is projected on a 2D “pole figure” showing

the variation of intensity with sample orientation.

The pole density for a given point is determined by the intensity of a X-ray
beam diffracted for this orientation. Measured data were evaluated using
Multex 3 software, no texture component simulations was able, due to the
high dispesionof the signals in the pole figures. These results indicated that the

crystal orientations are more or less isotropic.
2.2.1.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to identify functional
groups of BC, BCNCs, WM and GPPE. This technique relies on irradiating the

sample with an infrared light source, causing the absorbed light to be reflected
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in the spectrum at various wavenumbers. A Nicolet Nexus spectrophotometer
provided with MKIl Golden gate accessory (Specac) with diamond crystal at a
nominal incidence angle of 45° and ZnSe lens was used. Spectra were recorded
between 4000 and 650 cm™ averaging 32 scans with a resolution of 4 cm™. The
areas of absorbance bands around 710 cm™ and 750 cm™ were used to

estimate the percentage of cellulose lg according to Equation 2.2 [3].

A
Ig = 0 (Equation 2.2)

A710— A7s50

where Ay is the integrated area of absorbance band at 710 cm™ and Aysp is

the integrated area of the absorbance band at 750 cm™.
2.2.1.4 Elemental analysis

Elemental analysis (EA) was performed in order to quantify the sulfate groups
(S %) of hydrolyzed BCNCs using a Euro EA3000 Elemental Analyzer of
Eurovector. Samples were measured by SCAB.PE.29.PR.10.02 method in the
solid state, in which the sample is combusted in presence of oxygen and the
resultant gaseous products are analyzed by gas chromatography (GC) equipped
with a thermal conductivity detector. The signals were analyzed by Callidus®
software which automatically provided the sample elemental composition

report.
2.2.1.5 Ultraviolet-visible spectrophotometry
D-glucose and D-fructose detection kit

The amount of D-glucose and D-fructose in GP treated and untreated mixtures
was analysed by spectrophotometry (Chapter 3). Measurements were carried

out before nitrogen supplementation, using a commercial kit from Byosystems
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(Spain). The content of these reducing sugars was followed measuring the
absorbance change of the reduction of NADPH at 340 nm in the presence of
phosphoglucose isomerase by a Shimadzu UV-Vis-Nir 3600 spectrophotometer

(Japan).
Ninhydrin assay for thiol-functionalized Cs

The quantitative determination of amine substitution in the thiol-
functionalized chitosan sample was carried out using UV-vis spectroscopy
(Shimadzu UV-Vis-Nir 3600 spectrophotometer, Japan) (Chapter 6). This
analysis was an adaptation of previous works found in literature [4,5]. To
guantify the degree of thiolation, ninhydrin reagent was reacted with the
primary free amino groups of chitosan, resulting in the formation of a colored
reaction product that exhibited an absorbance signal at 570 nm. Solutions with
varying concentrations (ranging from 0.1 to 0.03 mg/mL) were prepared from
initial chitosan and thiol-functionalized chitosan solutions, both at a
concentration of 0.15% (w/v), in a mixture of 2% (v/v) acetic acid, 1% (w/v)
acetic acid/acetate buffer (pH 5.5), and a 2% solution of ninhydrin reagent
from Sigma-Aldrich (Spain). These solutions were incubated at 100 °C for 20
minutes and then cooled in an ice bath before measuring the absorbance. The
degree of substitution (DS) was determined using Equation 2.3, considering the
slope (m) of the absorption-concentration curves, which was empirically found

to be proportional to the percentage of free amino groups.
DS¢ssu(%) = (1 - M) -100 (Equation 2.3)
mcs

where mcssh is the slope-value of the thiolated polymer curve and mc; is the

slope-value of the neat polymer curve.
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2.2.1.6 Dynamic light scattering

The stability of both the BCNCs and BCNC-GPPE dispersions was analyzed by
Dynamic light scattering (DLS) measuring the Z potential using a ZetaSizer
Nano Series ZEN3600 (Malvern Instruments, UK) connected to MPT-3
autotitrator at an angle of 173° (Chapter 4). The Z potential is a parameter that
reveals the distribution of surface charge at the interface between a solid
particle and water. When a solid surface is immersed in a polar liquid medium,
an electric charge can be induced at the solid-liquid interface. By subjecting a
dispersion to laser diffraction while manipulating the applied electric field, the
resulting diffracted light can be correlated with the applied field. Through
measurement of the frequency change in the diffracted light, a Z potential
analyzer can determine the surface charge of nanoparticles, which directly
influences their dispersion stability. Surface charge was measured at different
pHs and values were taken in triplicate in specific cells from Malvern
Instruments (DTS1070). Samples were prepared diluting the dispersions with

ultrapure water.

Additionally, DLS measurements were conducted with Cs and functionalized Cs
nanoparticle dispersions. DLS technique is often used to measure the size of
ultra-small particles in the submicron range that exhibit Brownian motion in
suspension. When light is scattered by these particles, interference
phenomena occur. This interference changes over time, resulting in variations
in the intensity of the scattered light. Therefore, the time dependence of the
scattered light intensity reflects the speed of particle motion, which in turn is
related to the particle size. Autocorrelation analysis is commonly employed to

analyze this relationship. The measurements were made in polystyrene UV
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disposable cells in triplicate. Z potential and particle size (Z average) were

calculated in a pH range from 3 to 8.
2.2.1.7 Proton nuclear magnetic resonance spectroscopy

The chemical composition of the pure Cs samples and the thiol-functionalized
Cs were analyzed in Chapter 6 using proton nuclear magnetic resonance (‘H-
NMR). This method involves subjecting the samples to an electromagnetic field
and studying the changes in proton or carbon nucleus frequencies for
structural characterization. 'H-NMR measurements were performed in an
Advance Bruker, equipped with z-gradient BBO test. Cs and thiol-functionalized
CS spectra were obtained at room temperature, 500 MHz, 64 scans, spectral
window of 5000 Hz and recovery delay of 1 s. Samples were dissolved in 1:10

(v/v) D2O/HClI solution (0.5 M).
2.2.1.8 Fluorescence spectroscopy

Fluorescence spectroscopy allows for the determination of the concentration
of fluorescent particles in a sample. The absorption of light by the sample
(excitation spectrum) and the emission of light from the sample (emission
spectrum) can be measured and quantified. In this case, it was used to detect
and monitor the amount of thiolated Cs nanoparticles covalently linked to the
fluorescent marker FITC (Chapter 6). Fluorescence of the nanoparticle release
media was measured with the spectrofluorimeter (Microbeam 2396-MP1
Brytebox 2.2 115-230VAC, Spain). Previously, a calibration curve was
performed with FITC concentrations ranging from 0.5 to 500 pug/mL in aqueous
medium (R?=0.9967). Therefore, the detection limit was set at 0.5 pg/mL. The

measurements in the spectrofluorimeter were carried out according to the
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fluorescence excitation and emission wavelengths of FITC, 466 nm and 515 nm,

respectively [6,7].
2.2.2 Thermal characterization
2.2.2.1 Differential scanning calorimetry

Thermal behavior of urea loaded BC spheres was analyzed through Differential
Scanning Calorimetry (DSC) measurements in Chapter 3. This technique
involves applying heat to both a sample and a reference material in order to
maintain a constant temperature. As the sample undergoes thermal
transitions, the heat required by the sample will differ from that of the
reference, resulting in distinguishable variations in the thermograms. For this
study, a Mettler Toledo (USA) 822e instrument equipped with a robotic arm
and an electric intracooler as the refrigeration unit was utilized. The sample,
weighing between 5-10 mg, was placed in an aluminum pan and subjected to a
heating cycle from 25 to 170 °C at a scanning rate of 10 °C/min under a
nitrogen atmosphere. The melting temperature (T) of urea was used to
determine the presence of the fertilizer in BC. At this temperature, an
endothermic peak is observed in the DSC as the urea undergoes a solid-to-

liquid transition.
2.2.2,.2 Thermogravimetric analysis

In the Thermogravimetric analysis (TGA), the degradation process of BCNCs
samples was monitored by measuring its mass using a microbalance during a
heating scan (Chapter 4). This allowed for quantification of the change in mass
relative to the initial mass of the sample. The measurements were conducted

using a TGA/SDTA 851 instrument from Mettler Toledo (USA). The tests were
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performed by heating the sample from 25 to 750 °C at a rate of 10 °C/min. To
prevent thermoxidative degradation, the tests were carried out under a

nitrogen atmosphere.
2.2.3 Hydrophilicity
2.2.3.1 Water holding capacity

Water holding capacity (WHC) assays are very useful to assess the
hydrophilicity and superabsorbent nature of polymeric systems. Freeze-dried
BC membranes and spheres were used for WHC assays in Chapter 3. The
weighted freeze-dried samples (W) were immersed in deionized water until

constant weight (Wyet) [3]. The WHC was calculated following Equation 2.4:

WHC (%) = % 100 (Equation 2.4)
ry

where Wy is the weight of the swollen BC and Wy, is that of the freeze-dried

BC.
2.2.3.2 Water contact angle

The surface hydrophobicity of the BC/GPPE membranes was evaluated using
static water contact angle (WCA) measurements (Chapter 4). This method
involves placing a drop of deionized water onto the membrane surface to
determine the equilibrium contact angle between the air, water, and
membrane interface. The method was adapted from the work published
previously by Hu et al and Li et al [8,9]. The contact angle value reflects the
chemical interactions occurring at the surface. The BC membranes were
loaded with solutions of increasing concentrations of GPPE and subsequently

dried in a vacuum dryer. The samples were named BC 0.5GPPE, BC 2.5GPPE, BC
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5GPPE, and BC 10GPPE about the w/w percentage of GPPE of the loading
solution. The measurements were performed at room temperature using an
OCA20 instrument (Dataphysics, Germany). At least six contact angle values
were obtained by depositing 5 ul of deionized water onto the membrane

surface and averaged for analysis.
2.2.4 Morphological characterization
2.2.4.1 Atomic force microscopy

Atomic force microscopy (AFM) is a scanning probe technique that relies on
the interactions between the tip and the sample surface. By measuring the
attractive and repulsive forces between the tip and sample, a deflection in the
tip is produced, and images are generated by mapping these deflections at
each point of the sample. AFM images of BC, BCNF, BCNC and Cs-nanoparticle
samples were obtained in tapping mode using a Nanoscope llla scanning probe
microscope (Multimode™ Digital instruments, USA) with an integrated force
generated by cantilever/silicon probes, applying a resonance frequency of
about 180 kHz. Cantilevers with tips of 5-10 nm in radius and 125 um long

were used.

For BCNF/BCNC samples, a BCNF/BCNC water suspension drop was applied on
mica and spin-coated at 2000 rpm for 120 s (Spincoater SCC-200 K.L.M.
Micromaterials GmbH, Germany). Prior to imaging the sample in a vacuum
chamber for 24 h at room temperature, water was removed. In the case of Cs
nanoparticles, a drop of acidic solution (HAc, 2% v/v) of the nanoparticles (0.05
mg/mL) was settled on a mica disk and was dried at room temperature for 24
hours before measuring. ImageJ (NIH, USA) and AFM softwares were utilized to

obtain diameter and length measurements of the samples from height images.
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2.2.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique that involves directing a
high-energy electron beam onto the surface of a sample to analyze the various
signals produced by electron-sample interactions. SEM was employed to
capture images of the surfaces and cross-sections of BC membranes, BC
spheres, Cs-nanoparticle loaded BC membranes and 3D printed NM and WM
tablets. Prior to SEM analysis, the samples were freeze-fractured using liquid
nitrogen to expose their cross-sectional structure. A JEOL JSM-6400 scanning
electron microscope equipped with a tungsten filament was utilized, operating
at an accelerated voltage of 20 kV and a working distance of 5-10 mm. The
samples were coated with approximately 20 nm of chromium using a Quorum

Q150 TES metallizer.
2.2.4.3 Optical microscopy

Optical Microscopy (OM) was used to observe and measure the hexadecane-
in-water Pickering emulsions stabilized by BCNC-GPPE complexes. Droplet
volume mean diameter was calculated as detailed in Chapter 4 with a Nicon
Eclipse E600 instrument (Japan). Additionally, the appearance, size and
morphology of the NM and WM starch granules were evaluated by OM in
transmission mode with the same optical microscope (Chapter 5). The size of
the starch granules and emulsion droplets was calculated with Imagel software

(NIH, USA).
2.2.5 Rheological characterization

A rheometer is a specialized instrument used to measure the rheological

behavior of materials. It applies controlled stress or strain to the sample and
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monitors its response, allowing for the characterization of its flow and
deformation behavior. Rheometers offer a range of functions and capabilities
to evaluate different rheological parameters which are directly related to
structural integrity of the samples. For this reason, rheological characterization
of hexadecane-in-water Pickering emulsions stabilized by the BCNC and BCNC-
GPPE complex (Chapter 4), and all the different NM and WM starch inks for 3D

printing was carried out (Chapter 5).

The rheological measurements were performed using an ARES G2 rheometer
(TA instruments, USA) equipped with a Peltier temperature controller system
and a solvent trap. In the case of hexadecane-in-water Pickering emulsions,
dynamic oscillatory strain sweep and frequency sweep tests as well as flow
tests were performed at 23 °C using cone-plate geometry (50 mm diameter).
The linear viscoelastic region (LVR) was determined by monitoring both the
storage modulus (G’) and loss modulus (G”) in a strain sweep test at 1 Hz. After
that, G’ and G”” were analyzed versus frequency from 0.1 to 100 Hz at a fixed
strain within the LVR region. Flow test measurements were performed, in
which the evolution of the viscosity was measured by varying the shear rate

from 0.01 to 1000 s

Rheological characterization of starch inks was conducted using a cone-plate
geometry (25 mm) at a temperature of 37 °C. The ink samples, consisting of
gelatinized starches at a concentration of 30 % w/w and with different
quantities of BCNFs and GPPE, underwent flow tests, oscillatory stress sweep
tests, and recovery tests. In the flow tests, viscosity was studied with shear
rates varying from 0.01 to 1000 s, while the oscillatory shear stress sweep
tests were performed measuring G’ and G” with stress values ranging from 1

to 1000 Pa at a frequency of 1 Hz. The experimental results obtained from the
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viscosity test were fitted to a power-law model [10], which can be described by

the following equation:
n=K )-/n—l (Equation 2.5)

where n is the viscosity of the ink measured in Pa's, K is the consistency

coefficient, y is the shear rate measured in s and n is the power-law index.

Recovery tests involved measuring viscosity in a shear stress test conducted in
three consecutive stages: 1) at 0.2 s for 180's, 2) at 100 s for 180 s, and 3) at
0.2 s for 180 s. Recovery percentages after 100 s at zero shear rate were
calculated [11]. All rheological measurements were performed at least in

triplicate.
2.2.6 Antioxidant activity characterization
2.2.6.1 DPPH radical scavenging activity

The DPPH free radical method was carried out following the procedure
described by Ventura-Aguilar et al., with some modifications (Chapter 4) [12].
Trolox was utilized for the calibration curve. The DPPH method was used in the
free radical DPPH absorbance reduction when mixed with a substance with
antioxidant activity, with the formation of DPPH-H and free radical of the
antioxidant species. 250 mL of either GPPE 2.5 % w/v solution or BCNC-GPPE
dispersion were added to 2 mL of DPPH solution (6.25 x 10™> M) in methanol,
and left to stand in the dark for 30 min at room temperature. After this period,
the absorbance was measured at 517 nm in 1 mL quartz cuvettes using UV-vis
equipment. Measurements were conducted in triplicate, and the results were

expressed in mg Trolox equivalent (TE) per g of dry extract (mg TE/g dry GP).
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2.2.6.2 ABTS radical scavenging activity

The ABTS radical cation, which is a blue chromophore, was generated through
the reaction of ABTS with a 0.6 mM potassium persulfate solution (1:1) in the
dark for 16 h at room temperature [13]. Trolox was employed as a standard in
the assay, and a calibration curve was established in the concentration range
of 10-50 mg Trolox/l. A mixture of 250 mL of GPPE or standard diluted with
methanol and 2 mL of the ABTS™ solution was prepared, and the absorbance of
the samples was measured at 734 nm using a UV-vis spectrophotometer after
40 min. The experiment was conducted in triplicate, and the results were

reported as mg Trolox equivalent per gram of dry GP (mg TE/g dry GP).
2.2.6.3 Total phenolic content

The total phenolic content (TPC) method was modified from the procedure
developed by Difieiro et al [14]. GA was utilized as a standard in the assay, and
the calibration curve was created in a concentration range of 5-400 mg GA/I. A
mixture of 0.1 mL of GPPE or standard diluted with methanol, 2 mL of a 20%
Na,COs solution, 5 mL of H,O and 0.5 mL of Folin—Ciocalteu reagent was
prepared in a test tube. The absorbance was measured in triplicate at 765 nm
using a UV-vis spectrophotometer after 30 min at 40 °C, and the results were
determined using the calibration curve. The findings were reported as mg of

GA equivalent per g of dry GP (mg GA/g dry GP).
2.2.7 Biocompatibility
2.2.7.1 Cytotoxicity assay

Cytotoxicity assessment was carried out in to evaluate the potential adverse

effects of BC and BC/GPPE on living cells based on ISO 10993-5 guidelines
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(Chapter 4). This experiment was conducted during the international stay
carried out at the University of Strasbourg with the Biomaterials-
Bioengineering group of CRBS (INSERM U1121). In this case, the cell viability of
murine NIH 3T3 fibroblasts was analyzed in extractive media that had been in
contact with BC loaded with different concentrations of GPPE. Previously,
GPPE incorporation into the BC punches of 12mm diameter was carried out by
immersion for at least 2 h in 24-well plates at 140 rpms. Then, sterilized BC
punches loaded with GPPE solutions of 25, 50, and 75 mg/mL were immersed
in DMEM medium supplemented with 10 % FBS and 1 % P/S for 24 hours at 37
°C. 200 of pL this active media were used to incubate seeded NIH 3T3 cells in a
96-well plate and at density of 10000 cells per well (24 hours at 37°C and 5%
CO,). Positive control containing DMSO and negative control at the same cell
density of the inoculum were used in the study. Subsequently, the medium
was collected, and the cells were washed twice with PBS and incubated with
100 pL of an MTT solution (0.5 mg/mL in cell medium). The plates were
incubated for 3 hours at 37°C and 5% CO,, after which the MTT solution was
removed, and 100 pL of DMSO were added to each well to dissolve the crystals
while subjected to orbital shaking. The absorbance was measured at 570 nm
using a microplate reader (Xenius XC spectrophotometer, SAFAS, Monaco). The
cytotoxicity was expressed as a percentage of cell viability compared to the
control cells that were not exposed to GPPE (negative control). Each condition

was tested in at least three independent experiments.

68



Materials and characterization techniques

2.2.8 Antimicrobial activity
2.2.8.1 Agar diffusion assay

Antimicrobial activity test was performed using agar diffusion assay method.
This technique involves depositing, on the surface of a pre-inoculated Petri
dish, the study material impregnated with different antibiotics or biocidal
agents. In this case, BC membranes loaded with thiolated Cs nanoparticles
encapsulating curcumin (30BCnp) were tested against Staphylococcus aureus
CECT 239 and Escherichia coli CECT 405. As soon as the biopolymer comes into
contact with the moist agar surface, the antimicrobial agent diffuses into the
surrounding agar, creating a concentration gradient. As the microorganisms
encounter the antimicrobial substance, their growth is inhibited, leading to the
formation of clear zones, known as inhibition zones, around the material. The
size of these zones is measured and serves as an indicator of the material's
antimicrobial activity. After depositing the samples with the active ingredients
onto the plate inoculated with the test microorganism, the plates are
incubated at 37 °C for 24 hours. Measurements were done in triplicate to

ensure the reproducibility of the results.
2.2.9 Statistical analysis

In this thesis, R version 4.1.2 (R Core Team, 2021) was used to perform
statistical analyses, including a two-sample t-test to compare means between
groups. All experiments were conducted at least in triplicate and differences

were considered to be statistically significant when p < 0.05.
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Chapter 3: From agriculture to agriculture

3.1 Introduction

As detailed in Chapter 1, white GP is an agricultural residue of large volume,
and its accumulation can be harmful to the environment at a global level.
Therefore, the development of new strategies for the revalorization and
exploitation of GP is a sustainable solution of great socioeconomic interest.
Equally, in addition to residue accumulation, other challenging agricultural
concerns are the over usage of agrochemicals for crop growth or protection

and the fresh water exploitation [1, 2].

The development of controlled release systems and superabsorbent hydrogels
is an alternative to these threats [3, 4]. In this way, it is intended to prevent the
excessive application of harmful pesticides from contaminating food or water
bodies. More recent research works promote the use of biodegradable
polymers such as alginate, cyclodextrins, chitosan or cellulose and their
derivatives, that have the ability to attenuate or control the release of
agrochemicals, so that it continues to reach the target [5—7]. The common
characteristic of natural polymer-based hydrogels is their ability to retain
water, given their three-dimensional macromolecular structure, which is also
beneficial for agriculture when crops are subjected to abiotic stress conditions
such as water shortage [6]. Thus, cellulose-derived superabsorbent polymers
have been proposed since they offer similar performance in water
optimization to common acrylate-based superabsorbent polymers, and are

environmentally friendly [8].
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This chapter focuses on the production and characterization of BC from GP
agricultural residue. Given the pH of GP, Komagateibacter medellinensis
bacterial strain ID13488 was chosen since it can produce high yields of BC from
low cost carbon sources and acidic culture media, as it has been previously
reported with other acidic agricultural residues [9].Thus, K. medellinensis could
prevent previous pH neutralization and polysaccharide hydrolyzing steps of the
GP to adequate the residue for bacterial development. In this way, the aim was
to provide insight into the biosynthesis process of BC through static and

agitated conditions.

As explained in Chapter 1, physicochemical characteristics of BC depend on the
production mechanism, thus causing the potential application of the
biopolymer to change when cultured in agitated conditions. The characteristic
microstructure of BC obtained in agitated cultures along with the higher
surface area due to the spherical shape extend the potential applications of
the BC as carrier of enzymes or adsorbent of heavy metals, oils and organic
solvents, among others [10]. Nevertheless, little is known about the
morphology and properties of BC synthetized from agricultural residues under
agitated conditions and their possible effects on the nucleation processes in
BC. Hence, there is a strong need for studies that exploit the great advantages
of BC spheres in many advanced fields, by exploring the main factors that

control their formation.

As a result, the development of BC membranes and sphere-shaped BCs
biosynthesized from GP culture media was optimized. Additionally, to expand
the applicability of BC, the superabsorbent nature of the sphere-shaped BCs

and their urea retention capacity were assessed.
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Certainly, nitrogen is a crucial macronutrient for the growth of diverse crops,
and urea is considered to be the predominant nitrogen-containing fertilizer
[10]. However, only a small fraction of applied urea is effectively utilized by
plants due to its high solubility in water. Indeed, the development of efficient
fertilizers is of growing importance as a significant portion (approximately 40-
70%) of nitrogen applied to plants through conventional fertilizers is lost to the
environment [11]. As a consequence, a substantial quantity of urea needs to
be applied, leading to elevated costs and environmental pollution through
surface and groundwater contamination [12]. This loss renders these nutrients
unavailable to plants, resulting in economic and environmental burdens. In this
context, the use of superabsorbent polymers for controlled release of
fertilizers has gained recent scientific interest [13-16]. Thereby, the
applicability of BC was explored in three of the main threats to agriculture:

waste accumulation, drought, and controlled release of fertilizers.

3.2 Experimental section

3.2.1 GP and bacterial strain origin

GP culture medium was prepared with Hondarrabi zuri white grape variety
pomace, which was kindly provided by Bodega Butroi, a local winery (Biscay,

Spain).

Following the criteria of the oenologist, the grapes were harvested at their
optimum point of ripeness, according to the potential alcohol level after the
winemaking process and the acidity index of the grapes. GP was collected the
same day of grape harvest, after destemming and pressing the grapes under
identical conditions. Finally, GP consisting on some stems, sheds and skins, was

stored at —80 °C until its analysis.

77



Chapter 3

Komagataeibacter medellinensis bacteria strain 1D13488 was isolated from
vinegar broth fermentation and kindly supplied by New Materials Research

Group, Pontificia Bolivariana University of Medellin, Colombia [17].
3.2.2 BC biosynthesis

BC membranes and sphere-shaped BCs were biosynthesized by K.
medellinensis in white GP culture media, both under static and agitated growth

conditions.

For the preparation of the GP culture medium, first GP was crushed with a
blender and different residue/water mixtures with GP percentages ranging
from 2.5% (w/v) to 20% (w/v) were prepared. GP mixtures were passed
through a cloth strainer and the filtrated was subjected to two types of
treatments, ultrasonication and hot water hydrolysis, either individually or in
combination. These treatments were used to facilitate the accessibility and
diffusion of nutrients through the medium, the extraction of fermentable
sugars and to reduce the number of suspended solids. The ultrasonication was
conducted for 30 min at room temperature (JP Selecta 3,000,683 50/60 Hz),
whereas the hot water treatment was carried out at 80 °C for 1 h.
Subsequently, the mixtures were centrifuged at 4500 rpm for 45 min (Hettich
Zentrifugen D-78532). The pH of the solutions was then adjusted to 3.5 with
citric acid if necessary and autoclaved separately at 120 °C for 15 min before
inoculating the bacteria. The pH of the culture media was determined by
employing a pH meter (GLP22, Crison Instruments). The inoculum of a
commercial HS medium in the exponential growth phase was stablished as 1%
(v/v) for static cultures and 1.5% (v/v) for agitated cultures. 150 mL and 100 mL

volumes of culture medium were used in 250 mL Erlenmeyer flasks for static
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and agitated growing conditions respectively. The inoculum and culture
volume were decided taking into account previous work conducted by our
research group and the studies carried out by Hu et al in agitated cultures [18—

20].

GP juice was mixed with commercial peptone or yeast extract to analyze the
effect of each supplement on the culture medium. (Culture media with
additional nitrogen sources were labelled with pp and ex in reference to
peptone and yeast extract, respectively.) Additionally, a low-cost yeast extract
was prepared by adapting the method described by Zarei et al for its study as a
source of amino acids, vitamins, and minerals [21]. The yeast extract was
obtained from the lees of white wine production from the same winery that
supplied the GP. Briefly, 500 g of lees were crushed and mixed with 2 L of
distilled water. Subsequently, this mixture was autoclaved for 10 min and the
resulting solution was rapidly cooled in a water bath. Next, the solution was
centrifuged for 10 min at 4500 rpm to remove cell debris, and the supernatant

was freeze-dried to obtain a yeast extract powder.

All culture media, both under static and agitated conditions, were incubated at
28 °C for 7 days. The agitated cultures were subjected to rotatory speeds of
120 rpm, 130 rpm and 150 rpm in an IKA KS 4000i Control (Germany). Lastly,
obtained BC samples were washed with KOH at 2% (w/v) for 24 h to remove all
non-cellulosic components and afterwards, they were subjected to several
washes with deionized water until total neutralization. Finally, BC samples
were dried on Teflon plates in the oven at 50 °C until constant weight or
freeze-dried (Telstar LyoQuest HT40) for their subsequent characterization. In
Figure 3.1, a graphical representation of static and agitated GP cultures can be

observed.
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Figure 3.1 Graphic representation of the biosynthesis processes of BC from GP under static and

agitated growth conditions.
3.2.3 BCyield

In both growing conditions, BC production was calculated after 7 days of
incubation to better compare the yields following Eq. (3.1). Values were taken

in triplicate.

Yield (%) = % (Equation 3.1)

where my is the dried BC mass in grams and V is the total volume of the culture

media in liters.

3.2.4 Urea release study

Freeze-dried sphere-shaped BCs were immersed in 1 M aqueous urea solution
for 48 h. Then, samples were freeze-dried again, and urea loading (UL) was

measured in triplicate using the following equation:

Urea loading (%) = W (Equation 3.2)
dry
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where W, is the weight of loaded and freeze-dried BC and W4y, is that of the

freeze-dried BC before urea loading [15].

The urea release measurements were carried out placing the loaded and dried
sphere-shaped BCs in aqueous medium at neutral pH without stirring. Two
different drying methods were applied to the urea loaded BC samples, freeze-
drying and oven drying at 50°C until constant weight, with the objective of
studying the effect of the drying method on the release profile. At different
time points, samples were taken from the release medium and the amount of
urea was measured by spectrophotometry (UV-Vis-Nir Shimadzu 3600) after
the reaction with 4-dimethylamino benzaldehyde (DMAB) and HCIl as reagent
[22]. The interaction between DMAB and urea begins with the protonation of
the dimethylamino group, causing a partial positive charge on the carbonyl
group and making it susceptible to a nucleophilic attack by the urea, with the
subsequent formation of the chromogen, as depicted in Figure 3.2, i.e., an

imine or Schiff base that exhibits absorption at 420 nm in the UV-Vis spectrum.

Loaded BC spheres

Freeze-dried BC spheres

G =

Urea 1M

0
Urea release ).L
o H H N NH:
o]
)J\ HCl
RTRS (TEESS A

Urea Bl
/N\ /N\
DMAB Chromogen

Figure 3.2 Graphical representation of the urea loading process onto BC spheres for UL

calculation, followed by its subsequent release and spectrophotometric detection.
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The concentration of urea in the release medium was determined using a
calibration curve with constructed urea concentrations from 0.5 mM to 50
mM. Acetonitrile was used as solvent for the reaction as published by Giraldo

and Rivas and each assay was carried out in triplicate [23].

The cumulative urea release (CUR) was calculated from the following equation:
Cumulative urea release (%) = % 100 (Equation 3.3)
U

where W; is the amount of urea released from the sphere-shaped BC at time t

and Wy is the total amount of urea loaded into the sample.

3.3 Results and discussion

3.3.1 Characterization of culture media
3.3.1.1 Biosynthesis optimization and BC yield

Several GP/water solutions were prepared with the purpose of stablishing the
correct nutrient balance for bacterial development in GP medium. Table 3.1
depicts the obtained results for BC production in static cultures within the

studied conditions.

As observed in Table 3.1, GP based culture medium was suitable to produce BC
from concentrations exceeding 5% (w/v). GP concentrations above 20% (w/v)
were also tested, although this cultures did not produce BC. In this regard, Hu
et al. reported that initial glucose concentrations in the medium above 20 g/L
could have an inhibitory effect on cellulose yield [20]. Additionally, it should be
noted that further increase of GP into the medium above 5% (w/v) resulted in

a progressive reduction of BC production, despite the higher glucose and
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fructose content. Indeed, it has been published that increased viscosity and
concentration of polyphenolic compounds could also hinder BC biosynthesis

[24].

Table 3.1 GP concentration, supplementation with nitrogen sources, BC production and glucose +
fructose content of the different culture media tested under static conditions. Culture media with

additional nitrogen source was labelled with pp in reference to peptone.

Nitrogen source

Glucose + .
Growth GP % Yeast BC yield
. Culture Peptone fructose
conditions (w/v) extract (g/L)
% (w/v) (8/L)
% (W/v)
HS - 0.5 0.5 20.0 0.75+0.12
GP2.5 2.5 - - -
21+0.1 R ———
GP2.5-pp 2.5 0.5 - 0.53+0.02
GP5 5 - - -
) 44+07 ——
Static GP5-pp 5 0.5 - 0.73 £0.03
GP10 10 - - 0.26 £ 0.07
9.2+0.2 _—
GP10-pp 10 0.5 - 0.35+0.02
GP20 20 - - 0.10+£0.04
206+05 —————
GP20-pp 20 0.5 - 0.31+0.00

As expected, the measured glucose and fructose concentrations in the medium
increased with the GP content, being similar to the HS culture in the case of
the GP 20% (w/v) culture. According to Table 3.1, GP concentrations with sugar
content lower than 5 g/l did not produce BC. However, upon supplementation
of these media with peptone, higher BC production was observed in all
samples, reaching similar values of BC production to those of the HS culture
medium, especially in the case of a 5% (w/v) GP concentration. Actually,
according to literature, agricultural waste media supplementation with
additional nitrogen, mineral or carbon sources is a widely extended practice to

increase BC production [18, 25-28].
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Additionally, yeast extract was prepared from winery lees with the aim of
testing them as an alternative nitrogen source derived from winemaking
wastes. In this case, the BC production from a 5% (w/v) GP culture
supplemented with lees extract was 0.36 + 0.10 g/I. Attending to Table 3.1,
despite the interesting conditions of the lees to be used as a source of yeast
extract [29], BC yield was lower than that of its homologous one supplemented
with peptone. In fact, depending on the type of winery and weather
conditions, lees may contain pesticides, sulfites, or phenolic compounds that
could hinder bacterial growth. Nevertheless, this result demonstrated that
despite the lower production, BC could be biosynthesized and, therefore, lees

extract could also act as an additional nitrogen source for the medium.

Next, BC yields obtained in static cultures were used as reference for the
design of the agitated cultures. Thus, GP5-pp culture was selected as control
for BC characterization and as starter medium for agitated cultures. It is worth
mentioning that when agricultural residues are used into culture media under
agitated conditions, additional factors must be considered for the production
of BC. Indeed, the suspended solid amount was a key element for the uniform
BC production in agitated cultures, and, therefore, different treatments of GP
were studied in order to reduce turbidity and increase solubility and
availability of fermentable sugars. Given that acid or enzymatic treatments are
expensive, environmentally unsustainable, require further neutralizing steps
and enhance bacterial growth inhibitory compounds formation [30], hot water
treatment was chosen as the most suitable method for non-cellulosic
monosaccharide extraction [26, 27]. Furthermore, it has been reported that
ultrasound assisted extractions of vegetal raw materials increases the

efficiency of sugar recovery [31], since ultrasounds weaken cell walls and
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promotes mass transfer, increasing the permeability of vegetal tissues to
solvents [32]. Therefore, ultrasound and/or hot water treatments were carried

out to improve the nutritive profile of the GP medium.

On the other hand, peptone was discarded for the preparation of agitated
cultures, since preliminary experiments showed that it formed aggregates in
combination with the GP. Hence, commercial yeast extract was used as
nitrogen extra source in dynamic conditions. Namely, four agitated GP based
culture media were prepared at 5% (w/v) GP concentration: non-treated (GP5-
ex), ultrasound treated (GP5-exUs), hot water treated (GP5-exH) and that with
combined treatments (GP5-exUs+H). Table 3.2 shows the obtained BC

production yields in agitated cultures.

Table 3.2 GP concentration, supplementation with nitrogen sources, BC production and glucose +
fructose content of the different culture media tested under agitated conditions. Us, H and Us + H
refer to the application of ultrasound treatment, hot water treatment and the combination of

both treatments, respectively. Culture media with yeast extract were labelled with ex.

Nitrogen source

Glucose + .
Growth GP % Yeast BC yield
. Culture Peptone fructose
conditions (w/v) extract (g/1)
% (W/v) (8/)
% (w/v)
HS - 0.5 0.5 20.0 0.18 £ 0.02
GP5-ex 5 - 0.5 4.4+0.7 0.58 + 0.08
Agitated GP5-exUs 5 - 0.5 46+0.1 0.60 £ 0.09
GP5-exH 5 - 0.5 5.5+0.2 0.73+0.02
GP5-exUs+H 5 - 0.5 5.8+0.1 1.17+0.21

As observed in Table 3.2, ultrasonic and hot water treatments favored the
glucose and fructose extraction from GP. However, higher monosaccharide
concentration was obtained for the hot water extracted media compared to

the ultrasound treated media, as it has been reported before [26]. According
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to the results obtained, treatment with ultrasound alone did not have a
significant effect on sugar extraction. The combination of both treatments in
GP5-exUs+H sample was the most effective procedure with statistically
significant differences compared to non-treated samples, increasing up to 31%
the content of fermentable sugar with respect to GP5-ex samples. Accordingly,
the increase of glucose and fructose concentration led to improvement of BC
production. These results suggest that ultrasounds and hot water treatments
could be interesting alternatives to acid or enzymatic treatments when an

increase of fermentable sugars for bacterial growth is desired.

Ultrasonic and hot water treatments where also applied to a static GP5-ex
culture medium in order to corroborate the positive effect observed in
agitated cultures. The BC yield results of the static GP5-exUS+H culture
increased to 0.91 + 0.06 g/l compared to the 0.73 + 0.03 g/l of GP-pp observed
in Table 3.1. Therefore, these results also indicated that the selected
treatments were effective to improve the suitability of the medium for both
growing conditions. Regardless of the culture conditions and with low-cost
treatments, both from economic and ecological points of view, the results
demonstrated that BC can be produced from small amounts of grape residue in

a competitive way.

Furthermore, when comparing BC yields of GP5-exUs+H, the production of BC
in agitated cultures (1.17 + 0.21 g/l) was slightly higher than that in static
cultures (0.91 + 0.06 g/l). It should be noted that there is some controversy
regarding which culture conditions are more favorable for biosynthesizing a
higher amount of BC [33—35]. It has been published that the agitation process
generates mutant bacteria that are not capable of synthesizing cellulose, which

leads to lower BC production [36]. The formation of gluconic acids is another

86



From agriculture to agriculture

reason why cellulose production generally diminishes [37], and it has been
stated that the concentration of these secondary metabolites increases in

agitated cultures [38].

Nevertheless, according to the results a high quantity of BC can be produced
under agitated conditions in less time than under static conditions. Certainly,
previous researches revealed that the production of BC was notably higher
under gentle agitation conditions (100 rpm) when compared to that with static
cultures [38, 39]. Indeed, Revin et al published high BC purity and yield values
from acidic agricultural residues [40]. It has also been reported that agitated

growing conditions are the most suitable for profitable production [20, 33].

An additional factor to consider is that there are Komagateibacter strains that
perform better under agitated conditions than others as they suffer less
genetic instability [39, 41]. For example, Algar et al produced higher amounts
of BC from pineapple residues in static cultures than in agitated cultures with
the same K. medellinensis strain [18]. Hence, our BC yields suggested that the
same bacterial strain could behave differently under static or agitated growth
conditions depending on the culture medium. This circumstance may be due to
the fact that BC production is strongly influenced by the relationship between
the bacterial strain and the carbon sources used [9, 39, 42]. This is one of the
reasons why the interaction between different culture media, growth
conditions and bacterial strain should be carefully studied when BC production

is desired on an industrial scale.
3.3.1.2 GP culture medium sugar composition

The initial amount of and consumption rate of different sugars was monitored

in the GP5-exUs+H culture. As detailed in Chapter 2, numerous
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monosaccharides and disaccharides of GP5-exUs+H sample were analyzed by
UHPLC, though only glucose, fructose and arabinose were detected with

concentrations of 2.22 g/L, 2.48 g/L and 0.01 g/L, respectively.

Some previously reported studies offered higher total sugar concentrations
and diversity, up to 20% (w/w) in the case of white GP [27, 43]. However, these
values refer to higher GP concentrations used and obtained with only skins,
whereas in our research seeds and stalks were also used in the cultures.
Moreover, excessive extracted fermentable sugar concentration could not be
ideal since BC could be successfully produced with small amounts of GP and, as
demonstrated in Tables 3.1 and 3.2, higher sugar concentrations were not
always related to higher BC production. Figure 3.3 shows the evolution of the

of glucose and fructose concentration over time in static and agitated cultures.
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Figure 3.3 Variation of glucose and fructose contents in static (A) and agitated (B) GP culture

media at 5% (w/v).
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As observed in Figure 3.3, the consumption of the two monosaccharides in the
case of agitated cultures is clearly faster than in static cultures. Indeed, in
agitated cultures, glucose depletion occurs on the third day, whereas it took six
days in the case of static cultures. In the case of dynamic cultures, it has been
published that the BC spheres achieve their final size in nearly 60 hours, so that
the total culture time tend to be around three to seven days [19, 40, 44]. The
results in Figure 3.3 do not coincide with previously reported studies with K.
medellinensis strain 1D13488, in which glucose depletion took much longer [9,
25]. However, it is also true that similar consumption rates were found for
G.sucrofermentans B-11267 using agitated cultures, from acidic agroindustrial
residues [40]. Likewise, it is known that the acidic pH favors the growth of K.
medellinensis as well as increases the consumption of glucose in K. xylinus
agitated cultures [25, 38]. In any case, this disparity in sugar consumption rate
could be caused by the lower amount of initial sugar of GP, monosaccharide

availability, and the different composition of the culture medium.

The relationship between the bacterial strain and the culture medium
composition is closely linked to the production and properties of the cellulose.
In fact, within the same genus, the different cellulose-producing bacterial
species show metabolic preferences for certain carbon sources and its
concentrations [17, 39, 45]. In a comparative study between glucose, fructose
and sucrose as unique carbon sources in each culture medium of K.
medellinensis, a considerable higher production of BC was observed in glucose-
based culture media [9]. Thus, it seems that better yields are obtained in
Komagateibacter genus when glucose is the main carbon source maybe due to
the fact that it can be used both as energy source and directly as precursor of

cellulose polymerization [9].
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Similarly, as it is represented in Figure 3.3, after glucose depletion, the rate of
fructose consumption increased markedly in both culture conditions, indicating
a variation of the main carbon source. These results reinforced the above
mentioned statement that the bacterium K. medellinensis has priority over
glucose. The additional energy requirement of the enzymatic isomerization of
fructose for the subsequent polymerization to BC may explain this preference
for glucose [46]. Furthermore, the stationary phase observed for fructose
consumption could be due to the negative effect on fructokinase of using an

inoculum grown in a medium where the only carbon source was glucose [47].
3.3.2 Physicochemical characterization of BC

The biosynthesized BC in different culture media was characterized by FTIR and
XRD in order to evaluate its quality and purity. The experimental conditions are
detailed in Chapter 2. FTIR spectra of the different BC samples produced under

static and agitated conditions are shown in Figure 3.4.
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Figure 3.4 FTIR spectra of BC samples biosynthesized in static and agitated conditions from HS

and GP culture media.
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The characteristic type | cellulose allomorph was identified in all analyzed
samples through the absorption bands at 1427, 1280 and 897 cm™ [48]. The
bands located at around 3300 cm™ were assigned to the stretching vibration of
the O-H linkage. The absorption bands between 2900-2880 cm™ and 1460-
1250 cm corresponded to the stretching and bending vibrations of CH and
CH,, respectively. Likewise, vibrations of the C-O-C bond of the glycosidic
bridges were detected by the bands at 1170-1050 cm, whereas the broad
band at 897 cm™ is characteristic of B-linked glucose-based polymers. Finally,
the band at around 1650 cm™ was associated to adsorbed water. In view of the
infrared spectra, it was concluded that regardless of the use of GP media and
agitated conditions, all BC obtained shared the same chemical structure as well

as the characteristic high purity.

As it is well known, cellulose | occurs in metastable cellulose I, allomorph
(triclinic structure) and stable cellulose g allomorph (monoclinic structure). The
bands at 710 cm™ and 750 cm™, which correspond to Ig and I, respectively,
were integrated to estimate the cellulose Ig percentage as represented in Table

3.3 [49].

Table 3.3 Ig percentage (FTIR) and Cl values (XRD) of the different culture media in static and

agitated conditions.

Culture Growth conditions 18 (%)Fir Cl (%)xrp
HS Static 37.2+0.3 87.3+0.9
GP5-exUs+H Static 415+1.0 75.2+7.1

Ths Agitated . 411:06  851+23
GP5-exUs+H Agitated 416+1.2 76.2+238

As expected for BC and in contrast to vegetal cellulose, I, was the dominant

polymorph with Ig values between 37-41% [28]. It is worthy to note that the
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used agitation conditions did not remarkably alter the crystallization of
nanofibers and similar percentages of the stable Ig allomorph were obtained

[45].

Further characterization of the crystallinity of BC samples was conducted by
XRD. In Figure 3.5 the X-ray diffraction patterns of the BC produced in HS and
GP media under static and agitated conditions are shown. The patterns
presented the typical crystalline structure of type | cellulose with three main
peaks located at 20 = 14.5°, 16.8° and 22.7° that correspond to (100), (010)
and (110) crystallographic planes, respectively, which agrees with that

observed in the FTIR spectra [50, 51].
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Figure 3.5 X-ray diffraction patterns of BC biosynthesized in static and agitated conditions from

HS and GP culture media.

The ClI was calculated using the Segal equation (Equation 2.1) and it is given in
Table 3.3. As it can be seen, the Cl of the samples obtained from GP was
slightly lower than that of the samples from HS culture medium, probably

related to the lower homogeneity of the culture medium that could affect the
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crystallization process. Besides, Cl values for BCs from agitated samples in this
work were similar to those of the static samples. These findings were in
agreement with the hypothesis that under agitated conditions below 150 rpm
the interference of the agitation is not sufficient to affect crystallization and,
the Cl of celluloses from agitated media are similar to that of celluloses from
static media [38]. Furthermore, these Cl values were comparable to the ones
previously reported by our group [18], and higher than those of other studies
of BC obtained from agitated media, where values between 45 and 70% were

obtained [39, 52, 53].
3.3.3 Superabsorbent capacity

The final shape of cellulose in agitated cultures depends on numerous factors
such as bacterial concentration, culture time, rotation speed, bacterial strain,
turbidity or pH of the medium which lead to a layered structure, porous
character and high surface area [20, 52]. However, the exact mechanism by

which the spheres are produced remains unknown and requires further study.

In this work, particular attention was given to the amount of suspended solids
and the rotational speed during the preparation of agitated cultures. In fact, it
was found that the production of sphere-shaped BCs was not possible in high
turbidity levels. Thus, as described in the experimental section, GP/water
mixtures were thoroughly strained and centrifuged for the culture media
preparation. The rotation speed was found to be a key variable to obtain well
defined cellulose spheres. For instance, rotation speed values of 150 rpm or
higher, triggered BC in the form of 2-3 mm filaments (Figure 3.6C), while
reducing it to 120 rpm or less, led to the formation of large aggregates of

cellulose and impurities (Figure 3.6A). Finally, at 130 rpm, sphere shaped
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cellulose with diameters of 6-8 mm were successfully obtained (Figure 3.3B).
Therefore, 130 rpm was chosen as the optimal rotation speed for the synthesis
of the desired sphere-shaped BC beads. These results are in agreement with
those reported by Hu and Catchmark where sphere shaped BC was obtained

with diameters of 8 mm in the range of 120-150 rpm rotation speeds [44].

Figure 3.6 BC samples produced in agitated GP cultures at rotation speeds of (A) 120 rpm, (B)
130 rpm and (C) 150 rpm.

The surface morphology of BC membranes and spheres as well as the
dimensions of the nanofibers were analyzed by AFM. Figure 3.7A and B show
the AFM images obtained of the cellulose surfaces from GP media both in
agitated and static conditions, respectively. The BC height and phase images

were utilized to analyze the morphology and structure of the samples.

As observed, in all cases, the characteristic 3D network-like structure of
interconnected nanofibers was appreciated. However, the nanofibers obtained
in static GP cultures presented a slightly larger diameter (77.8 £ 15.6 nm) than
those from agitated GP cultures (63.8 = 8.2 nm). Further, it could be noted that
agitated cultures caused more irregular network, thus leading to a more

porous BC structure. The nanofibers synthesized from the GP culture media

94



From agriculture to agriculture

were slightly thicker than those published by other authors for agitated

cultures from different agricultural wastes [18, 45].

Figure 3.7 Height (left) and phase (right) AFM images of BC samples biosynthesized from

agitated GP and static GP culture media are represented in (A) and (B), respectively.

Additionally, the surface morphological variations between static and agitated
cultures were analyzed by SEM. As observed in Figure 3.8, the 3D network
formed in agitated media presented a more porous cellulosic structure
comparing to that of the BC membranes from static media. This porosity and
increased free space of the BC spheres confirmed AFM results in Figure 3.7 and
agreed with the findings reported in the literature [18, 54, 55]. The agitation of
the cultures prevented the orderly alignment of the fibers, thus creating more

spaces and empty cavities.

95



Chapter 3

Figure 3.8 SEM images of BC surfaces produced in static (A) and agitated (B) GP cultures.

These morphological characteristics are relevant for the performance of the BC
as a superabsorbent material, since the WHC of the samples could be affected.
Table 3.4 shows the WHC results obtained for the BC membranes and sphere-
shaped BCs from GP culture media after a swelling period of 48 hours

(Equation 2.4 in Chapter 2).

Table 3.4 Nanofiber diameter and WHC of BC from GP cultures in static and agitated conditions.

Culture Growth conditions Nanofiber diameter (hm) WHC (%)
GP5-exUs+H Static 77.6 £13.7 4870 £ 350
GP5-exUs+H Agitated 63.8+8.2 7860 £ 35

Attending to the results in Table 3.4, regardless of the culture conditions both
BC samples showed high WHC, though higher values were obtained for the
agitated medium since the surface area per mass unit increased. Indeed, WHC
values were 60% higher for BCs from GP medium biosynthesized under
agitation. The particular biosynthesis into 3D networks of separated nano- and
microfibrils enhances the surface area in comparison with vegetal cellulose. It
is worthy to note that this feature is boosted in agitated culture conditions as it
was clearly reflected in AFM and SEM images. Hence, BC could retain larger

amounts of water without losing its structural coherence due to the numerous
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hydrogen bonding interactions between water and the hydroxyl groups
present on the nanofibers. Of course this capacity also depends on the
interstitial spaces of the inner area in the never dried matrix [56]. In this sense,
the drying method influences porosity since freeze-drying prevents pore

shrinkage of the BC better than hot air drying [57].

In the same way, the fiber diameter decreased slightly with agitation,
suggesting that finer and longer nanofibers could positively influence the WHC,
as it has been demonstrated in previous studies [25, 58]. Consequently, the
values of WHC were similar [25, 56, 59], and in most cases higher compared to
other BC water absorption studies [18, 60], especially when using the same
WHC measurement method. Furthermore, it is worth mentioning that the
utilization of agricultural residues in the medium formulation may present a
limitation in obtaining high WHC values. However, this limitation was not

observed in this study.
3.3.4 Urea release study

The high WHC value of BC is an interesting feature that has already been
successfully exploited mainly for the food and biomedical sectors [61, 62].
Thereby, the versatility and high WHC contribute to a more effective GP
valorization. In fact, the added superabsorbent capacity of the sphere-shaped
BCs expanded the applications of these systems, and it enhanced the

usefulness of agitated growing conditions.

Therefore, given the properties of the sphere-shaped BC, its applicability as
fertilizer release agent in agriculture was proposed, considering the lack of
knowledge about the potential of BC in this field. Therefore, the ability of BC

biosynthesized from GP to absorb and release urea was evaluated. Urea was
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chosen due to its condition of organic fertilizer. The fertilizer was loaded into
the freeze-dried and sphere-shaped BC from GP cultures by immersion.
Subsequently, the urea-loaded BC spheres were freeze-dried, or oven dried

again for the UL measurement and release studies.

The UL capacity of the sphere-shaped BC from GP culture was calculated to be
higher than 375% for freeze-dried spheres, and 130% for oven-dried samples
(Equations 3.2 and 3.3). This high loading capacity would be related to both the
spherical shape and high porosity of the samples, that resulted in great WHC as
explained before. Moreover, the loading efficiency was further enhanced by
the hydrophilicity of urea and the hydrogen bonding interactions between its —
NH; groups and the —OH groups of cellulose. This ability of the sphere-shaped

BCs to retain the urea was confirmed by DSC, as shown in Figure 3.9.
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Figure 3.9 DSC curves of urea, urea-loaded BC sphere, and BC sphere after the release study.

As DSC curves evidenced, the presence of urea in the loaded BC samples was
confirmed, displaying a peak at the fertilizer's T (133°C) in contrast to

unloaded BC spheres. Subsequently, urea release from BC spheres in an
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aqueous medium was monitored after its reaction with DMAB at 30 min and

60 min.

The results indicated that irrespective of the drying method, the release of
urea occurred immediately and reached 100% in 30 minutes. Accordingly, DSC
curve of BC spheres after the release studies also confirmed the complete
liberation of the fertilizer (Figure 3.9). Certainly, the hydrophilicity of urea
facilitated its rapid release from the nanofiber network. This behavior is
common for highly water-soluble compounds, and the release process is

strongly correlated with swelling [63].

Furthermore, it was observed that the release showed no difference between
the two drying methods. Though the drying process may affect the porous
structure and result in a lower fertilizer loading, it did not influence the final
release. In fact, the drying process can be used as a tool for controlling drug
loading and release, although it may not have been observed in this study due
to the high solubility of urea in water [63]. In this sense, the addition of
regulators for the controlled release of urea is an interesting research topic

where the use of BCNCs could have great potential.

3.4 Conclusions

In this Chapter, sphere shaped BCs were successfully biosynthesized from GP
based culture media contributing to the revaluation of this agro-industrial
residue. The growth of K. medellinensis was analyzed and optimized under
both static and agitated culture conditions. In this regard, it was found that
gentle agitation conditions at 130 rpm were effective in producing spherical-

shaped BC and in promoting a high rate of BC biosynthesis. Furthermore, the

99



Chapter 3

use of ultrasound and hot water pretreatments in the GP improved the
availability of nutrients in the culture, and consequently, larger BC production
yields were obtained. As a result, sphere shaped BCs of great purity and high
crystallinity were obtained, as it was proved in their physicochemical
characterization. To assess the applicability of BC spheres in agriculture, their
superabsorbent nature and their ability to retain and release a fertilizer were
favorably evidenced. Thus, they could be considered as dual systems, able to
help in soil water retention as well as release urea in the presence of water
until their degradation. Further studies are needed to determine the behavior
of the system in agricultural soil, where the biodegradability of the biopolymer
may also be a key factor for fertilizer release. In fact, this biodegradable nature
of BC further enhances the attractiveness of the system as it reduces the

reliance on synthetic polymers.
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Chapter 4: Active Pickering emulsions

4.1 Introduction

An emulsion is a heterogeneous mixture of two or more normally immiscible
liquids, referred to as oil-in-water (O/W) or water-in-oil (W/O) in the case of
binary ones. Nowadays, the use of emulsions is fully widespread, mainly in the
food and cosmetic industries, and, therefore, their stability is a critical issue
that must be carefully controlled [1]. Indeed, the undesirable phenomena of
phase inversion, flocculation and coalescence affect the physicochemical and
organoleptic properties, and surfactants or stabilizing particles are necessary

[2].

In this context, Pickering emulsions, in which surfactants are replaced by solid
particles, have recently gained interest, since they reduce coalescence risks,
add adjustable permeability and lead to unique rheological behavior [3,4].
These solid (inorganic or organic) particles include graphene sheets, clay
particles, silica based particles, starch, cellulose or proteins among others [5—
7]. The current trend in the preparation of Pickering emulsions lies in the use
of greener stabilizing particles that are biodegradable and biocompatible, thus

suitable for human intake or use [8].

As explained in Chapter 1, when BC is subjected to controlled enzymatic
hydrolysis (EH) or acid hydrolysis (AH) treatments, rod-shaped BCNCs are
obtained [9,10]. In this regard, although AH most traditional methods have
advantages in terms of vyield, it is mandatory to look for greener and
economically sustainable alternatives, such as EH [11]. BCNCs are distinguished

by their high crystallinity, green condition, and particularly high length-to-
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diameter aspect ratio. Therefore, BCNCs have great applicability in various
fields, including the stabilization of Pickering emulsions [12-14]. The
morphology and amphiphilic nature of BCNCs allow the stabilization of the oil—
water interface of O/W emulsions at lower concentrations than other
inorganic spherical particles used for Pickering emulsions [15]. Furthermore, as
BCNCs are easily hydrated and well dispersed in aqueous media, they are

capable of emulsifying a wide range of oils [14,16].

Besides, cellulose nanocrystals (CNCs) can not only stabilize the prepared O/W
emulsion, but they could also create synergistic complexes with other
components of the emulsion to further improve colloidal stability and/or
provide additional bioactivity to the emulsion [4]. In particular, the interactions
between cellulose and certain polyphenolic compounds have been assessed to
increase the physical and oxidative stability of lipids in O/W emulsions (Figure

4.1) [17-20].

Catechin Epicatechin

MWW

5 0

Gallicacid Kaempferol-3-0-galactoside

Figure 4.1 Graphical representation of the interactions between BC and phenolic compounds

characteristic of GP through hydrogen bonding (red dashed lines).
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As represented in Figure 4.1, these polyphenol—cellulose-based complexes are
mostly formed through hydrogen bonding, hydrophobic and ionic interactions
[21,22]. These interactions have been exploited elsewhere for the
encapsulation of curcumin or raspberry phenols to protect thus extending their
bioactive properties [23,24]. Furthermore, phenolic acids such as tannic acid
have shown to be effective in adjusting the hydrophobicity of CNCs in their
Pickering emulsions [4,18]. However, the literature related to the combination
of cellulose and polyphenols in the creation of Pickering emulsions is still

scarce.

In parallel, polyphenolic extracts from plants have been proposed for colloidal
aggregates intended for the food, pharma and cosmetic industries, mainly due
to their antioxidant activity [25,26]. The antioxidant capacity of stabilizers
aimed for emulsions is particularly important in the food or cosmetic
industries, where the quality and nutritional value of lipids could be lost during
storage. In fact, anthocyanins from black rice or epigallocatechin gallate from
green tea have already proved to be useful in inhibiting lipid oxidation in

emulsions [20,26].

In this chapter, the contribution of polyphenolic compounds from GP to BCNCs
in the stabilization of active Pickering emulsions was assessed. Continuing with
the integral harnessing concept of GP, the residue was used as a raw material
for the biosynthesis of BC and, at the same time, as a source of polyphenolic
extract after ultrasound-assisted hydroalcoholic treatment. Enzymatically
hydrolyzed BCNCs were evaluated as emulsifiers in terms of colloidal stability
and antioxidant capacity, and their competitiveness with AH was assessed in

different concentrations. The synergistic performance of the BCNC—GPPE
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complex was analyzed by monitoring the oxidative stability of olive oil-in-water

and the physical stability of hexadecane-in-water Pickering emulsions.

4.2 Experimental section

4.2.1 Hydrolysis of BC
4.2.1.1 Enzymatic hydrolysis

For the EH, the procedures detailed by George et al were conducted with some
modifications, those represented in Figure 4.2 [27]. BC membranes,
biosynthesized from GP as described in Chapter 3, were cut into pieces,
surface water was removed, and they were mechanically disintegrated with a
blender at maximum speed to yield a final uniform paste. The paste was then
subjected to a high-shear homogenization (Ultraturrax IKA T25, Staufen,
Germany) for 10 min at 15000 rpm. Then, 20 g of this BC paste were mixed
with 200 mL of 0.1 M sodium acetate buffer (pH 5.2 + 0.1). The mixture was
kept overnight at 55 °C under gentle agitation; hence, the buffer completely
infiltrated the BC network in order to facilitate the subsequent enzymolysis
[28]. Indeed, BC membranes enable working in wet state, thus increasing the
surface area and facilitating the enzyme activity. Then, 10 mg of cellulase
(Trichoderma reesei 6.9 U/mg) was added, and the reaction was maintained at
55 °C and 300 rpm magnetic stirring for 4 days. The final cloudy solution was
placed in a cold-water bath to slow down the reaction. The resulting solution
was centrifuged three times at 4500 rpm for 15 min. The precipitate was then
thoroughly washed with cold distilled water to remove the buffer and residual
enzyme, freeze-dried and stored in a desiccator until use. The BCNCs obtained

from EH are referred to as BCNC EH in this work.
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BC membrane BC paste

Sodium acetate 0.1M
55°C,pH 5
Overnight

-
=
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£
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Cellulase by
Trichoderma sp.

Freeze-dried BCNCs BCNC suspension

Figure 4.2 Schematic representation of the used enzymatic hydrolysis procedure.
4.2.1.2 Acid hydrolysis

Similarly, the used AH method was adapted from that published by Yan et al
2017 and George et al 2012, as represented in Figure 4.3 [14,27]. First, 20 g of
BC paste were mixed with 120 mL of 50% (v/v) sulfuric acid. The hydrolysis was
carried out for 4 h at 80 °C at 300 rpm magnetic stirring. Cold distilled water
was added to stop the hydrolysis at a 1:5 (v/v) ratio with respect to the
reaction volume. The resulting solution was subjected to three 15 min
centrifugation cycles at 4500 rpm. The precipitate was suspended in cold
distilled water after each centrifugation cycle, and it was ultrasonicated for five
minutes. Finally, the obtained suspension was dialyzed against distilled water
(Medicell Membranes Ltd., 3.5 KDa, London, United Kingdom) to a neutral pH.
The BCNC suspension was freeze-dried and maintained in a desiccator until
use. The BCNCs obtained from the AH method are referred to as BCNC AH in

this work.
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BC membrane
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Freeze-dried BCNCs
z : BCNC suspension

Figure 4.3 Schematic representation of the acid hydrolysis process used.

The EH and AH yields were calculated gravimetrically related to freeze-dried

untreated BC weight following Equation 4.1:

Hydrolysis yield (%) = VII//VBTCCN; =100 (Equation 4.1)
where Wsencis the weight of the freeze-dried BCNCs and W, is the estimated
freeze-dried weight of the BC paste used in each hydrolysis reaction.

4.2.2 GPPE extraction and characterization
4.2.2.1 Ultrasound-assisted polyphenol extraction

Following the procedure published by Abad-Garcia et al, polyphenolic extract
was obtained through ultrasound-assisted extraction from 122 mg of
previously freeze-dried and ground GP with 3 mL of MeOH:H,0:HAc (30:69:1,
v/v/v) solvent mixture and ascorbic acid (2 g/L) as antioxidant [29]. The
mixture was first stirred in a vortex for 1 min and the extraction was

performed in an ultrasonic bath for 15 min. Then, the hydroalcoholic solution

116



Active Pickering emulsions

was centrifuged for 4 min at 4000 rpm and 10 °C and the supernatant was
dried in a rotational evaporator (Heidolph Hei-Vap Core, Schwabach, Germany)
at 100 mmHg and 50 °C. Finally, the extract was freeze-dried to remove

residual water and stored in a desiccator in the dark until use.

The extraction of polyphenols for the oxidative and physical stability
measurements followed a similar procedure, but, in this case, ascorbic acid
was not added in order to not interfere with the intrinsic antioxidant activity of

the GPPE, and the ultrasound treatment was extended to 20 min at 50 °C [30].
4.2.3 BCNC-GPPE complex preparation and characterization

Firstly, a homogenous dispersion of BCNCs was prepared through ultrasonic
treatment at 750 W, 20 kHz and 30% amplitude of the ultrasonic device
(Vibracell 75041, Bioblock scientific, lllkirch-Graffenstaden, France). Then, once
BCNCs were rehydrated and well dispersed, GPPE aqueous solution was
gradually added to the BCNC dispersion. The mixture was kept under gentle
agitation overnight, and the final dispersions gave BCNC:GPPE weight ratios of
1:1, 2.5:1 and 5:1 for a fixed GPPE concentration of 0.25 mg/mL.

4.2.3.1 Antioxidant activity assay

The oxidative stability of the free GPPE and BCNC-GPPE complex dispersions
was measured over time according to the DPPH free radical method. In
particular, the loss of antioxidant capacity of the samples exposed to light, in
the dark and in the dark at 4 °C was monitored for 40 days, selecting 1, 9, 20
and 40 days as time points. In order to observe the effect of BCNCs on the
antioxidant capacity of the GPPE, BCNC-GPPE weight ratios of 1:1, 2.5:1 and

5:1 were studied.
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With the purpose of comparing the degradation of the BCNC-GPPE complex
and free GPPE, a first-order reaction kinetic model was used. Degradation rate
constants (A) and half-lives (ti2) were calculated according to Equations 4.2

and 4.3, respectively:

lnC£ = —At (Equation 4.2)
0

In2
ti2 = nT (Equation 4.3)

where Gy is the initial mg TE/g GPPE and C: is the mg TE/g GPPE at time t.

4.2.4 Pickering emulsions
4.2.4.1 Oxidative stability

The oxidative stability of two 10 mL emulsions prepared with 10% w/w olive oil
and stabilized by the BCNC (2.5 mg/mL) and BCNC-GPPE complexes (2.5:1
weight ratio) was assessed by measuring the increase in primary oxidation
products of a polyunsaturated acid [31]. Additionally, a third emulsion was
prepared with the commercial emulsifier Tween 20 (TW20) as a control. The
emulsions were prepared through tip sonication using a 3 mm diameter
titanium probe at 750 W, 20 kHz and 30% amplitude. Each sample was then
subjected to 3 s ultrasound and 3 s standby cycles of 20 s. The formation of
conjugated dienes (CD) was monitored for 4 days by analyzing their
absorbance at 233 nm (Shimadzu UV-Vis-NIR 3600). The emulsions were
subjected to the Schaal oven test and kept in the dark at 60 °C in an adaptation
of the methodology published by Listete-Torres et al [32]. All samples were
vortexed for 1 min every 24 h to maintain the emulsion’s physical integrity. At

different time points, 100 pL of each sample was diluted in 10 mL ethanol and
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analyzed in the UV spectrophotometer. The oxidative experiments were

carried out in triplicate.
4.2.4.2 Physical stability

Hexadecane-in-water Pickering emulsions were prepared in a 30:70 ratio with
the same ultrasonic device, to study the physical stability of the emulsions
[33]. The aqueous phase was prepared with concentrations of 1, 2.5 and 5
mg/mL of previously dispersed BCNCs and BCNC-GPPE complexes. The stability
of the emulsion was tested by subjecting the samples to 4000 g for 5 min [13].
The result was a milky white Pickering emulsion with a creamy phase of
emulsified hexadecane close to the surface. After 24 h, the creamy phase
started to condense on the surface, and its height was measured.
Simultaneously, a transparent aqueous phase emerged at the bottom of the

emulsions. Figure 4.4 shows an example of a Pickering emulsion stabilized by

BCNCs.

Figure 4.4 Digital images of a BCNC-stabilized Pickering emulsion (left) and the study of the

creamy phase under an optical microscope (right).
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The emulsion ratio (ER) was calculated with the following equation [34]:

ER (%) = % - 100 (Equation 4.4)

where H. is the height of the creamy phase and H. the total height of the

emulsion (Figure 4.4).

In order to observe the possible coalescence of the different phases over time,
50 ulL of the emulsion was dissolved in 1 mL of water after 7 days. A drop of
this solution was then deposited onto a glass slide and observed in an optical
microscope (Nikon Eclipse 80i) at a magnification of 10x (Figure 4.4).
Subsequently, Image J software was used to analyze the emulsion droplet size
of the optical micrographs. Finally, the diameter was calculated as the volume
mean diameter D [4,3], employing the following equation:

Y n;d*

D[43] = EM

(Equation 4.5)

where nid is the diameter of the oil drops in the Pickering emulsion.

4.3 Results and discussion

4.3.1 BCNC production and characterization
4.3.1.1 BCNC particle size distribution

The morphology (size and shape) of nanoparticles is a key factor in the
formation of any Pickering emulsion [34,35]. In this work, rod-like BCNCs were
successfully obtained through both EH and AH, as can be observed in the AFM
images in Figure 4.5A and B, respectively. According to the images, their sizes

varied up to 1.5 um in length and between 5 and 30 nm in width, confirming
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their high aspect ratio. As seen, the obtained BCNCs showed large
polydispersity in size, which was slightly higher in the case of EH, likely due to
enzyme type diversity. Thus, smaller nanocrystals together with some
nanofibers exceeding 1 um could be found. However, this broad size
distribution not only was considered a disadvantage, but it could favor the final
applicability of the BCNCs, since, unlike the inorganic spherical particles
commonly used for Pickering emulsions, the combination of large aspect ratio
rod-shaped particles and nanofibers could form bridging structures that

contribute to stabilizing the emulsion by creating entangled networks [13,35].

0 200 400 600 800 1000 1200 1400 1600 1800 2001
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0 200 400 600 800 1000 1200 1400
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Figure 4.5 AFM images and size distribution of BCNC EH (A) and BCNC AH (B), respectively.

Regarding the hydrolysis, the calculated BCNC yield of the EH procedure
relative to the initial dry BC was close to 35%. This value was in line with those
reported in the literature for EH [28,36], indicating that despite being lower
than those of the traditional AH process [14,37,38], the highly selective and
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sustainable EH method was successfully carried out. However, increasing the
usually low EH vyield value is one of the topics of great interest in order to

completely substitute the less sustainable AH process.
4.3.1.2 BCNC characterization

The crystalline structure of BCNCs was analyzed using XRD as shown in Figure
4.6A. As expected, all patterns corresponded to the typical cellulose |

allomorph, as detailed in Chapter 3.
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Figure 4.6 X-ray diffractograms (A) and FTIR spectra (B) of BC, BCNC EH and BCNC AH samples.

According to the spectra, the calculated Cis were (Equation 2.1, Chapter 2) 77%
for the BC membrane, 87% for BCNC EH and 86% for BCNC AH, in close
agreement with the Cl values found in literature [14,39]. These results
demonstrated that EH effectively removed amorphous regions of the original
BC, and high crystalline nanocrystals could be obtained. It is worth noting that
even though the wet state of the BC contributed to milder acidic conditions
[33], the risk of the commonly reported allomorphic transformation from

cellulose | to cellulose Il of AH [40] further recommends the EH alternative.
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Furthermore, some authors have suggested that the cellulose | allomorph,
which is more hydrophobic, would be preferable to cellulose Il for stabilizing

Pickering emulsions and reinforcing polymers [41,42].

Next, the obtained FTIR spectra of the BC membrane and different BCNCs are
shown in Figure 4.6B. Accordingly, the cellulose | allomorph was identified in
all samples through the characteristic absorption bands detailed in Chapter 3.
In agreement with the XRD results, the increase in crystallinity in BCNC
samples could be verified by the sharpening of the broad band between 3400

and 3000 cm™ corresponding to hydrogen-bonded hydroxyl groups [43].

The thermal stability of BC and BCNCs was analyzed using TGA under a
nitrogen atmosphere. The obtained thermograms and the corresponding

derivative curves (dTG) are displayed in Figure 4.7A and 4.7B.
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Figure 4.7 TGA (A) and dTG (B) curves of BC, BCNC EH and BCNC AH.

Attending to the results in Figure 4.7A, the curves followed the expected
cellulose decomposition profile, in which three major events were
distinguished. The first event, near 100 °C, corresponded to the evaporation of

surface adsorbed humidity and low-molecular weight compounds. Then,
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cellulose depolymerization, dehydration and the decomposition of glycosidic
bonds took place in a second event between 250 and 450 °C. In the case of the
BC membrane, a small decrease and a peak at 250 °C can be observed in TGA
and dTG curves in Figure 4.7A and B, respectively. This drop was associated
with possible residual organic debris from the biosynthesis process. As can be
noted, BCNCs obtained via the enzymatic route showed higher thermal
stability than those arising from the acidic route, and the degradation was
moderately later than that of native BC. The esterification of cellulosic hydroxyl
groups and subsequent sulfate group formation of the AH might decrease
thermal degradation activation energy of cellulose and, thus, accelerate the
thermal decomposition of BCNCs [44]. Finally, the ash percentage calculated at
750 °C was lower in the BC and BCNC EH samples, also likely related to sulfate
groups that acted as dehydration catalysts [43]. Therefore, it was concluded
that the EH favored thermal stability of the BCNCs in contrast to AH, as it has

been reported before [14,27].
4.3.2 GPPE characterization

First, in order to characterize GPPE, its functional groups were identified by
FTIR in Figure 4.8. Attending to the GPPE spectrum, the broad band between
3500 cm™ and 3200 cm™® was associated to the O-H wagging of phenolic
compounds [45,46]. The presence of phenolic acids could be inferred from the
shoulder at 1723 cm™, attributed to their carboxyl groups [47]. The broad peak
at 1675 cm™, 1626 cm™, and 1601 cm™ have been assigned to aromatic ring
deformations, C=C conjugations, and C=0 conjugations, respectively,
confirming the presence of polyphenols and flavonoids [46,48,49]. The
presence of -CH,, -CH; and aromatic rings was indicated by the band at 1451
cm [50,51]. Besides, the peaks between 1308-1212 cm™® have been associated
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to proanthocyanidins [52], common condensed tannins of white GP seeds as
explained in Chapter 1. To conclude, the peaks at wavenumbers below 919
cm™ were ascribed to C-H bonds in aromatic complexes [53]. In summary, the
spectra in Figure 4.8 confirmed the presence of functional groups of

polyphenolic compounds associated with grape extracts.
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Figure 4.8 FTIR spectrum of GPPE.

Further identification of the different polyphenolic compounds in the GPPE
was performed using UHPLC coupled to MS. These types of polyphenolic
extracts stand out for having a wide variety of complex phenolic molecules
[54]. According to the UHPLC-MS results (Supplementary material of Annexes),
the obtained extract presented polyphenols belonging mainly to flavanols,
flavonols and hydroxycinnamic and hydroxybenzoic acids. The most numerous
group corresponded to that of the flavanols, where procyanidin and
procyanidin trimer were identified. In addition, signals attributed to catechin,
epicatechin and procyanidin gallate could be also detected. Among the
flavonols, different glycosides of quercetin, kaempferol and isorhamnetin were

mainly identified. Hydroxycinnamic acids such as as p-coumaroyl hexose were
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also found, likely coming from grape skin. Finally, gallic acid and galloyl
derivatives were detected within the group of hydroxybenzoic acids. These
results are in agreement with those published in the literature for similar white

GPs [55,56].

Subsequently, taking into account the variety of mechanisms of action of
polyphenols, DPPH, ABTS, and TPC assay methods were used with the purpose
of evaluating the antioxidant capacity of GPPE [56]. The antioxidant activity
values exhibited by GPPE were 174.4 + 15.5 (mg TE/g dry GP), 281.4 + 86.1 (mg
TE/g dry GP) and 195.5 + 56.2 (mg GA/g dry GP), respectively. These findings
are consistent with the profile of the FTIR spectra, and the wide variety of
polyphenolic compounds observed in the UHPLC-MS analysis. The antioxidant
activity results per dry matter obtained are in the same order of magnitude
and even slightly higher than those found in the literature for residues from
the wine industry, thus demonstrating the excellent antioxidant properties of

white GP from Txakoli production [26,32,33].

As explained, ultrasound and hydroalcoholic solvents were used for the
extraction of GPPE, which have separately proven to be effective even at low
temperatures [30,57,58]. Indeed, higher temperatures help to improve the
extraction yield, but it has been demonstrated that temperatures above 60 °C
can irreversibly degrade the polyphenols [59,60]. Likewise, shock waves of
ultrasound can damage the plant cell wall, facilitating the extraction of desired
compounds into the extraction solvent. Nevertheless, despite the advantages
of using ultrasound-assisted extractions, it has rarely been used for the
extraction of polyphenols from grapes, and, in fact, a standardized protocol for
this type of extraction does not yet exist [61]. In view of the antioxidant

activity results and in accordance with GP literature, the combination of
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ultrasound and hydroalcoholic solvents at mild temperatures appears to be a
promising strategy that preserves the intrinsic bioactivity of polyphenols

[8,31,57,60].
4.3.3 BC and GPPE complex characterization

The effective formation of the BC-GPPE complex was firstly assessed through
WCA measurements. In general, contact angles below 40° are typically
associated to highly hydrophilic surfaces, whereas contact angles ranging from
70° to 90° indicate the presence of hydrophobic surfaces. Figure 4.9 shows

images of different bare or loaded BC membranes as well as their respective

WCAs.
Sample: BC BC 0.5GPPE BC 2.5GPPE BC 5GPPE BC 10GPPE
WCA: 36.1+3.7 58245 61.4+038 64.7 +2.2 72839

Figure 4.9 WCA values of the different BC films immersed in solutions with increasing

concentrations of GPPE (0-10 mg/mL).

According to the obtained values, the addition of the polyphenolic extract
progressively increased the WCA values up to 72.8° for BC membranes loaded
with solutions of 10% GPPE w/w. These results indicated an increase in the
hydrophobic character of the BC surface. The observed increase in WCA could
be attributed to the interactions between both hydroxyl and acidic groups of
polyphenols and the free hydroxyl groups on the cellulosic surface that
hindered the interaction with water [62]. This behavior is in agreement with
literature, where polyphenolic extracts tend to increase the WCA of their

respective polymeric systems [63—65].

127



Chapter 4

In order to corroborate these interactions between GPPE and BC also in
colloidal systems, BCNC-GPPE complexes were prepared in dispersion, and
their Z potentials were measured at different pHs. Thus, BCNCs obtained both
from the EH and AH treatments were combined with the GPPE for the
preparation of BCNC-GPPE 2.5:1 (w/w) aqueous dispersions. The Z potential
values were measured as indicators of the surface charge and the colloidal
stability of dispersions of bare BCNCs and the BCNC-GPPE complex, and thus
suitability of the complexes to stabilize Pickering emulsions. Figure 4.10A and B
show the Z potential of BCNC EH and BCNC AH dispersions at different pHs,

respectively.
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Figure 4.10 Z potential value evolution of BCNC EH and BCNC EH-GPPE (A) and BCNC AH and
BCNC AH-GPPE (B) dispersions.

As observed in Figure 4.10, BCNCs showed negative Z potentials in all cases
that gradually increased with the pH in agreement with previous reports
[16,42]. However, BCNC AH showed slightly more negative Z potential values
than BCNC EH at acidic pHs. This decrease in surface charge could be
attributed to the sulfate groups formed during the AH [67]. The decreasing Z

potential with the pH revealed that above pH 6, BCNCs had sufficient negative
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surface charge so that repulsive forces produced stable colloids (<-25 mV)

[14,67-69].

However, the Z potential of the BCNC-GPPE complex dispersion was lower in
both cases, indicating more negative surface charge and higher colloidal
stability in the complexes, even at pH 4. Polyphenolic extracts are rich in both
hydroxyl and carboxylic acid groups and, consequently, the incorporation of
GPPE contributed to increase the negative charge once deprotonated, thus

improving colloidal properties [70].

In accordance with WCA results, it was proven that the combination of GPPE
and BCNC adjusted the surface properties of the nanocrystals and increased
repulsive forces, which resulted of particular interest for BNCN EH at lower pH
[4,71]. In this way, the complexes promoted an easier, more economical and
environmentally friendly approach of tuning the hydrophobicity and interfacial
tension without the necessity of additional chemical reactions for the surface

functionalization of the nanocrystals [72].

Moreover, given the applicability of Pickering emulsions in the food, cosmetic
and biomedical sectors, the cytotoxicity of GPPE once incorporated into BC
matrices was evaluated. More in detail, cell viability of GPPE was studied by
measuring the cytotoxicity of activated media on murine NIH 3T3 fibroblasts as
explained in Chapter 2. Sterilized BC membrane punches loaded with GPPE
solutions of 25, 50, and 75 mg/mL were immersed in cell culture media at 37
°C. The cytotoxicity of the different extraction media after 24 hours of

incubation is shown in Figure 4.11.
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Figure 4.11 Viability of 3T3 cells exposed to different GPPE concentration media for 24 hours. BC
refers to media without GPPE, ns indicates a statistically non-significant difference with the

negative control.

As observed in Figure 4.11, media in contact with unloaded BC did not show
any cytotoxic effects, as expected. In addition, in the range of GPPE
concentration used, none of the media was harmful to the cell line and did not
show a statistically significant difference from the negative control. A dose-
dependent decreasing tendency in cell viability was observed, but it did not
exceed the 70% biocompatibility threshold. Some cytotoxic effects of bare
polyphenolic compounds from GP extracts have been reported previously [73].
Nevertheless, it should be noted that the cytotoxic behavior of a particular
polyphenolic compound and that of a polyphenolic mixture can vary

significantly.

Consistent with the results in Figure 4.11, the different biocompatibility results
of GP extract encapsulated in diverse matrices in literature have been positive
[74-79]. In fact, the FDA confers to GP extract the GRAS status as mentioned in

Chapter 1. As a result, these findings demonstrated the non-toxic nature of
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both BC and GPPE, even at GPPE concentrations much higher than those at

which the extract exhibited antioxidant capacity.

To conclude with the characterization of the complexes, the stability of the
antioxidant activity of both the GPPE and BCNC-GPPE complex at different
concentrations was measured using the DPPH method. For this purpose,
samples were subjected to different temperature and visible light conditions
for 40 days. Table 4.1 shows the half-life (ti,) of the antioxidant activity loss

for each sample, calculated according to Equations 4.2 and 4.3.

In this regard, with respect to the effect of storage conditions, the data
showed that light exposure and ambient temperature accelerated the
degradation of the polyphenols with the subsequent antioxidant activity
decrease. As observed, the formation of BCNC-GPPE complexes notably
delayed the degradation and the loss of antioxidant activity of GPPE in all
storage conditions, demonstrating the usefulness of polyphenol encapsulation
[60,80]. The higher the used BCNC:GPPE ratio, the longer the antioxidant
capacity lasted over time, with the best obtained ratios of 5:1, enhancing the
protective activity even in the more aggressive storage conditions.
Interestingly, it is worth mentioning that BCNC AH presented a longer
protective effect than BCNC EH, likely due to their slightly better colloidal
stability, which might protect the most-exposed polyphenolic hydroxyl groups
[81].

These findings demonstrated that GPPE can form stable and active complexes
with BCNCs with prolonged antioxidant capacity over time suitable to be used
as a potential active stabilizer for the cosmetics, food and pharmaceutical

industries.
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Table 4.1 The half-life of DPPH assay was measured for bare GPPE and the BCNC AH-GPPE and

BCBN EH-GPPE complexes under various light and temperature conditions.

BCNC:GPPE Storage ti/2 (Days) r
light 43.5 0.96
0:1 dark 64.8 0.97
dark +4 °C 97.9 0.97
AH light 46.8 0.99
AH dark 45.9 0.98
11 AH dark + 4 °C 121.6 0.80
EH light 43.6 0.99
EH dark 55.5 0.99
EH dark + 4 °C 96.3 0.96
AH light 46.2 0.97
AH dark 68.0 0.92
251 AH dark + 4 °C 150.7 0.80
EH light 423 0.95
EH dark 67.3 0.80
EH dark + 4 °C 106.6 0.86
AH light 41.0 0.90
AH dark 111.8 0.93
) AH dark + 4 °C 256.7 0.90
>1 EH light 37.3 0.92
EH dark 68.6 0.78
EH dark + 4 °C 130.8 0.78

Finally, although some authors had previously reported encapsulation of plant-
derived polyphenols by cellulose or its derivatives [24,82,83], in this work,
extended polyphenol degradation protection was achieved through an integral
agricultural waste valorization strategy. It should be noted that DPPH was
chosen as the analytical method for the degradation study, and the antioxidant
capacity of some of the previously mentioned polyphenols may not have been

fully represented.

132



Active Pickering emulsions

4.3.4 Pickering emulsion characterization

The oxidative stability of lipids is a key parameter to validate the stability of an
O/W emulsion intended for food or cosmetic industries, since they are
responsible for off-flavors as well as of the loss of nutritional attributes
[20,84,85]. In order to assess the active protection capacity of the prepared
BCNC and the BCNC-GPPE complex in Pickering emulsions, three olive oil-in-
water emulsions were prepared using TW20 (control), BCNC and the BCNC-
GPPE complex as emulsifiers, respectively. Their oxidative stability was studied
by monitoring the evolution of the UV absorbance at 233 nm, associated with
the formation of primary lipid oxidation products such as CD, as depicted in
Figure 4.12A. Figure 4.12B depicts an illustration of the emulsion stabilization

process using the BCNC-GPPE complex.
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Figure 4.12 BCNC, BCNC-GPPE complex- and TWZ20-stabilized olive oil-in-water emulsion’s
oxidative stability measured through CD increase (A). lllustration of the stabilization of an oil-in-

water emulsion with the BCNC-GPPE complex (B).

Attending to the results in Figure 4.12 and considering the low percentage of

CD formation in the TW20-stabilized control emulsion, in absence of an
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additional antioxidant agent, the complete coverage of the oil-water interface
by the surfactant could be concluded. In case of Pickering emulsions, effective
bridging structures and the tight packing of solid particles at the interface may
also prevent direct contact with oxygen or free radicals and, thus, improve
oxidative stability. Indeed, recently Li et al. attributed to BC nanofibers this
protective capacity in their curcumin-loaded Pickering emulsions [23]. As
observed in Figure 4.12, the BCNC-stabilized olive oil Pickering emulsion
showed substantially higher CD formation than that of the control. This finding
indicated that the bare BCNCs did not achieve the required degree of interface
coverage to effectively protect against the oxidation of the olive oil. In
contrast, the protective activity of the BCNC-GPPE complex was successfully
assessed, demonstrating that it contributed to inhibit the oxidative reactions
of the olive oil lipids, even after four days of the Schaal oven test. The BCNC-
GPPE Pickering emulsion presented similar protective activity against oxidation
to that of the control, without statistically significant differences were
observed at the end of the test. Furthermore, in the first 48 h, the active
protection of the BCNC-GPPE complex seemed to be higher than that of the
control. These results are consistent with those published by Pazos et al., with
flavanol oligomers extracted from grapes that showed a potent antioxidant
activity for oil-in-water emulsions [86]. Similarly, Yi et al. observed that the
addition of anthocyanins improved the physical stability and prevented lipid
oxidation of whey protein-stabilized emulsions [26]. Certainly, the unique
structure of polyphenols allowed them to scavenge free radicals by donating
the phenolic hydroxyl proton [87,88]. In this context, GPPE could play a dual
role, both scavenging radicals and contributing to the complete coverage of

the oil-water interface of the emulsion [31,32,89,90].

134



Active Pickering emulsions

Finally, once the oxidative stability was evaluated, the capacity of the BCNC
and BCNC-GPPE complexes to form stable Pickering emulsions was studied by
preparing hexadecane-in-water emulsions with different concentrations of
neat BCNC EH and BCNC AH. Different GPPE concentrations were also tested
independently to evaluate its emulsification capacity, but in those cases, the
emulsification could not be achieved, indicating that the GPPE did not present
emulsification capacity by itself. The emulsion stability was analyzed by
calculating both the ER and the D [4,3] values of BCNC EH- and BCNC AH-
stabilized emulsions (Equations 4.4 and 4.5), as displayed in Figure 4.13A and

B, respectively.
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Figure 4.13 ER and emulsion drop D [4,3] of hexadecane-in-water Pickering emulsions stabilized
by neat BCNC AH and BCNC AH-GPPE complex (A), and neat BCNC EH and BCNC EH-GPPE

complex (B).

In general, an emulsion is considered stable when both particle size and
particle size distribution remain constant over an extended period. Physical
disturbances such as centrifugation, filtration or agitation could accelerate the
coalescence and phase separation of the emulsion. In this case, centrifugation

was used to induce emulsion packing and accelerate the creaming
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phenomenon [14,33]. The higher the ER value, the better the emulsion

stability and the resistance against centrifugation.

According to Figure 4.13, the calculated ER value increased progressively with
the concentration of BCNCs, and uniform white emulsions were obtained
above 2.5 mg/mL [12,14,91]. The statistical analysis revealed that the
differences were significant at each increase in BCNC concentration compared
to the previous one. Nevertheless, in the case of 1 mg/mL BCNC, with lower
emulsification capacity, hexadecane droplets began to coalesce and rise to the

surface after centrifugation, forming a thin hexadecane layer.

Accordingly, optical images of the obtained Pickering emulsions are shown in
Figure 4.14. As observed, the emulsified phase of these samples was
characterized by a small number of huge droplets in suspension. This behavior
usually occurs when the amount of stabilizing particles is not sufficient to

emulsify the entire discontinuous phase [33,92].

Likewise, the droplet size values were consistent with those of ER, and each
increase in BCNC concentration showed statistically significant differences in
the reduction in D [4,3] in all samples (Figures 4.13 and 4.14). In other words,
the higher the BCNC concentration, the higher the number of droplets and the
smaller the droplet diameter, as can be confirmed in the images displayed in
Figure 4.14 [14,92,93]. Thus, it seemed that the decrease in the drop size as
well as their spherical shape were favored by BCNCs, being effectively placed

at the oil-water interface and preventing the droplets from coalescence.
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Figure 4.14 Optical microscope images of hexadecane-in-water Pickering emulsions stabilized by different

concentrations of BCNC AH, BCNC AH-GPPE complex, BCNC EH and BCNC EH-GPPE complex dispersions. GPPE

concentration remained constant against increasing concentrations of BCNCs.

Regarding the used hydrolysis procedure, the ER values obtained for BCNC AH

were higher than those of BCNC EH. Considering the slightly acidic pH of the

prepared emulsions, near 4.5, the better performance of BCNC AH could be

related to their better colloidal stability. This difference was reduced at higher

concentrations of BCNC, where steric hindrance and electrostatic repulsion are

more dominant between BCNC-coated droplets [69]. However, the formation
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of the BCNC-GPPE complex had a positive influence on the ER values and
droplet size in all BCNC EH emulsions, while this effect was not appreciable in
the case of BCNC AH. In fact, this decreasing trend for D [4,3] showed
statistically significant differences in the case of the 2.5BCNC EH-GPPE sample
(Figure 4.13A).

Certainly, polyphenolic extracts possess excellent amphiphilic properties due
to their abundance in hydrophobic aromatic nuclei and hydrophilic groups that
might contribute to the physical stability [19,20,89,94]. This feature of
polyphenols was exploited by Hu et al. by chemically functionalizing CNCs to

improve their colloidal properties [18].

Nevertheless, the results in the present research suggested a synergistic effect
arising from the formation of the BCNC EH-GPPE complex, which led to
improved emulsion stability without additional chemical treatments of BCNCs.
This improvement coincided with the decrease in Z potential and the delay in
the appearance of the undesirable CD in the O/W emulsions in the case of the
BCNC-GPPE complex. Moreover, physical stability enhancement may also
positively influence the oxidative stability, as was demonstrated with BCNC-
GPPE [95]. The results demonstrated that Pickering emulsions with prolonged
antioxidant properties can be obtained through a green and fully sustainable

valorization strategy of an agricultural residue such as GP.

Finally, in order to further confirm the improvement in the physical stability,
the rheological behavior of hexadecane-in-water Pickering emulsions stabilized
by BCNC and the BCNC-GPPE complex was studied. Flow test results are
represented in Figure 4.15. Equally, dynamic oscillatory strain and frequency

sweep test results are displayed in Figure 4.16A and 4.16B, respectively.
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Figure 4.15 Flow test measurements of hexadecane-in-water BCNC and BCNC-GPPE Pickering

emulsions.

As depicted in Figure 4.15, both the BCNC and BCNC-GPPE emulsions
presented a pseudoplastic character and showed the classic shear thinning
behavior, in which a decrease in their viscosities with the increasing shear rate
was observed [95,96]. The emulsions stabilized by the BCNC-GPPE complex
presented higher apparent viscosity in the whole range, thus suggesting that

the addition of GPPE contributed to creating a stronger structural network.
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Figure 4.16 Dynamic oscillatory strain test (A) and frequency sweep tests (B) of hexadecane-in-
water BCNC and BCNC-GPPE Pickering emulsions. Storage modulus (filled symbols) and loss

modulus (empty symbols).
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Attending to the results in Figure 4.16, both the BCNC- and BCNC-GPPE
complex-stabilized emulsions presented gel-like rheological behavior, with G’
above G”. However, emulsions stabilized with the BCNC-GPPE complex
showed higher moduli values, indicating stronger network structure formation
in this case. At the same time, emulsions presented gel-like behavior in the
LVR, where both moduli remained constant in the whole frequency range.
Again, the BCNC-GPPE emulsion obtained higher values in the studied range
and, moreover, the gap between the two moduli remained even at the highest
frequency values, whereas in the case of BCNC-stabilized emulsions, the gel-
like network character weakening was noticed since the G’ value approached
to the G’. Thus, it could be deduced that GPPE improved the structural

strength as well as the physical stability of the emulsion [23].

4.4 Conclusions

The results of this Chapter demonstrated a promising approach towards the
comprehensive valorization of GP agro-industrial waste. On the one hand, its
nutrients were utilized for the biosynthesis of BC, which, in turn, could be
enzymatically treated to obtain high-purity BCNCs. On the other hand, the
wide variety of polyphenols in GP were effectively extracted by a combination
of ultrasound and a hydroalcoholic solvent. Thus, the typical polyphenolic
compounds of white GP were identified, and their bioactive properties were
confirmed through different antioxidant capacity assays. The formation of the
BCNC-GPPE complex demonstrated protective effect on the polyphenolic
compounds, prolonging the half-life of their antioxidant capacity. Additionally,
the polyphenols acted as modulators of the surface charge of the BCNCs,

increasing their hydrophobicity and improving their colloidal stability. As a
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result, the complex showed an increased ability to stabilize Pickering emulsions

with antioxidant activity.

Furthermore, the biocompatibility of GPPE and the use of more sustainable
methodologies increased the added value of the product and expanded its
applicability to the cosmetic, nutraceutical, and pharmaceutical sectors.
Similarly, the synergistic effect observed between BCNCs and GPPE could be
further studied. In addition to food-grade Pickering emulsion formation, the
enhanced lipophilic affinity opens up a range of promising applications for
cellulose—polyphenolic extract complexes, such as the recovery of
contaminating oils, modulation of lipid digestion or the development of

antimicrobial biopolymers.
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Chapter 5: Personalized pharmacology through
3D printing technology

5.1 Introduction

In a market where the pharmaceutical industry provides medication in a
standardized manner, personalized medicine has emerged as a highly valuable
clinical strategy in recent years [1]. In fact, the absorption of drugs is
influenced by a multitude of factors, including patient physical characteristics
like height/weight as well as biological factors such as individual genetics
among others [2, 3]. Given this variability, patients may respond differently to
treatments for the same disease, with some of them experiencing positive
outcomes while others not [4]. In this regard, considering current diagnostic
tools, the ideal approach would involve the design of individualized tablets
with dosages and release profiles of specific drugs for each patient [5]. Thus, it
is essential to investigate in technologies and materials capable of controlling
drug dosage as well as release rates, or hydrophobicity, thereby facilitating

customization of treatment regimens for individual patients [6, 7].

In recent years, 3D printing technology has gained significant attention for its
numerous benefits and applications in the field of biomedicine and more
specifically, pharmacology [8, 9]. This technique enables the creation of drug-
stabilized materials using biopolymers, allowing for precise control over drug
solubility and bioavailability within the body [10]. This is particularly
advantageous for drugs with hydrophobic character, as traditional
pharmacology has struggled to adequately regulate their release [11]. The

versatility of this technology is noteworthy, as it can produce various types of
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structures, ranging from solid drugs to transdermal patches, among others [12,
13]. As a result, 3D printing is considered an appropriate technology for
producing personalized medicines that could substitute classic on-demand

pharmacology.

The process of 3D printing involves a computer-aided design (CAD) approach,
in which the material is deposited in layers one after the other to construct a
3D object [14]. This study employed semi-solid extrusion (SSE), which is also
known as direct ink writing (DIW), as 3D printing technology. DIW is a extrusion
technique that involves the deposition of semi-solid materials using a syringe-
like extrusion system [15]. DIW enables the production of intricate geometries
with fine structures and shapes at low printing temperatures without requiring
specialized equipment [16, 17]. However, careful characterization of the
rheological properties of DIW inks is necessary, as they require appropriate
shear-thinning behavior to facilitate extrusion through the nozzle, and
sufficient yield stress and recovery capacity to prevent collapse of the printed

objects [18, 19].

The most used inks in syringe extrusion 3D printing technology are polymers of
natural origin, especially in the biomedicine and the pharmaceutical industries.
Natural polymers, such as chitosan, hyaluronic acid, cellulose, starch, collagen,
and sodium alginate, are commonly used in 3D printing biomedical
applications [20—-23]. Starch stands out among all biopolymers due to its low
cost, digestibility, non-toxicity, and versatility, making it a popular excipient in
various drug delivery formulations [24]. Starch is composed of linear and
crystalline amylose and highly branched amylopectin (Figure 5.1), and its
functional properties are highly influenced by the percentage of these

ramifications, which varies according to the botanical origin [25, 26]. Notably,
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the amylopectin branching contributes to the gel-like behavior of hydrated
mixtures due to the formation of inter- and intramolecular hydrogen bonds
[27, 28]. For this reason, the percentage of amylopectin and the possible
presence of other chemical compounds determine factors such as the granule
morphology, gelatinization temperature, crystallinity and molecular weight
[26, 29-31]. Consequently, 3D-printed pills have shown different drug release

profiles depending on the source of the starch [12, 30, 32].
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Figure 5.1 Representation of the molecular structure of starch.

Besides the main polymer, reinforcing materials are frequently employed to
facilitate the shape fidelity of the 3D printed material, and they of course can
impact both the rheological behavior and the release kinetics [23, 33]. Among
these, cellulose derivatives are highly promising as reinforcing agents in
extrusion 3D printing [18, 21, 34]. Particularly, cellulose nanofibers (CNF)
possess abundant hydroxyl groups on their surface, which enable them to
interact with various materials and be easily incorporated into natural
polymeric matrices [33, 35]. As a result, BCNF can serve as rheological

modifiers as well as reinforcement agents to enhance the printability of several
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natural polymers suitable for biomaterial inks in extrusion-based 3D printing

[13, 36].

Furthermore, as BCNFs, polyphenolic plant extracts like GPPE have great
potential in 3D printing technology and application. Indeed, due to the strong
hydrogen bonds formed between phenolic compounds and polysaccharides, as
stated in Chapter 4, polyphenols can greatly contribute to the printability and
improve the precision of polysaccharide-based printing products [18, 37, 38].
Additionally, polyphenols could confer antimicrobial, antioxidant or
antihypertensive properties, among others, to the final products as it has also

been explained previously in Chapter 4 [39-42].

In this chapter, the main aim was to introduce BC and GPPE in 3D printing
technology to produce starch-based tablets loaded with hydrophobic and
hydrophilic drugs. To that end, this study offered a new approach for
personalized medicine development by reutilizing GP agricultural waste. Figure
5.2 shows a schematic representation of the experimental process and
objectives of this chapter. On one hand, BCNFs were used as reinforcing agent
of the inks, leading to the modulation of their rheological properties and the
Ibuprofen release profile. On the other hand, GPPE was employed both as
rheological modulator and antioxidant supplement, and its subsequent release

kinetics were monitored.
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Figure 5.2 Schematic representation to produce starch inks for 3D printing.

5.2 Experimental section

5.2.1 Preparation of the starch-based inks

In this work, normal starch (NM) and waxy starch (WM) were chosen based on
their previous satisfactory use in achieving controlled release of drugs by this
group [12]. The primary difference between NM starch and WM starch lies in
their amylose-to-amylopectin ratios. NM starch contains a balanced ratio of
both components, while WM starch is predominantly composed of
amylopectin, which imparts specific functional properties. Starch inks were

prepared by gelatinization of the starch slurries. For that purpose, each starch
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was dispersed in deionized distilled water at a concentration of 30 % (w/w)
and then heated above its gelatinization temperature while continuously
stirring with a magnetic stirrer for 20 minutes. NM and WM starches were
gelatinized at 90°C. The NM starch gels were blended with 0.25%, 0.5%, and
1% BCNF (w/w) to yield NM-0.25NF, NM-0.5NF, and NM-INF samples,
respectively. For drug-loaded samples, 5 mg of Ibuprofen was incorporated per
gram of gelatinized NM, resulting in Ib0NM-0.25NF, IbNM-0.5NF, and IbNM-1NF
inks. Likewise, WM inks mixed with 1, 2.5, and 5 % (w/w) GPPE were named
WM-1PE, WM-2.5PE, and WM-5PE, respectively.

5.2.2 BCNF production

BCNFs were prepared from biosynthesized and washed BC membranes
obtained from GP medium as detailed in Chapter 3. In order to disintegrate the
nanofibers, firstly the membranes were cut into smaller fragments. Then, a
homogenizer was used to further reduce the sample size through
homogenization cycles lasting 5 minutes each, at 15000 rpm, for a total of 15
minutes. Finally, the homogeneous paste was ultrasonicated to separate the

nanofibers with objective of facilitate their incorporation into the starch ink.
5.2.3 3D printing procedure

The prepared inks were printed using a Voladora 3D printer from Tumaker, S.L.
Spain, which was modified for DIW layer-by-layer printing. All samples were
printed using a 0.8 mm needle, at a printing speed of 6 mm/s and with 100%
infill. Cylinders measuring 10 mm in diameter and 5 mm in height (surface area
of 314.2 mm?, volume of 392.7 mm3, and aspect ratio of 0.80) were printed.
Finally, the printed samples were freeze-dried to stabilize and fix the final

forms, as well as to obtain porous final structures to facilitate water absorption
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of the final product, which, due to its swelling capacity, could trigger the

disintegration of the inks and facilitate the drug release [11].
5.2.4 In vitro drug release studies

Ibuprofen and GPPE were selected as the hydrophobic and hydrophilic drugs,
respectively, for in vitro release studies in a simulated intestinal medium (PBS).
The ibuprofen-loaded tablets were freeze-dried and then stirred in 50 mL of pH
7.4 PBS solution at 37°C for the release studies. At specific intervals, an aliquot
of 1 mL of the solution was taken out and analyzed using UV-vis spectroscopy.
The sample was then returned to the beaker. To determine the amount of
released ibuprofen, the absorbance signal at 221.5 nm was compared with the

standard calibration curve prepared properly.

The ibuprofen cumulative release (ICR) at different time points was calculated

in triplicate and using Equation 5.1:
ICR (%) = %- 100 (Equation 5.1)
t

Wis represents the quantity of ibuprofen that was released at different time
points, while W; indicates the overall quantity of drug that was initially loaded

into the printed tablet.

Similarly, the release of GPPE was conducted in 3 mL of release media under
the same physiological conditions described above. The amount of GPPE
released was also determined by using UV spectrophotometer with the
appropriate calibration curve and measuring the absorbance signal at 277 nm.
At different stipulated time points, an aliquot of 1 mL was taken to measure its

absorbance and then returned to the release medium. To avoid light-induced
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oxidation of the extract, the test was performed under semi-dark conditions.
The cumulative amount of GPPE released (ECR) at different time points was

calculated in triplicate and using the following equation:
Wg .
ECR (%) = W 100 (Equation 5.2)
t

WE represents the quantity of extract that was released at various time points,
while W; indicates the overall quantity of GPPE that was initially loaded onto

the printed tablet.

5.3 Results and discussion

5.3.1 BCNFs for ibuprofen loaded NM starch tablets
5.3.1.1 BCNF and NM ink setup

NM starch has previously been employed by this research group for 3D
printing of tablets with specific shapes loading ibuprofen for its subsequent
release study [12]. Nonetheless, these NM tablets exhibited rapid
disintegration within physiological media, thus impeding release in a controlled
manner. In this context, the assessment of BCNF potential to modulate the
rheological properties of NM inks and, consequently, the ibuprofen release

profile in physiological media was conducted.

First of all, the NM starch granules were analyzed using an optical microscope
to confirm the botanical origin of the starch, as each type exhibits a distinct

shape [43]. Figure 5.3 shows optical micrographs of NM starch granules.
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Figure 5.3 Optical micrograph of the morphology of NM granules.

As evidenced in Figure 5.1, polygonal granules were observed with maximum
lengths of 9.7 = 2.8 um. The granules of NM appeared translucent or
semitransparent when observed through the optical microscope. Additionally,
small concentric rings could be observed in the granule center, which result
from the arrangement of the two macromolecules within the internal
crystalline structure of the granule. The morphology and size of the NM

granules coincided with the previous work reported by this group [12].

Similarly, AFM was used to confirm the mechanical disintegration process of
BC and morphologically characterize the BCNFs dispersions. AFM images of
BCNF dispersions from GP culture media are represented in Figure 5.4. As
shown in AFM images, the nanofibers exhibited lengths of several microns and
a mean diameter of 69 + 18 nm. Additionally, the BNCFs appeared to be well-
dispersed due to the previous spin coating process and ultrasonication
treatment. When examining Figure 5.4B, nanofibrils exhibited more
disruptions, higher diameter variability and were more loosely packed
compared to those observed in Chapter 3. This fact was attributed to the
mechanical disintegration and ultrasonication processes employed.

Nevertheless, BCNF diameter was in agreement with the reported literature
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[44], thus the process of obtaining BCNFs and their size and diameter could be

considered suitable for their utilization in 3D printing.

Figure 5.4 Height and phase AFM images of BCNF dispersions from GP media with 1 um (A) and
200 nm (B) scale bars.

Thereafter, in order to assess the printability and shape fidelity of the prepared
inks, rheological characterization was carried out. Indeed, rheological
characterization is crucial for predicting how the inks will behave during the 3D
printing process. With this aim, flow tests and oscillatory measurements were
carried out as detailed in Chapter 2. The data gathered from the flow tests
measurements of all NM starch-based inks are depicted in Figure 5.5A and

presented in Table 5.1.
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Figure 5.5 Flow test of NM inks (A) and IbNM inks (B) reinforced with different concentrations of
BCNFs.

According to the results, all samples exhibited the characteristic shear thinning
behavior of non-Newtonian fluids, decreasing their viscosity with the
increasing shear rate. This behavior was further analyzed by fitting viscosity
data obtained from the flow test to the Power-law model described in
Equation 2.5 of Chapter 2 [45]. Consequently, Power-law index (n), consistency
coefficient (K), and Pearson correlation coefficient (R?) could be determined for

all NM starch formulations as it is depicted in Table 5.1.

As observed, all NM starch-based inks exhibited a n value less than 1 and an R?
value close to 1, confirming the non-Newtonian nature of the fluid [46].
Starches with the highest concentration of BCNF exhibited the more
pronounced shear thinning behavior compared to bare NM, as evidenced by
the decrease in n value. Additionally, the viscosity of the ink increased
progressively with the BCNF concentration, particularly notable in the case of

NM-1NF, as evidenced by the K value.
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Table 5.1 Rheological parameters of unloaded NM reinforced inks: Power-law index (n),

consistency coefficient (K), yield stress, flow stress and recovery (%).

Recovery
Flow test Stress sweep
test
Sample -
K R? Yield stress Flow stress Recovery
n
(Pa) (Pa) (%)
0.218+ 280.44 t
NM 0.99 159.0+32.8 219.7+31.0 62.5+8.0
0.002 35.17
0.208+ 317.86%
NM-0.25NF 0.99 2185%+30.5 317.5+59.5 743+6.8
0.008 35.75
0.204+ 30283 % 2795+
NM-0.5NF 0.99 396.5+158.5 686+1.3
0.001 4.24 106.5
0.180+ 361.56+
NM-1NF 0.99 420.0+81.0 609.0+£72.0 65.3+5.0
0.005 23.36

This relationship between viscosity and the concentration of reinforcing

nanofibers has previously been reported with other polymers such as alginate,

polyurethane, and silk fibroin/gelatin polymers [13, 47, 48]. The almost

identical structure of cellulose and starch would led to numerous strong

hydrogen bonding interactions that increased notably the apparent viscosity of

the ink, as it has reported elsewhere [49, 50]. This effect was more noticeable

at lower shear rates, probably due to the disruption of many of the hydrogen

bonds when the material was submitted to the highest shear forces.

Therefore, it was deduced that in our case the BCNFs formed strong physical

entanglements with the amylose and amylopectin chains, creating a cohesive

and structured gel.
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Likewise, the rheological behavior of the ibuprofen loaded NM inks was also

evaluated, as represented in Figure 5.5B and Table 5.2.

Table 5.2 Rheological parameters of IbNM reinforced inks: Power-law index (n), consistency

coefficient (K), yield stress, flow stress and recovery (%).

Recovery
Flow test Stress sweep
test
Sample

Yield stress Flow stress Recovery

" « R (Pa) (Pa) (%)

0.192+ 47163+
IbNM 099 360.0+42.0 489.5+225 700+%1.1
0.034 18.16

0.183+ 431.06 +
IbNM-0.25NF 099 326.1+80 42641306 51.5+%5.8
0.004 48.16

0.187+ 45042+
IbNM-0.5NF 099 3035515 431.6+99.5 51.7%£3.5
0.014 39.90

0.157+ 466.30 £
IbNM-1NF 0.99 318.0+34.3 503.7+45.7 521+%26
0.028 63.84

Concerning flow test results, a similar n value was calculated in all cases
comparing with their homologous unloaded inks, indicating that the desired
shear thinning behavior of the NM samples was not affected by the addition of
ibuprofen. In relation to the addition of BCNF, in this case, significant

difference was not observed in the values of K and n of the samples.

However, from the observation of the K values in Table 5.2, it can be inferred
that the viscosity of ibuprofen loaded inks tended to grow regardless of the
BCNF content comparing to that of NM samples. This finding contradicts other
previous studies that had reported a plasticizing effect of ibuprofen, resulting
in a decrease in ink viscosity [12, 51]. Therefore, we hypothesized that in this
instance, the viscosity increase at this specific ibuprofen/starch ratio could be

related to hydrophobic interactions between the nonpolar regions of polymer
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and drug, in addition to Van der Waals forces. Indeed, various small molecules
like ibuprofen can be accommodated and form inclusion complexes with
amylose and the longest linear side chains of amylopectin [52]. Indeed,
amylose, due to its tendency to minimize its interaction with water, can form
inclusion complexes with guest molecules thus influencing starch structure and
properties [53-55]. During gelatinization, as the starch granules swell in the
presence of heat and water, there is a disruption of the crystalline structure
and a reorganization of the amylose molecules. During this process, amylose
molecules could adopt a helical conformation as they disperse in the aqueous

medium favoring the formation of inclusion complexes with ibuprofen.

In summary, attending to Table 5.1 and 5.2 results, all NM and IbNM inks
showed the required shear thinning behavior and viscosity or K values suitable

for 3D printing applications [12, 23].

Figures 5.6A and 5.6B display the results of the stress sweep test conducted on
both the NM and IbNM inks, respectively. As observed, the findings indicated
that G' remained nearly constant and higher than G" in all cases, indicating
solid gel-like behavior of the inks. Overall, the G' values were found to be
consistent with the viscosity of the gelatinized starches, with higher values
observed in those inks with greater structural complexity, directly associated
with increasing BCNF content specially in the case of NM inks. The yield stress
(ty) was established as the shear stress value at which G' lost the linearity,
while the flow stress (t7) was calculated from the intersection of G' and G"
(when G'=G") following previously reported literature (Table 5.1 and 5.2) [56].
Some authors have described T as the minimum force needed for the

extrusion of the material through the nozzle [45].
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Figure 5.6 Stress sweep test of NM (A) and IbNM (B) inks reinforced with different concentrations
of BCNFs and recovery test of the same NM (C) and IbNM (D) inks with BCNFs.

Based on the results presented in Figure 5.6A and Table 5.1, it can be observed
that the incorporation of BCNFs led to a gradual increase in G’, t,and Tt in the
NM inks. In a similar manner, ibuprofen loaded inks also showed higher G’
compared to bare NM inks, thus reflecting the formation of the
aforementioned physical entanglement with greater resistance to elastic
deformation of the material [19, 57]. Additionally, data in Table 5.2 showed
the increase in 1y and 1 when ibuprofen was added compared to bare NM ink.
Again, as observed in the case of ibuprofen containing inks, the addition of
nanofibers had not significant effect on 1, and t. These results suggested that

the interactions and inclusion complexes between starch and ibuprofen might
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be simultaneously hindering the interaction of starch with the BCNFs.
Nonetheless, the results highlight the role of BCNF and ibuprofen
independently in modulating the force required for extruding ink through the

nozzle [13, 18, 58].

It should be noted that higher viscosity or higher G’ values are not always
related to better printability and shape fidelity, since there has to be a balance
with the minimum pressure required to make an ink flow through a nozzle of
specified length and diameter [59, 60]. Certainly, according to literature, the
obtained values suggested that all formulations exhibited adequate t, value for

good shape fidelity of the inks [18, 61, 62].

To complete the rheological characterization, recovery tests were performed
to simulate the real printing conditions. As it can be seen in Figures 5.6C and D,
the recovery test consisted of three stages in which the variation of viscosity
versus time is measured when the sample is subjected to a certain strain. The

recovery percentages are presented in Table 5.1 and 5.2.

The results revealed a recovery percentage of about 70% which was not
influenced by the addition of BCNF in the NM formulations. However,
attending to the recovery percentages of ibuprofen loaded inks, those
containing nanofibers showed a decrease in the recovery capacity, with values
around 50%. Again, it seemed that ibuprofen may had prevented the hydrogen
bonding between BCNF and starch after the initial structure breakdown. As
stated in literature, the addition of cellulose nanofibers did not always have a
marked effect on the recovery test, and differences are more easily observable
when inks incorporate a fiber percentage higher than 1% (w/w) [11, 13, 62].

Nevertheless, according to Figures 5.6C and D, the viscosity values after
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structural recovery were adequate for their application in DIW 3D printing.
Consequently, it was observed that all the starch-based formulations exhibited
the needed thixotropic behavior, indicating their ability to recover their

structural integrity immediately after being subjected to the shear force.
5.3.1.2 3D printing of NM starch-based tablets

After rheological characterization, the inks were used to print starch cylinders
using the DIW 3D printing technique. Digital images of the different 3D printed

NM tablets are represented in Figure 5.7.

NM-0.25NF

Figure 5.7 Digital images of 3D printed NM tablets with different concentrations of BCNF after

freeze-drying.

As shown in Figure 5.7, and confirming the results from rheology tests, all
formulations could be extruded through the nozzle and those reinforced with
BCNF retained the specified cylindrical shape [60]. Although the rheological
curves of NM inks were similar to those of their BCNF-reinforced counterparts,

cylindrical shape retention was only observed in the cases of inks containing
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nanofibers. The results suggested that as the BCNF content increased, the ink
better supported the weight of the upper layers presenting more pronounced
edges. This effect agreed with the decrease in n values and the increase in 1

values observed in Table 5.1.

It is worth mentioning that NM-1NF cylinders, despite having an adequate
shape fidelity, exhibited a more granular appearance with certain disruptions.
Certainly, when the more concentrated inks containing 1% (w/w) BCNF were
not adequately homogenized, cases of nozzle obstruction due to BCNF
agglomerations could be observed [62]. Prior research has already reported
that cellulose nanofibers at concentrations of 1.5% (w/w) tend to form
agglomerates and display less dispersion within starch matrices after extrusion

compared to lower concentrations of nanofibers. [49].

Correspondingly, the digital images of different 3D printed IbNM inks are
displayed in Figure 5.8. It should be noted that all IbNM formulations
displayed outstanding shape retention capacity without significant differences
among them. This behavior was in line with the proper printability parameters

obtained during the rheological characterization (Table 5.2).

A

Figure 5.8 Digital images of 3D printed IbNM tablets with different concentrations of BCNF after
freeze-drying: IbNM (A), IbNM-0.5NF (B) and IbNM-1NF (C).
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To sum up, according to the obtained results it was concluded that initial G'
values greater than 1000 Pa, or ts:values higher than 300 Pa could be predictive
of successful shape fidelity in agreement with previously published literature

[45, 63].

Besides, as described in the rheological study, it was noted that the gradual
inclusion of nanofibers led to an increase in the viscosity, G', and tr of NM
starch inks. However, these differences were not considered substantial
enough to significantly impact the shape accuracy of the 3D-printed cylinders.
Some authors have suggested that the reinforcing nanofibers may be prone to
orient themselves in the direction of extrusion [64]. Indeed, the orientation of
cellulose nanofibers during 3D printing of tablets could notably influence the
structural integrity, mechanical properties, porosity, shape fidelity, and
functionality of the printed structures [35, 65]. Therefore, to analyze the
possible nanofiber alignment, XRD component simulation was performed on a

NM-1NF tablet as detailed in Chapter 2.

The measured XRD intensities were plotted as an intensity map where the
hemisphere-like distribution of scattered intensity was projected on a 2D “pole
figure” showing the intensity variation with sample orientation. Figure 5.9A
presents the obtained results, where the red tones in the center of the sphere
are related to the orientation of the nanofibers towards the normal vector of
the NM-1NF tablet. Figure 5.9 illustrates the possible BCNF orientation

according to the printing direction in a reinforced NM tablet.
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Nozzle
]
K

Figure 5.9 Spherical harmonic model from component simulation in XRD representing BCNF
orientation distribution in NM-1NF tablets (A). lllustration of BCNF orientation in NM tablets

after the 3D printing process (B).

Attending to Figure 5.9A, even it should be considered only as a qualitative
approach, considering an orientation dispersion respect to the normal of
approximately 30°, it could be observed that BCNFs exhibited a preferential
orientation towards the normal, indicating that the extrusion process induced
the partial alignment of the nanofibers. Although BCNF orientation exhibited
significant dispersion, Huang et al and Yao et al also showed nanofiber
orientation influenced by extrusion shear force [47, 66]. It should be noted
that by carefully controlling and optimizing the cellulose nanofiber orientation,
it is possible to enhance the overall performance and functionality of the
printed components [64, 67, 68]. Thus, we hypothesize that this orientation

could have contributed to the final shape retention of the 3D printed NM inks.

To conclude with 3D printed NM tablet characterization, the morphology of
the tablets obtained from 3D printing was analyzed by SEM as depicted in

Figure 5.10. Certainly, it has been reported that an interconnected porous
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microstructure is interesting for facilitating polymeric drug transport and
delivery [11, 69].

0% BCNF (w/w) 0.5% BCNF (w/w)

RSy
v

1% BCNF (w/w)

Figure 5.10 SEM images of the NM tablets loaded with different concentrations of BCNFs (A, B

and C), and their respective amplifications (D, E and F).

Attending to the cross-sectional 5.10A, 5.10B and 5.10C images, a porous and
interconnected microstructure could be observed. The less reinforced
formulations, NM and NM-0.5NF showed higher homogeneity and
compactness, while the sample with 1% (w/w) BCNF revealed more
heterogeneity and more porous appearance. This morphology could be related
to the formation of small cavities due to the BCNF agglomerations or
entanglements mentioned before, that would lead to free spaces after the
freeze-drying process (Figure 5.9C). Moreover, the amplified Figures 5.10D,
5.10E and 5.10F showed the presence of nanofibers as the BCNF concentration
increased in contrast to the smooth surface of the bare NM samples,

confirming their integration into the NM starch matrix.
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In the case of the ibuprofen-loaded sample, IbNM-0.5NF, the structure showed
the same degree of compactness and homogeneity as its unloaded
counterpart (Figure 5.11). These results were in high agreement with those
obtained by Gonzalez et al with ibuprofen loaded and unloaded NM samples

[12].

Figure 5.11 Cross-sectional SEM image of a IbNM-0.5NF tablet.

Finally, it is worthy to note that SEM images demonstrated that the different
layers were properly integrated together in all the samples during the printing
process. In fact, the tablets appeared to be a unified structure, indicating
consistent material extrusion and accurate deposition and support of the

individual layers.
5.3.1.3 Ibuprofen in vitro release

The release kinetics of ibuprofen from the different loaded tablets are shown
in Figure 5.12A. The assay was carried out by measuring the ICR (Equation 5.1)
released up to 6 hours in PBS at 37 °C. According to the results, the IbNM and
IbNM-1NF tablets showed initial similar ibuprofen fast release, in contrast to
the IbNM-0.25NF and IbNM-0.5NF, that displayed slower and controlled
release kinetics. Indeed, The IbNM and IbNM-1NF tablets exhibited a burst
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release effect in the first 45 minutes, eventually reaching an ICR value of 70%

and 75% at 360 minutes, respectively.

100

80 IbNM
—~ 60
R
[ IbNM-0.5NF
S 4l
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—e— |bNM-0.25NF
204 —&— |bNM-0.5NF
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Figure 5.12 |buprofen release in vitro study of the IbNM tablets loaded with different
concentrations of BCNF (A) and tablet-decomposition study after 45 min ibuprofen release assay

of different IbNM tablets in triplicate (B).

The hydrophobic character of ibuprofen determined the release profile to be
dependent on the porosity and erosion of the tablets rather than on its
solubility in PBS [70]. In this sense, Figure 5.12B shows the disintegration state
of loaded tablets after 45 min of release study. As it could be observed, both
IbNM and IbNM-1NF cylinders were totally or partially disintegrated at that
time (both near 60 % of ICR), respectively. Meanwhile, IbNM-0.5NM tablets
maintained their integrity much longer and achieved 35 % of ICR at 45 min.
Certainly, as reported by Gonzalez et al, IbNM tablets rapidly lost their
structure upon introduction into PBS solutions [12]. In the same way, Hayashi
et al. published that under slightly basic pH and 37 °C (simulated intestinal
conditions), amylose chains and water increase their interactions [71].

Consequently, PBS could penetrate the matrix more effectively and lead to
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rapid tablet disintegration. However, in the presence of nanofibers at
concentrations of 0.25% and 0.5% (w/w), this effect was not observed. Hence,
it was concluded that nanofibers of IbNM-0.25NF and IbNM-0.5NF tablets
helped to preserve the structure by improving the cohesion of the freeze-dried

cylinders.

In the case of the IbNM-1NF samples, even if rheology results suggested better
preservation of tablet structure and shape fidelity, the samples underwent
partial disintegration in the first 45 min. This effect may arise from the
agglomerations resulting from the high BCNF content that could increase the
number of disruptions and cavities, as shown in the SEM images. At these high
concentrations, the nanofibers could contribute to form heterogeneous

structures, from where the PBS penetrated the starch matrix more easily.

In this context, the results confirmed that IbNM and IbNM-1NF could be
suitable for applications that require burst or flash release. For example, these
samples could be used as orally disintegrating tablets, especially for patients
with swallowing difficulties, as they can completely disintegrate in the mouth
with saliva [72]. On the other hand, IbNM-0.25NF and IbNM-0.5NF would be

preferable when a controllable and a higher ICR are intended.

Regarding maximum ICR (%), the obtained values in 6 h are slightly higher than
those reported by Parra et al where ibuprofen was released from starch
inclusion complexes in a simulated intestinal medium [55]. However, in the
present work satisfactory ibuprofen release rates were obtained from a starch
matrix without the necessity of any specific treatments in acidic or alkaline

environments to favor the inclusion complex formation [52, 73].
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5.3.2 WM starch for GPPE release
5.3.2.1 WM and GPPE ink setup

According to literature, WM presents very good printing and shape retention
conditions, and due to its high amylopectin content it is an excellent matrix for
sustainably releasing drugs in simulated intestinal environment [12]. For this
reason, WM was chosen as 3D printed matrix for the release of the water-
soluble GPPE. As in the case with NM starch, WM starch granules were first

analyzed using an optical microscope as depicted in Figure 5.13.

25 pm
Figure 5.13 Optical micrograph of the morphology of WM starch granules.

Attending to the optical micrograph, the length of the starch granules was
measured at 14.9 + 4 um and showed a polygonal shape with translucent
appearance. Again, small concentric rings could be observed in the granule
center. These OM results were in agreement with published literature for WM

starch granules [12].

Accordingly, a rheological characterization of WM inks was conducted once
again to assess their suitability for 3D printing and shape retention when
combined with GPPE. GPPE was incorporated into WM gelatinized starch at 1,

25 and 5 % (w/w) concentrations. The results of the rheological
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characterization performed on the loaded WM inks are shown below in Table

5.3 and Figure 5.14.

Table 5.3 Rheological parameters of WM inks with GPPE: Power-law index (n), consistency

coefficient (K), yield stress, flow stress and recovery (%).

Recovery
Flow test Stress sweep
test
Sample Yield Flow
5 Recovery
n K R stress stress
(%)
(Pa) (Pa)
0.111+ 359.74 £ 3293+ 491.7
WM 0.99 299144
0.024 7.87 19.8 61.1
0.050 £ 358.95 ¢ 3933+ 638.0t
WM-1PE 0.99 34+1.4
0.002 58.4 21.8 46.3
0.062 345.14 426.5+ 626.1+
WM-2.5PE 0.99 30.1+£2.7
0.001 14.46 85.5 143.0
0.088 335.09 = 396.0 666.0 +
WM-5PE 0.99 28.8+7.5
0.008 6.78 80.2 121.5

As reflected by the flow test results in Figure 5.14A, all inks showed the
desirable shear thinning behavior for DIW 3D printing (n < 1). The results
obtained were fitted again to the Power law model described previously, and
the n and K for the different WM-based inks are shown in Table 5.3. The value
of R? close to 1 confirmed the non-Newtonian nature of all samples. According
to the values of n, the addition of GPPE enhanced the shear thinning behavior

compared to the WM sample, fact that was also noticeable in the curves.
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Figure 5.14 Flow test (A), stress sweep test (B), and recovery test (C) of WM-based inks mixed

with different concentrations of GPPE.

The numerous hydroxyl groups of polyphenols could effectively interact with
amylopectin thus modulating the printability and rheological properties of
gelatinized starch inks as it has been reported before [23, 37, 74]. The high
degree of interaction that might promote polyphenols to be located between
the starch chains, reducing their attraction and increasing the separation
between them, consequently lowering the viscosity [18, 38, 75]. As for the K
values, although major differences were not observed at lower concentrations,
a decreasing tendency of viscosity with increasing GPPE concentration was

observed.
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Additionally, Figure 5.14B shows the stress sweep test of the WM and WM
with GPPE inks. As expected, G' remained constant and above G", with very
similar G' values, though a slight increasing tendency was observed with the
GPPE content. The t, and T values are shown in Table 5.3. Both T, and T,
showed a slight upward trend with the presence of GPPE, indicating the
presence of interactions strong enough to maintain the gel's integrity at higher
shear stresses. Indeed, it has been reported that polyphenolic extracts hamper
starch retrogradation, thus improving ink extrudability and fidelity [76]. In the
case of GPPE, according to the results in Figure 5.14B and Table 5.3, all the
WM inks studied showed t; parameters compatible with smooth nozzle

extrusion and predicted good final strength and shape fidelity [13, 60, 61].

Besides, a recovery test was performed as it is represented in Figure 5.14C. The
recovery percentages of each sample are gathered in Table 5.3. The results
showed recovery percentages close to 30% for all the inks without significant
differences between them. Despite being relatively low values, they showed
thixotropic character and capacity to recompose after being subjected to shear
stress. Hence, the recovery values obtained here were considered acceptable

to continue with the DIY 3D printing process.

Subsequently, the interactions between WM amylopectin and GPPE were
analyzed by FTIR in Figure 5.15 [77]. In this regard, significant changes in
intensity and slight peak shifts were observed in the -OH stretching band from
3750 to 3000 cm™ when comparing GPPE loaded WM samples and bare WM.
These phenomena has been described by numerous authors as an indicative of
hydrogen bonding interactions between the two compounds [78-81].
Certainly, Wu et al. also reported —OH bands shift when combining fermented

starch with polyphenolic extract from guava leaf [82]. Furthermore, the C-O-C

184



Personalized pharmacology through 3D printing technology

stretching bands at around 1010 cm™ of WM were progressively shifted to
lower wavenumbers with the addition of GPPE (Figure 5.15A), similarly to

some earlier reports [80].
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Figure 5.15 FTIR spectra of WM tablets loaded with GPPE and bare GPPE (A), and an
amplification of the fingerprint bands of GPPE in 3D printed WM tablets (B).

Attending to Figure 5.15B, WM-GPPE spectra show a gradual increase in the
number of characteristic fingerprint bands detailed in Chapter 4 as a result of
the physical mixing of both components [80]. The intensity of these bands
augmented as the GPPE concentration increased in the WM samples. In
summary, based on the results obtained from the FTIR spectra, it can be
deduced that the polyphenolic extract was fully integrated into the starch

matrix, and most interactions were attributed to hydrogen bonding.
5.3.2.2 3D printing of WM starch-based tablets

WM inks were subjected to the DIW 3D printing process similarly to the NM
formulations. In general, they showed smooth extrudability through the nozzle
and support capacity for the upper ink layers. Thus, the observed behavior was

in accordance with the parameters obtained in the rheological study (Table
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5.3). In addition, the internal structure of the printed and freeze-dried tablets
was examined through SEM. Figure 5.16 shows the different freeze-dried
starch tablets printed with increasing GPPE content and their respective SEM

images.

Figure 5.16 Digital images of 3D printed WM tablets with different concentrations of GPPE with

their respective SEM image amplification.

As observed in the digital images, all pieces respected the cylindrical
morphology designed by CAD, being those with higher GPPE concentration
smoother and of more homogeneous consistency. Further, SEM images
exhibited porous networks that were interconnected. The WM sample
displayed a sharper appearance with more distinct edges (Figure 5.16A).
Nevertheless, as the concentration of GPPE increased, the samples
demonstrated a greater interconnectivity and density. Consequently, the WM-
5PE sample seemed to be completely coated with GPPE, resulting in a pasty
and less porous appearance (Figure 5.16D). These SEM images are comparable
to those published by Wu et al, where the adsorption of guava leaf

polyphenolic extract onto starch could be observed, showing a similar effect
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[82]. The images also confirmed that polyphenolic extracts could act as
modulators in starch 3D printing by also influencing the final internal structure
of the printed products after the freeze-drying process. These structural
differences after the freeze-drying process could be due to the restriction of
starch retrogradation caused by the presence of polyphenols described by

Zeng et al [76].
5.3.2.3 GPPE in vitro release

The in vitro release of GPPE from WM starch tablets was measured for 5 h in
simulated intestinal medium at 37 °C. Figure 5.17 depicts the GPPE release
study as well as WM tablets integrity after 24 h immersion in simulated

intestinal medium.

30
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¥ WM-5PE
20+ *  WM-5PE-0.5NF
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Figure 5.17 GPPE release in vitro study of the WM and NM tablets loaded with different
concentrations of GPPE and BCNF (A). Digital images of the WM (B) and WM-5PE (C) samples

after 24 h of being immersed in PBS.

Firstly, as in the case of the NM tablets, the behavior of the cylinders when
introduced into PBS physiological medium was observed (Figures 5.17B and

5.17C). Unlike the NM samples, WM tablets exhibited a more robust matrix
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and a greater capacity to absorb surrounding fluid while maintaining their
integrity, which may be attributed to their higher degree of amylopectin
branching [25, 30]. As shown in Figures 5.17B and 5.17C, all samples retained
their cylindrical shape beyond 24 h of testing. This fact is of particular interest
when incorporating hydrophilic drugs, in which the disintegration of the tablet

is not the main release mechanism.

Attending to GPPE release profiles, all tablets showed a similar pattern, where
a sustained release that gradually stabilized at 300 min could be observed.
WM-1PE, WM-2.5PE, and WM-5PE samples had release percentages that did
not reach 10% after 5 h of testing. These findings suggested that GPPE, due to
the strong interactions with starch mentioned previously, were mostly trapped
within the WM matrix. The cumulative release increased with the
concentration of GPPE in the samples until WM-2.5PE. Thus, it is inferred that
in WM-2.5PE and WM-5PE samples, most of the GPPE remained closely
associated with the starch regardless of the initial concentration. Therefore, it
seems that the same concentration of GPPE could have acted as a release
modulator by means of the rheological and structural changes of starch

mentioned above.

Moreover, based on the role of BCNFs as release modulators in NM starch-
based inks, in order to increase the GPPE release rates, WM-5PE tablet
reinforced 0.5 % (w/w) of BCNF (WM-5PE-0.5NF) was prepared. As observed in
Figure 5.17, the ECR increased to 20 % in 300 min with the same initial GPPE

concentration.

From this perspective, the ability of WM starch to incorporate and retain GPPE

even in aqueous media presents an intriguing prospect for food 3D printing
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[23]. The various matrix configurations that can be achieved, along with the
extract's active functionalities, highlight their potential applications in the
biomedical, food, and nutraceutical industries [39, 83]. Additionally, another
factor to be considered for starch tablets with GPPE is the color change they
undergo due to their oxidation over time, as observed in Figure 5.17C. This
reactive sensitivity can be also exploited by using polyphenols as intelligent

indicators of specific changes in the environment [84, 85].

5.4 Conclusions

In this chapter, starch tablets were designed using DIW 3D printing technology
for personalized drug delivery. Two types of starch inks of different botanical
origins, NM and WM, were selected. Given the characteristics of each
gelatinized ink, the possibility of adding BCNF and other bioactive compounds

to observe their effect on printability and subsequent release was studied.

NM inks presented acceptable rheological characteristics for 3D printing that
progressively improved with the addition of nanofibers. Morphological
characterization of the 3D printed inks showed how BCNFs contributed to the
shape fidelity of final products. However, some structural differences were
evident in SEM after the freeze-drying process, which affected the porosity and
compactness of the sample. These differences were associated to the
dispersion of BCNF into the starch ink and the possible presence of
agglomerates during ink homogenization. Thus, when in vitro release tests of
ibuprofen were performed, it was observed that the BCNF content modulated
the release profile. The NM and NM-1NF formulations produced a burst
release effect, while the NM-0.25NF and NM-0.5NF formulations sustained and

attenuated ibuprofen release. These results demonstrated the applicability of
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BCNFs as a rheological and printability reinforcing agents for NM, as well as
modulators of ibuprofen release in a simulated intestinal environment. It
should be noted that NM tablets were not able to maintain their structure in
physiological media without BCNF reinforcing. Therefore, the combination of
NM and BCNF could be a good strategy in the development of tablets for the

personalized release of hydrophobic drugs.

In the case of WM inks, it was observed that the rheological properties of the
inks were slightly affected by the combination with the polyphenolic extract
GPPE. WM presented excellent structural characteristics for DIW 3D printing
and GPPE, even at concentrations of 5 % (w/w), did not have a negative impact
on ink printability. Morphological and structural characterization confirmed
the extrudability and shape fidelity of the inks and the uniform presence of
GPPE within the 3D printed cylinders. FTIR analysis also confirmed the
integration of the extract into the starch matrix because of the numerous
hydrogen bond interactions. GPPE release assays confirmed these interactions
between starch and polyphenols, resulting in most phenolic compounds
remaining inside the WM tablet. Additionally, the release rate could be
accelerated by introducing BCNF to the system. These results demonstrated
the potential of BCNF as a mechanism for controlling the release also of
functional compounds of natural origin from WM. Furthermore, given the
numerous bioactive properties of GPPE, this strategy showed great potential
for the development of personalized active tablets and 3D printed edibles for

the food, nutraceutical, and biomedical sectors.
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Advanced antimicrobial wound dressing

Chapter 6: Advanced antimicrobial wound

dressing

6.1 Introduction

The excellent physicochemical properties and biocompatibility of BC make it an
outstanding material for biomedicine. Applications related to skin/wound care
or tissue engineering are particularly benefited by some of the characteristics
of this biopolymer [1]. In this sense, BC and its composites provide cost-
effectiveness, infection prevention, painless dressing removal, optimal gas

diffusion, thermal management, and elimination of excess exudate [2].

Besides, despite the fact that BC does not naturally possess antimicrobial
activity, its entangled nanofiber network structure has supported numerous
research efforts to load antimicrobials, antioxidants, anti-inflammatory, and
other therapeutic agents for wound-dressing applications [3, 4]. Indeed, BC is
an excellent delivery system for transdermal administration, i.e., transmission
of active compounds through the skin. Because of its water retention capacity
and permeability, it has been used for the treatment of skin disorders for both
medical and cosmetic purposes [5-7]. BC does not generate redness, irritation
or inflammation and the BC network is penetrated by cellular ingrowth, which
creates a new integrated tissue with the biomaterial [8]. Furthermore, BC has
proven its suitability for skin, bone, cartilage and blood vessel repair, among
others, demonstrating its complete biocompatibility [8—10]. All these reasons
make BC an excellent vector for personalized medicine, especially for the
controlled release of drugs that are difficult to handle independently in

physiological conditions due to their poor solubility or rapid degradation.
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The polyphenol 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione, also known as curcumin, is extracted from the curcuma longa plant.
Curcumin displays exceptional pharmacological properties and contains anti-
bacterial, antioxidant, anti-Alzheimer, and anti-inflammatory properties [11—
13]. Adhesion, migration, invasion, and spreading of malignant cancer cells
have all been found to be inhibited by curcumin. In fact, malignant melanoma
cells, breast, thyroid, colon, leukemia, prostate, lung, ovarian and pancreatic
cancer cells have all been reported to be affected by the apoptosis induced by

curcumin [14].

However, curcumin also presents important limitations as its low water
solubility, alkaline degradability, quick metabolism, and rapid systemic
excretion in bile and urine, leading to very low bioavailability [15]. It has even
been reported that it is degraded after 30 minutes at physiological pH [16]. The
most notable method for increasing curcumin's availability and solubility is its

encapsulation and protection in polymers or nanoparticulate systems [17, 18].

Certainly, nanoparticle-based drug delivery systems have benefits such as drug
protection, stability, controlled release, which increases drug specificity,
efficacy, and minimize side effects, as well as enhanced cellular uptake,
permeability, and retention effects [19]. One of the most often used
biopolymers for creating nanoparticles is chitosan (Cs). Deacetylation of chitin
yields a cationic biopolymer that is biocompatible, non-toxic, biodegradable,

pH-sensitive, antimicrobial, antioxidant, and reasonably priced [20].

Moreover, Cs, which has amine and hydroxyl groups in its chain, can be
modified to add additional molecules, ligands, or functional groups to produce

a wide range of products. Functionalization with hydrophilic groups such as
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thiol is one of the strategies to overcome one of the main disadvantages of Cs,

the poor solubility in water and physiological conditions [21, 22].

Thiolated chitosan (Cs-SH) exhibits increased mucoadhesion and permeability
as well, in addition to improved solubility, making it particularly effective for
drug administration targeting mucus and keratinous biological surfaces [23].
The development of disulfide bridges between thiolated polymers and the
cysteine-rich regions of mucins and keratin is associated with the enhanced
adhesion of thiomers [21, 23]. The enhanced adherence increases its period in
residence in the tissue, which improves the bioavailability of the drug [24]. A
high drug concentration at the absorption site can result in a quicker diffusion

due to the closer contact with the targeted tissue.

In this regard, taking advantage of the above explained properties of Cs-SH
nanoparticles, curcumin and BC, the objective in this chapter was to combine
them in a unique hybrid and active biomaterial as illustrated in Figure 6.1. To
that end, Cs-SH nanoparticles encapsulating curcumin were firstly synthesized
and then loaded into BC membranes by vacuum filtration. The release of these
nanoparticles from the membrane was studied in physiological media at
different pHs. In addition, morphological characterization of the membranes
was performed to confirm the adsorption of the nanoparticles. The adhesion
of the Cs-SH nanoparticle-loaded membranes on different tissues was also
studied. Finally, the antimicrobial properties of the BC membranes loaded with

the nanoparticles were tested.
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B, @

White Grape Pomace Chitosan Curcuma longa
Bacterial cellulose Thiolated chitosan Curcumin extraction
membrane biosynthesis synthesis

Figure 6.1 Schematic representation of the research topic and experimental process of Chapter 6.

6.2 Experimental section

6.2.1 Synthesis of Cs-SH

The functionalization of Cs with thiol groups was completed by amide coupling
conjugation with TLA, following previous work developed by this group
(Scheme 6.1) [25]. Briefly, Cs was dissolved in 2% (v/v) aqueous HAc until a
final concentration of 0.5% (w/v). TLA was activated with EDC and NHS in 1:1
and 1:1.1 M ratios, respectively, while the amine-to-carboxylic acid molar ratio
(Cs:TLA) was maintained at 1:1. Then, this second solution was added dropwise
to the Cs solution previously alkalinized to pH 5-6 with 1 M NaOH. The mixture
was then agitated in the dark at room temperature for 16 hours. Since the pH
of the medium affects the thiolate anions concentration [31], the synthesis

was carried out at a pH between 5 and 6 to prevent the formation of disulfide
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bridges between the polymeric chains. After the reaction time, the resulting
products were dialyzed against 5mM HCI solution at 4°C for 7 days, using
Spectra/Por™ 2RC dialysis membranes (molecular weight cut-off 12—-14 kDa).

Finally, the Cs-SH was lyophilized and collected at 4°C until further use.

SH 0
(o] .
Y EDC/NHS °=\>‘ N
OH NH o NH OH NH
o _de o —>~— Woﬁ/ow
HO © (e} SH Room T OHO NH OHO
NHz oH Overnight 2
Chitosan Thiolactic acid Thiolated Chitosan

Scheme 6.1 Schematic diagram of the synthesis of thiolated chitosan (Cs-SH).
6.2.2 Fluorescent labeling of Cs-SH

The Cs-SH was labeled by the reaction between the main amino group of Cs
and the isothiocyanate group of FITC to enable future nanoparticle release
monitoring using fluorescent spectroscopy (Scheme 6.2), following the
procedure published by Moussa et al with some modifications [26].

SH o
OQ— OH X //C“*NH
N NH Acetic acid solution S
o o] HO
7;? ° J ' —_— o
OH NH; OH o) OH Darkness, 3h i

2
Thiolated Chitosan Fluorescein-5-isothiocyanate (FITC) ‘ 0
e} o OH

FITC-labeled thiolated Chitosan
Scheme 6.2 Schematic diagram of the synthesis of FITC-labeled thiolated chitosan (FITC-Cs-SH).

In brief, 40 mg of FITC were dissolved in 40 mL dehydrated methanol and it
was added to 40 mL of 1% w/v Cs-SH in acetic acid solution. After 3 hours of

reaction in the dark and at room temperature, the FITC-labeled Cs-SH (FITC-Cs-
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SH) was precipitated by increasing the pH to 10 with 0.5 M NaOH. The
unreacted FITC was removed by centrifugation and subsequent rinse with
acetone until fluorescence was not visible in the supernatant. As shown in
Figure 6.2, successive photographs were taken with a digital camera (Canon
PC1564) under ultraviolet light to observe the fluorescence of the
supernatants. Finally, the precipitate was resuspended in 40 mL of water, and

dialyzed in 4 L of periodically replaced water for 2 days in darkness.

Figure 6.2 UV photographs of supernatants from successive acetone washes to FITC-labeled Cs-

SH.

6.2.3 FITC-Cs-SH and curcumin loaded Cs-SH nanoparticles

formation

The nanoparticles were obtained by ionotropic gelation following the
procedure published by Calvo et al with some modifications [27]. First, a FITC-
Cs-SH or Cs-SH solution was prepared (0.5 mg/mL) in HAc 2% (w/w) (pH=3).
Curcumin loaded nanoparticles were prepared by the addition of curcumin
containing ethanol solution (0.2 mg/mL) to the Cs-SH acidic solution to a final
Cs:Curcumin 10:1 w/w ratio and stirred for 30 minutes. Then, TPP aqueous
solution (0.8 mg/mL) at pH=3 (adjusted with 10 % HAc) was added dropwise to

the FITC-Cs-SH or the curcumin containing Cs-SH solutions, leading to a final
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Cs:TPP ratio of 1.5:1 w/w. The process was carried out under constant stirring
and at room temperature (1h at 1200 rpm). Finally, the Cs-SH, FITC-Cs-SH or
curcumin loaded Cs-SH (Cur-Cs-SH) nanoparticles were collected after three
cycles of centrifugation (14000 rpm, 1 h) washing with water, and then

lyophilized.

The curcumin loading (CL) was determined from the disruption of curcumin-
loaded and freeze-dried nanoparticles in ethanol. 2 mg of curcumin loaded
nanoparticles were dissolved in 2 mL of ethanol. All tubes were then shaken
vigorously for 12 h for complete disruption of the nanocarriers and then the
nanoparticles were separated by ultracentrifugation (1h, 14000 rpm). The
curcumin content was determined by UV-VIS at 429.5 nm, based on the
calibration curve (500-0,1 ppm, R?=0.9979). All measurements were performed
in triplicate. The CL (%) of the nanoparticles was calculated according to the

following equation:
Weur .
CL (%) = o 100 (Equation 6.1)
T

where W, is the weight of curcumin into the nanoparticles and Wris the total

weight of the nanocarriers.
6.2.4 Loading BC by vacuum filtration

The nanoparticle dispersions at concentrations of 0.35 mg/mL were forced to
pass through the BC membranes by vacuum filtration. Figure 6.3 depicts a
schematic representation of the method. Fluorescence of the filtered liquid
was measured and correlated it to the retention yield of the membranes using

a previously constructed calibration curve of FITC in an aqueous medium.
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FITC-Cs-SH nanoparticle
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-=" filtrated solution

Figure 6.3 Schematic representation of the vacuum filtration process followed in this chapter for

BC loading.
6.2.5 In vitro FITC-Cs-SH nanoparticle and curcumin delivery
6.2.5.1 FITC-Cs-SH nanoparticle release

Different volumes (30 and 50 mL) of FITC-Cs-SH nanoparticle dispersions of
0.35 mg/mL were used to observe the loading influence on the subsequent
release kinetics. The BC samples loaded with 30 mL and 50 mL are referred in

this chapter as 30BCnp and 50BCnp, respectively.

First, 12 mm biopsy punches were prepared with the AcuPunch histological
tool from 30BCnp and 50BCnp membranes. The release of the FITC-Cs-SH
nanoparticles was performed in a thermostat incubator at 50 rpm. The
temperature was maintained at 30 °C and 37 °C in PBS release media at pH 5.5
and pH 7.4, respectively, with the aim to simulate different physiological

conditions of the human body.
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In addition, unloaded BC punches were used as controls to discard any residue
from the biosynthesis process that could interfere in the fluorescence
detection. The number of nanoparticles of each BC punch was estimated from
the vacuum filtration yield and BC membrane area. During 2 weeks, 1 mL of
the release medium was taken at different times and the fluorescence was
measured. All measurements were performed in triplicate and the
concentration in the release medium was calculated from calibration curves
previously carried out with FITC-Cs-SH nanoparticles in PBS 5.5 and 7.4 (500-
0.5 pg/mL, R?=0.9994 and R?=0.9986, respectively).

The nanoparticle cumulative release (NCR) (%) was calculated as described in

equation 6.2:
NCR (%) = 22100 (Equation 6.2)
T

where Cp, is the concentration of FITC-Cs-SH nanoparticles in the release media
and Cr is the total concentration of FITC-Cs-SH nanoparticles expected for each

biopsy punch.
6.2.5.2 Curcumin release from Cur-Cs-SH nanoparticles

In addition to measure the nanoparticle release from BC membranes, the
curcumin release from the nanoparticles was also studied. Briefly, 2 mg of Cur-
Cs-SH were suspended separately into 4 mL of PBS buffer at different pH
values (5.5 and 7.4) and kept at 37 °C in thermostat incubator with agitation
(180 rpm). After certain time intervals, the solutions were centrifuged at 14000
rpm for 1 h and the supernatants were periodically removed from the samples
and replaced by fresh buffer. Curcumin was used as UV-Vis standard (500-0.1

ppm, R?=0.9948) and the amount of released curcumin was quantified by
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UV/Vis spectrophotometer at 429.5 nm. All data reported herein were the
average of three independent measurements. The curcumin cumulative
release (CCR) was calculated as described in equation 6.3:

CCR (%) = % 100 (Equation 6.3)
0

Where Qcur is the quantity of curcumin in the release media and Q, is the

guantity of curcumin calculated for the Cur-Cs-SH nanoparticles.
6.2.6 Adhesion force tests

The adhesion strength of Cur-Cs-SH loaded BC membranes was compared to
that of bare BC. As in the drug release study, 30BCnp and 50BCnp samples
were chosen to assess their adhesion to different surfaces. The procedure was
designed according to some of the guidelines published by Da Silva et al for the

mucoadhesion study of polymeric systems [28].

The adhesive properties of the membranes were examined using a TA-XTplusC
texture analyzer (Stable Micro Systems, Surrey, UK). 200 mg of mucin from
porcine stomach were compressed into disks of 13 mm diameter with a
hydraulic press. Compression time and force were 30 seconds and 10 tones,
respectively. In addition, porcine skin was acquired from a local butcher for the
study of membrane adhesion to keratin-containing tissues, such as human skin
[29]. The pig skin was cut into rectangles of 3.0 cm by 2.0 cm, and they were
then frozen for further use. Samples with wounds or bruises were discarded.
The assays were performed at room temperature and the skin fat was

manipulated to maintain a uniform thickness of 3 mm.
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After, using double-sided adhesive tape, unloaded and Cur-Cs-SH loaded BC
punches of 12 mm were horizontally attached to a cylindrical P/0.5R probe.
The mucin disk and skin tissue were hydrated prior to testing by immersion in
PBS at pH 7.4 and pH 5.5 for 30 s, respectively. Subsequently, the surface liquid
was gently removed and the mucin discs or the porcine skin were placed on
the base. The descending speed of the probe was set at 1 mm/s until it
reached the surface of the mucin disks/pig skin fragment. The probe stayed for
30 s on the surface of the tissues applying a downward force of 0.03 N. Then,

the probe was detached at an ascending speed of 10 mm/s.

The detachment force (F, N) and work (W, N-s) were calculated with the
Exponent Connect 8040 software (Stable Micro Systems, Surrey, UK). The
Figure 6.4 summarizes a schematic representation of the adhesion force test.

All the measurements were carried out with at least five replicates.
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Figure 6.4 Schematic representation of the mucoadhesive test with nanoparticle-loaded BC and

mucin disks.
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6.3 Results and discussion

6.3.1 Characterization of Cs-SH

The synthesis of Cs-SH was conducted by carbodiimide mediated amide
coupling between the -NH, groups of Cs and the activated carboxylic group of
TLA. *H-NMR measurements corroborated the covalent conjugation of TLA, as

depicted in Figure 6.5.
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Figure 6.5 1H NMR spectra of 10 mg/mL chitosan (Cs) and thiolated chitosan (Cs-SH) at room

temperature in an HCl/D,0 9/1 mixture.

The peak at 2.0-2.1 ppm corresponded to the three N—acetylglucosamine unit
protons, whereas the peaks at 3-6 ppm were caused by the six glucosamine
protons. The peak at 3.1-3.2 ppm corresponded to the H, proton of the free
amino group content of chitosan [30]. The signal located at 2.1 ppm was

associated to the residual acetic acid not purified in dialysis [31]. By comparing
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the two spectra, a clear decrease in the 3.1-3.2 ppm peak intensity could be
observed in the Cs-SH samples due to amide groups formation between the
amine groups of Cs and the carboxylic groups of the TLA, which confirmed the
incorporation [32]. The absence of identifying signals from the grafted thiol
residues prevented the calculation of the degree of substitution by *H-NMR.
Nevertheless, DS was calculated to be 52% by using the ninhydrin test

(Equation 2.3) [25].
6.3.2 Characterization of Cur-Cs-SH nanoparticles

In this chapter, Cs-SH nanoparticles were synthesized using TPP as crosslinker
to study their potential application as curcumin encapsulating agents.
Hydrodynamic diameter and polydispersity index measurements were
conducted by DLS immediately after the preparation of the nanoparticles
under acidic conditions (pH=3). The size of nanoparticles is a key factor for
their use in the biomedical field, particularly in drug delivery applications. It is
known that the limit for passage through the cell membrane via non-energetic
endocytosis is 200 nm [22]. The Cs-SH nanoparticles synthesized in this study
showed a proper size of 121 + 2 nm and a low polydispersity index of 0.24,
whereas a hydrodynamic diameter of 152 + 6 nm and polydispersity index of
0.35 were measured for Cur-Cs-SH nanoparticles. These results confirmed the
suitability of the method as well as the chosen Cs:TPP ratio. Furthermore, the
slightly larger size of the Cur-Cs-SH nanoparticles comparing with Cs-SH
nanoparticles, suggested a successful encapsulation of the bioactive
polyphenol and was in agreement with previously published diameters of
curcumin encapsulating nanoparticles [33, 34]. In fact, the CL (%) of the Cur-Cs-
SH nanoparticles was calculated (equation 6.1), and it was found to be 8.40 +

0.22 %. This value was consistent with reported literature [33, 35, 36].
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Cur-Cs-SH nanoparticle dispersion was further analyzed by AFM to observe
their morphology and size in the dry state. As observed in Figure 6.6, the
sample presented spherical nanoparticles and no aggregates were detected,

showing all the particles a diameter of less than 50 nm (27-48 nm).

Figure 6.6 AFM height micrograph of Cur-Cs-SH nanopatrticles.

Finally, the colloidal stability under different conditions is essential for a drug
nanocarrier. Thus, the size and Z potential of the prepared Cs-SH and Cur-Cs-
SH nanoparticles at different pHs were studied. Figure 6.7 shows the influence
of increasing the pH from 3 to 8.5 on the hydrodynamic diameter and the Z

potential values of the nanoparticles.

40 40
1400 | 1400 |
Cs-SH 435 Cur-Cs-SH +435
1200 | 130 1200 f\ 110
T 1000 | {o5% Emocf\ PN
£ E = E
= - E
2 800 1%s o so0f 193
g 55 ¢ "ﬂ\ 15§
g 600 178 2 sool e, T 4
L a m 4 =%
N 19 ~ A10 9
400 400 |- /
15 B /s
L Rt W |
200 [ Ho 200} B S S 1} ﬁ‘_’; 0
Q 5 0 L | | | L 5
3 3 4 5 8 7 8
A B o

Figure 6.7 Hydrodynamic diameter (Z average) and Z potential variation with pH for (A) Cs-SH

and (B) Cur-Cs-SH nanoparticles.
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Overall, the results showed similar stable behavior regarding the nanoparticle
size. Namely, both Cur-Cs-SH and Cs-SH did not form aggregates or increase in
size below pH=7.5. Besides, since the pKa of the amino group of Cs is 6.5,
above this pH they should be deprotonated and, consequently, the neat
charge of the molecule would be 0. The absence of repulsive forces would
provoke the subsequent aggregation and precipitation of the nanoparticles

[38].

In this case, the Cs-SH nanoparticles maintained their size up to pH=7, because
of the greater stability of the thiolated derivative at higher pHs [21, 39].
Equally, in Cur-Cs-SH dispersions, polymer-polyphenol interactions would
further prevent the aggregation of the loaded nanoparticles up to pH=7.5-8.
This phenomenon could be related to both hydrophobic and hydrogen bonding

interactions between the Cs chains and curcumin [36, 40].

With regards to Z potential value, curcumin loaded nanparticles showed
slightly higher Z potential. In both cases, the value decreased as the pH
increased, registering the isoelectric point at pH=8. As pH increased, repulsive
electrostatic forces decreased, affecting intramolecular and intermolecular
interactions and leading to loss of colloidal stability and aggregates [41]. The
results confirmed that, these nanoparticles were more stable and showed
smaller sizes at acid pH-s as it has been reported before for Cs nanoparticles

[42].
6.3.3 Vacuum filtration efficiency

The nanoparticle retention capacity of BC membranes was quantified by
measuring the remaining fluorescence of the filtrate at 486 nm excitation and

515 nm emission wavelengths. Concretely, fluorescence of solutions with an
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initial concentration of 0.35 mg/mL of FITC-Cs-SH nanoparticles was measured
after the vacuum filtration through the BC membrane. According to the
obtained values, FITC-Cs-SH concentration decreased to 3.2 + 1.6 pug/mL after
the retention process what corresponded to 99 % nanoparticle retention yield

after 45 minutes of vacuum.

The presence of the nanoparticles was confirmed by AFM images in Figure 6.8.
Figures 6.8B and 6.8C demonstrate the successful nanoparticle loading in both
30BCnp and 50BCnp membranes, respectively, with the nanofiber network
being completely covered by nanoparticles, in contrast to the bare BC

membrane shown in Figure 6.8A.

Figure 6.8 From left to right, AFM phase images of BC, 30BCnp and 50BCnp samples after
filtration process (A, B and C). SEM images with miniature UV light photography o, unloaded BC
and BC loaded with FITC-Cs-SH nanoparticles (D and E, respectively).
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Besides, SEM images of the membranes verified the successful distribution of
the nanoparticles throughout the membrane in Figures 6.8D and 6.8E. Lastly,
the photographs taken under UV light confirmed the homogeneous
fluorescence of the BC with FITC-Cs-SH nanoparticles, in contrast to the

unloaded BC, as shown in Figure 6.8D and 6.8E.

6.3.4 In vitro release of FITC-Cs-SH nanoparticles and

curcumin
6.3.4.1 Release of FITC-Cs-SH nanoparticles

Understanding and controlling release kinetics is especially important when
encapsulating drugs that could be cytotoxic above certain concentrations [43—
45]. Accordingly, the FITC-Cs-SH loading of BCs was determined based on the
CL (%) of the nanoparticles, in order to avoid potential cytotoxic

concentrations of curcumin reported in literature [46].

The advantage of using FITC-labeled nanoparticles is that fluorescence can be
measured with great sensitivity over wide concentration ranges [47, 48]. It is
worth noting that the size of FITC-Cs-SH nanoparticles was very similar to that
of Cur-Cs-SH nanoparticles when analyzed by DLS. Namely, they exhibited a Z

average of 169 + 7 nm and a polydispersity index of 0.26.

The release of FITC-Cs-SH nanoparticles from the BC punches at pH 5.5 and pH
7.4 was monitored as depicted in Figure 6.9. Two PBS solutions were used to
simulate different human body conditions, such as, several mucous tissues, or

skin wounds (pH=7-8), and skin (pH=4-6), among others [49-52].
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Figure 6.9 FITC-Cs-SH nanoparticle cumulative release from 30BCnp and 50BCnp samples at pH

5.5 and 7.4 release media.

Attending to the results in Figure 6.9, it can be observed that the release at pH
7.4 was faster and to a greater extent than that registered at pH 5.5
irrespective of the FITC-Cs-SH loading in the membrane. This could be related
to the stability and electric charge of the nanoparticles measured by DLS at
different pHs. As detailed before, at pH 5.5 the Cs-SH nanoparticles possessed
some charge and stable size that could favor the interaction with cellulose and
thus better penetrate the nanofiber network. These interactions between
glucan chains, coming from the similarity of polysaccharide structures of Cs
and BC, would favor retention in the membrane and delay its release to the
medium [53]. Hence, at pH 5.5 a slower sustained release of FITC-Cs-SH was
observed during the two weeks, reaching NCR values of 42 % and 22 % for the
30BCnp and 50BCnp, respectively. Additionally, the results showed that a
smaller volume of nanoparticle loading solution increased the FITC-Cs-SH long-
term release. Whereas higher loading volumes reached the maximum value of

NCR approximately at the end of the first week (168 h).
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In this way, the liberation curves indicated that the higher nanoparticle initial
concentration in the BC, the greater the final amount of FITC-Cs-SH retained in
the membrane. Therefore, the release profile of nanoparticles could be
controlled at pH 5.5 by adjusting the volume of the initial loading solution. This
finding was also observed by Li et al and Wu et al when they studied the

sustained release of silver nanoparticles from the BC [44, 45].

On the other hand, the FITC-Cs-SH release profile at pH 7.4 showed relevant
different behavior than that at pH 5.5. Indeed, burst release was noticed when
the loaded punches were submerged in PBS in this case, which could be
associated to the release of nanoparticles placed on the surface and to the
loosen of the immersed membrane after the packing effect of the vacuum
filtration process [14, 54, 55]. As previously mentioned, the stability of the
nanoparticles decreased above pH 7 and aggregates could be formed,
contributing to the easier release to the medium. From this point, the BC
punches with different initial loads followed distinct release rates at same pH.
It is worth noting that the release rate from 50BCnp samples after 6 h did not
increase considerably, reaching a maximum NCR value of 57% in two weeks.
These results are consistent with those published by Numata et al that
registered maximum delivery rates of 60 % in 6 hours with retinol-loaded PEO-
b-PCL nanoparticles nanoparticle released from BC [56]. The release kinetics
observed in our study were comparable to the hyperbolic curves of
doxorubicin release from CaCO3 microparticles-BC published by Cacicedo et al,
in which the drug release was highly influenced by the pH and the chemical

stability of the CaCOs crystals [54].

On the contrary, after the first 5 h of burst release, 30BCnp samples released

nanoparticles in a sustained manner until the 93% of NCR in two weeks (Figure
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6.9). Hence, as in the case of PBS 5.5, BC punches with lower initial FITC-Cs-SH
concentration showed sustained release until the end of the 2-week study
period. Then, results in Figure 6.9 suggested that a higher initial charge of
nanoparticles decreased the final NCR, as observed for pH 5.5. In this context,
it was concluded that the influence of membrane loading would be a topic of
future research, where an approach should be adopted considering its

subsequent release of curcumin.

6.3.4.2 Curcumin release from Cur-Cs-SH nanoparticles

The release profile of curcumin from nanoparticles was investigated over a
period of 240 h in PBS pH 7.4 and PBS pH 5.5 solutions, as represented in
Figure 6.10.
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Figure 6.10 In vitro curcumin cumulative release profile of Cur-Cs-SH nanoparticles at pH 5.5 and

pH 7.4.

In general, a sustained release profile was observed, characterized by a slow
and lineal increase of curcumin concentration. This sustained release probably
resulted from the diffusion of the drug through the nanoparticle and the slow

degradation of the carrier matrix [57]. This liberation model of Cs-based
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nanoparticles has been previously reported for various drugs, including
curcumin [13, 35]. The limited and gradual release has been related to the
poor solubility of curcumin in aqueous media, thus hindering its transport from
the nanoparticles [21, 35]. For this reason, the increased hydrophilic nature of
Cs-SH was beneficial, it facilitated the medium to penetrate and free the drug

[63].

Regarding the pH of release media, the achieved CCR after 240 h was lower at
pH 7.4 than at pH 5.5, 60 % and 40 % respectively, in accordance with reported
literature [33]. Besides, these CCR values were higher than the previously
reported drug release percentages for BC films directly loaded with curcumin,
demonstrating the effectiveness of its encapsulation [14, 17], and similar to
those published by other authors with different drugs released from Cs-SH
derivative [58, 59]. Indeed, as explained before, at lower pH the protonation of
amino groups (NH;) results in higher electrostatic repulsion, facilitating the

curcumin release.
6.3.5 Adhesion force tests

The adhesive properties of a matrix designed for drug release have noteworthy
influence on improving accurate delivery to cells and accelerating the recovery
of damaged tissues [60, 61]. Mucin disks and porcine skin were selected as
target tissues to mimic mucosal tissues (pH 7.4) and human skin (pH 5.5)
surfaces, respectively. In fact, compared to other animals, pigs have a higher
degree of anatomical, physiological, metabolic, and histological similarities [62,

63].

As already explained in Figure 6.4, the detachment work (W), defined as the

area under force vs time curve, and the maximum detachment force (F) of
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loaded BC and unloaded BC membranes were calculated. The obtained results

are represented in Figure 6.11.
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Figure 6.11 The adhesion-force test carried out with BC, 30BCnp and 50BCnp samples on mucin
disks (A) and porcine skin (B) at pH 7.4 and pH 5.5, respectively. (*) Refers to the statistically
significant difference with the BC punch without nanoparticles. (**) Refers to the statistically

significant difference between the two nanoparticle-loaded BCs.

In the case of mucoadhesion tests (Figure 6.11A), the samples loaded with
nanoparticles showed significantly higher F and W values in both cases in
comparison to unloaded BC punches. The mucoadhesiveness enhancement
was attributable to the disulfide bond formation between the thiol groups of
the Cs-SH and the cysteine residues of mucin glycoproteins [18, 23, 64, 65].

Moreover, the presence of curcumin may play an additional role in adhesion
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improvement via H-bonding and -t interaction with mucus glycoproteins as

suggested by some authors [66].

As observed with the concentration of Cur-Cs-SH nanoparticles, the
detachment W values of the 30BCnp values were significantly higher than
those obtained for the 50BCnp. The higher W could be related to the better
dispersion and absence of aggregates within the BC of the less loaded samples.
Barthelmes et al. studied the mucoadhesiveness of Cs-SH micro and
nanoparticles and showed that, due to the increased surface area of the
nanoparticles, mucin contact and adhesiveness were enhanced [67].
Considering that the test was carried out at pH 7.4 and in line with the in vitro
nanoparticle release results, the possible presence of larger aggregates would
decrease the surface area of the nanoparticles and, consequently, diminish

their effective interactions with glycoproteins.

With regards to skin adhesion capacity, several authors had reported adhesion
enhancement of chitosan by the incorporation of thiol moieties [24, 61].
According to the results in Figure 6.11B, the Cur-Cs-SH-loaded BC punches
showed significantly higher F and W adhesion values to porcine skin than the
unloaded BC suggesting again the formation of disulfide bridges between the
Cs-SH and skin keratinocytes [68]. In this context, the F and W absolute values
were lower than in the mucoadhesion tests, probably due to the reduced
amount of accessible cysteine residues in porcine skin in comparison to mucin
disks. In this assay, no differences were observed in the adhesion of BCs with
different nanoparticle loadings. It is worthy to note that in this case the
porcine skin surfaces were immersed in pH 5.5 to model skin conditions,
preventing the formation of Cur-Cs-SH aggregates that would decrease the

surface area [69, 70].
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Regarding the absolute values of F and W obtained in the study, it is difficult to
compare them with other previous works due to the lack of standardization of
the mucoadhesion tests [28]. However, in this work the loading of Cur-Cs-SH
nanoparticles significantly increased the adhesion of BC membranes to
simulated mucosal and dermal surfaces. These thiolated nanoparticles
prolonged the residence time, led to higher drug concentration at the mucosal

surface and thus the bioavailability.
6.3.6 Antimicrobial tests

The presence of opportunistic microbes has the potential to hinder the
reparative and regenerative phases in healing processes, preventing the
restoration of the anatomical and physiological integrity and resulting in
chronic nonhealing wounds [71, 72]. Therefore, the antimicrobial activity of
Cur-Cs-SH-loaded BC membranes was studied using an agar diffusion test

against S. aureus and E. coli, as observed in Figure 6.12.

Figure 6.12 Antimicrobial agar diffusion assay results for 30BCnp samples against S. aureus (A)

and E. coli (B) at 24 h in triplicate.
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Figures 6.12A and 6.12B show =1 cm? 30BCnp films with a clear halo of S.
aureus and E. coli growth inhibition after 24 hours of incubation, respectively.
This antimicrobial capacity may be attributed to the combined activity of Cs-SH
and the curcumin diffused into the agar during the 24-hour study period.
Attending to the results, it was hypothesized that Cs-SH nanoparticles enhance
the effectiveness of the encapsulated polyphenol in such assays due to the
difficulty of curcumin to diffuse through the agar medium [14, 73]. In fact, as
mentioned in the introduction section, curcumin is a widely recognized
bioactive compound. Given its lipophilic and amphiphilic molecular structure,
curcumin binds to the bacterial cell wall, affecting its permeability and

ultimately leading to cell lysis [74].

Additionally, as observed in Figure 6.12, it can be asserted that Cur-Cs-SH
nanoparticles not only possess antimicrobial properties but also prevent
bacterial adhesion and subsequent biofilm formation on BC [14, 75]. Certainly,
it has been reported that Cs-SH can act as both gram-positive and gram-
negative bacterial growth inhibitor, sometimes more effectively than Cs itself
[76, 77]. Therefore, given the biocompatibility of BC, this type of combined
antimicrobial strategy is promising for applications such as wound dressings or

tumor treatment.

6.4 Conclusions

BC membranes, as exceptional biopolymers, have displayed promising
potential in wound healing and tissue engineering owing to their remarkable
biocompatibility across various tissues and physiological conditions.
Nonetheless, their complete application in biomedicine is limited by two key

challenges. Firstly, the hydrophilic nature of BC hinders the handling and
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delivery of lipophilic drugs. Secondly, the inherent adhesion capacity of BC

could require modifications to enhance its adherence to target tissues.

This study involved the synthesis and characterization of Cur-Cs-SH
nanoparticles integrated into BC membranes using vacuum-assisted filtration.
Analytical techniques including 1H-NMR and the ninhydrin test confirmed the
successful modification of 52% of Cs amines with thiol groups. The addition of
thiol groups not only endowed Cs with supplementary adhesive properties but
also increased its solubility in agueous media. Furthermore, the encapsulation
of the lipophilic drug curcumin, known for its antioxidant, antimicrobial, and
anticancer attributes, during the nanoparticle synthesis process, was also

achieved.

The results from DLS revealed the suitability of the ionic gelation method and
the chosen Cs:TPP ratio. Cs-SH nanoparticles exhibited a size of 121 £ 2 nm,
while Cur-Cs-SH nanoparticles were slightly larger at 152 + 6 nm. Stability
studies demonstrated the formation of stable nanoparticles within a wider pH
range due to the presence of thiol groups and encapsulated curcumin,
preventing aggregation or changes in hydrodynamic diameter until a pH above

7.5.

The effectiveness of BC as a matrix for nanoparticle retention was confirmed
by the vacuum-assisted filtration process, achieving a close to 99%
nanoparticle absorption rate within 45 minutes. In vitro release studies
exhibited a pH and initial loading-dependent release profile, with the release
kinetics controllable through the initial charge of FITC-Cs-SH in the BC. Both
30BCnp and 50BCnp samples demonstrated significantly higher adhesion

values than the control BC on mucin disks and porcine skin, indicating the
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potential of Cs-SH nanoparticles to enhance the performance of BC in human

mucous membranes and skin tissues.

The antimicrobial nature of the BC30np membranes was confirmed through
agar diffusion tests, showcasing clear antibacterial activity against S. aureus
and E. coli. Overall, the successful encapsulation of curcumin into Cs-SH
nanoparticles and their integration into BC membranes resulted in a sustained
release of curcumin, which can be crucial in controlling cytotoxic

concentrations and delivering curcumin to specific human cells effectively.

In this chapter, the bioavailability of curcumin was increased by encapsulating
it in Cur-Cs-SH nanoparticles, which in turn provided antimicrobial properties
and enhanced adhesion of BC membranes, thereby expanding their

applications in biomedicine.
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Chapter 7: General conclusions, future work and

list of publications

~.1 General conclusions

Circular economy presents itself as a sustainable alternative for proper socio-
economic development of the community. Precisely, the biorefinery of
industrial waste, understood from a biotechnological perspective, offers an
approach towards valorization that can be addressed from different angles. In
this context, as described throughout the thesis, GP agricultural waste,
represents an opportunity to develop high-value products due to its richness in
nutrients and active compounds. Thus, comprehensive strategies have been
proposed in this work to minimize the impact of a waste with negative

implications, both globally and locally in the Basque Country.

Initially, the roots of this work were established by developing a culture
medium using GP for the biosynthesis of BC. Sugar analysis confirmed the
suitability of GP as a carbon source for the growth of the acidophilic strain
Komagataeibacter medellinensis 1D13488. Additionally, ultrasound-assisted
sugar extraction methods and water thermal treatments proved to be effective
in enhancing the availability of reduced sugars. In fact, one of the advantages
of GP as an agro-industrial waste is the possibility of developing effective
culture media without extensive pre-treatments or with minimal raw material

treatments.

Static cultures and agitated cultures were compared, successfully producing BC
in the form of membranes and spheres, respectively. In this regard, gentle

agitation proved to be the most effective in obtaining BC spheres with
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competitive production yields compared to static cultures. Unlike other
reported residues in the literature, a small concentration of GP was sufficient
for bacterial proliferation. Furthermore, it was confirmed that the intrinsic
crystallinity and purity of BC were not affected by the GP culture medium or
the agitated cultivation conditions. In terms of applicability, BC spheres
exhibited superabsorbent capacity due to their porous structure and increased
surface area. Thus, they absorbed significant amount of the natural fertilizer
urea, retained it, and rapidly released it under aqueous conditions. Certainly,

the aim was to confer practical utility to BC within the agricultural sector.

BC produced from GP media was also used to obtain BCNCs. Enzymatic
hydrolysis was explored as an alternative to common acid hydrolysis,
considering the less sustainable nature of the latter. Characterization results of
BCNCs showed similar size distribution, thermal resistance, and crystallinity
values in both hydrolysis treatments. In parallel, phenolic compounds were
extracted from GP using an ultrasound-assisted hydroalcoholic treatment. This
more environmentally friendly alternative extraction of polyphenols proved to
be effective, as a wide variety of phenolic compounds were identified, and
antioxidant capacity was demonstrated through different mechanisms of

action.

With the aim of achieving an integral valorization of GP, as suggested by the
current trend of agricultural waste biorefinery, BCNCs and GPPE were
combined in a synergistic complex. The BCNC-GPPE complex demonstrated a
protective effect on the polyphenols, resulting in a prolonged antioxidant
capacity. Moreover, the polyphenols played a role in modulating the surface
charge of the BCNCs, enhancing their hydrophobic characteristics and

improving their colloidal properties. As a result, the complex exhibited an
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increased ability to stabilize Pickering emulsions with lipid-protective
antioxidant activity. Moreover, the biocompatibility of GPPE enhanced the
value-added condition of the product and expanded its applicability in the

cosmetic, nutraceutical, and pharmaceutical sectors.

BCNFs are recognized nanoreinforcements for enhancing the mechanical
properties of numerous polymeric matrices. With this aim, BC was
mechanically disintegrated to obtain BCNFs and combine them with starch inks
for 3D DIW printing. The addition of BCNFs significantly influenced the
printability and ibuprofen release profiles in NM formulations, indicating the
potential of BCNFs as effective reinforcing agents and release modulators.
Moreover, the successful integration of GPPE into WM inks demonstrated the
minimal impact on printability and emphasized again the potential of BCNFs in
controlling the subsequent release of the polyphenols on physiological media.
These results suggested a promising pathway for the development of
personalized active tablets and 3D printed edibles for various sectors, including

food, nutraceutical, and biomedical applications.

Lastly, Cs-SH nanoparticles were created with enhanced water solubility and
mucoadhesive properties. These nanoparticles were employed to encapsulate
curcumin and were successfully integrated into BC membranes via vacuum
filtration, demonstrating high nanoparticle-retention efficiency. Release assays
of FITC-Cs-SH nanoparticles indicated a pH-dependent release profile in
physiological conditions, influenced by the initial sample concentration. The
presence of nanoparticles led to improved adhesion on BC, suggesting the
potential of Cs-SH nanoparticles in enhancing drug release in human mucous
membranes and skin tissues. Additionally, the agar diffusion test results

confirmed the antimicrobial activity of the nanoparticle-loaded membranes,
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displaying significant antibacterial effects against S. aureus and E. coli. These
findings highlighted the effective role of BC as a robust matrix for the retention
of Cs-SH nanoparticles, thereby enhancing their biomedical application,

notably in the efficient encapsulation and delivery of curcumin.
7.2 Future work

The work developed in this thesis opens up numerous topics for further
research and more sustainable methodological approaches. Firstly, the
extraction processes during the project have focused on ultrasound-assisted
methods and the use of hydroalcoholic media to avoid excessive use of
harmful solvents. However, considering the promising results obtained, an
interesting line of further investigation would be the validation of these
treatments and their in-depth comparison with the existing literature.
Likewise, enzymatic hydrolysis promises to be a method worthy of future
focus. Therefore, validation studies aimed at enhancing its performance and
achieving precision in the production of BCNCs could be highly advantageous

in diverse fields.

One of the main discoveries of this work has been the excellent bioactive
properties of GPPE. Therefore, the main focus of future research would be to

explore all possible properties of GPPE and its application in novel utilities.

Certainly, during the international stay carried out at the University of
Strasbourg, under the supervision of Dr. Lydie Ploux and Dr. Corinne Nardin,
various antimicrobial and biocompatibility assays were conducted. The
objective in this case was to develop antimicrobial BC membranes against the
opportunistic pathogen Streptococcus Epidermidis. The results showed that

GPPE exhibited antimicrobial activity against S. epidermidis, but only when in
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suspension. The interaction through physical absorption of GPPE with BC
seemed to affect negatively its bacterial antibiofilm capacity. These findings
were supported by confocal microscopy and colony-forming unit counting. The
same results were observed with the antimicrobial peptides POM1 and POM?2,
highly effective experimental peptides that lost their activity when introduced

into BC membranes.

For this reason, considering the results from Chapter 6, a highly promising
research topic would be to utilize Cs-SH nanoparticles to encapsulate GPPE or
antimicrobial peptides and introduce them into BC membranes through
vacuum filtration. The drug release would be dependent on the release of the
nanoparticles from the BC membrane, and their mucoadhesion would enhance
biodisponibility. This approach could potentially address the issue of the

observed loss of antibacterial effectiveness during the international stay.

Moreover, the antimicrobial activity of GPPE can be explored against other
strains, and given the versatility of BC, it could be employed in various
applications. For instance, in the case of Pickering emulsions from Chapter 4,
the bactericidal activity against S. epidermidis could be studied to develop

creams to eradicate infections caused by this opportunistic pathogen.

On the other hand, the combination of GPPE and starch can be examined in
the development of controlled-release antioxidant supplements. In this case,
3D printing and the utilization of BCNFs could also facilitate customization of

the printed shape and release of the active compound.
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Table S1. Characterization of polyphenols from GPPE determined by UHPLC-Q-TOF-MS/MS analysis. Abbreviations: Cat (Catechin), Epi (Epicatechin),
Gal (Galic acid), gal (galactose, galactosil, galactoside), glc (glucose, glycosyl, glycoside), glcr (glucuronic acid, glucuronide), hex (hexose, hexosyl,
hexoside), Iso (Isorhamnetin), Kaem (Kaempferol), PB (Procyanidin), ((Epi)Cat)) 3 (Procyanidin trimer), Que (Quercetin) and pCoum (p-Coumaric acid, p-

coumaroyl).
ESI(+)-Q-ToF ESI(-)-Q-ToF
Com.No L(eer:t?}:::/:tion Lc PAP EXp. ALt Exp.
Y Mass . FormulafortheAdductsand Fragment cC. Formula for Adducts and
. Bands [M+H]" detected : A Mass the detected .
(mln)(nm) Error  [M+H]" ions of [M+H] [M-HJ [M-HT Ffragn_ﬁen-tlons
(mDa) Error (mDa) of [M-H]
Flavanols
1 ((Epi)cat)3 (1) ~ 3.30283 867.2136 C45H39018  715.1639 [U(1,3A)MD]+ 8651980 C45H37018  713.1509 [U(1,3A)MD]-
0.2 579.1514 [MD]+ 18 577.1340 [MD]-
427.1038 [U(1,3A)D]+ 425.0869 [U(1,3A)D]+
409.0928 [M(1,3A- 407.0772 [M(1,3A-
H20)D]+ H20)D]-
291.0873 [U]+ 289.00705 [D]-
289.0716 [D]+ 287.0551[U]-
247.0620 [U-C2H20]+ 245.0446 [U-C2H20]+
139.0394 [D(L,3A)]+ 125.0231 [D(1 4A+2H)]-
127.0396 [D(1,4A+2H)]+
123.0446 [D(1,2B)]+
2 PBI 552280 579.1508 C30H27012 427.1032 [U(1,3A)D]+  S77:1351 C30H25012  425.0874 [U(1,3A)D]-
0.5 409.0925 [U(1,3A- 0.5 407.0773 [U(1,3A-
H20)D]+ H20)D]-
291.0872 [D]+ 289.0714 [D]-

289.0707 [U]+

287.0553[U(1,3A)D(1,2A-
H20)]+

245.0815 [U-C2H20]+
125.0239 [D(14A+2H)]-
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((Epi)cat)3 (2)

PBII

5.84283

6.51280
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139.0388 [D(1,3A)]+
127.0389 [U(1,4A+2H)D]+

713.1503 [U(1,3A)MD]-
577.1327 [MD]-

425.0864 [U(1,3A)D]-

407.0763 [M(L,3A-
H20)DJ-
289.0697 [D]-

287.0549 [U]-
125.0234 [D(1,4A+2H)]-

425.0867 [U(1,3A)D]-

407.0761 [U(1,3A-
H20)DJ-
289.0707 [D]-

245.0810 [U-C2H20]+
125.0234 [D(1,4A+2H)]-
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5 Cat 759 278 291.0873 C15H1506
04

9 ((Epi)cat)3 (5)  9.80 283 867.2099 C45H39018
-3.7

10 PB IV 1219280 579.1500 C30H27012

-0.3

123.0441 [D(1,2B)]+
207.0659[Rup(A)]+ 289.0717
147.0447 [0,4B-2H20]+ 0.5
139.0394 [1,3A]+

123.0446 [1,2B]+

289.0712 [U]+
247.0603 [U-C2H20]+

139.0396 [D(L,3A)]+

127.0391 [D(L,4A+2H)]+

123.0446 [D(1,2B)]+

715.1680 [U(L,3A)MD]+  865.1988
579.1483 [MD]+ 08
427.1022 [U(1,3A)D]+

409.0907 [M(1,3A-
H20)D]+
291.0872 [D]+

289.0711 [U]+
247.0605 [U-C2H20]+

139.0392 [D(L,3A)]+

127.0394 [D(L4A+2H)]+

123.0438 [D(1,2B)]+

4271014 [U(L,3A)D]+  577.1349
409.0914 [U(1,3-H20)D]+ 0.3

C15H1306

C45H37018

C30H25012

205.0502 [Rup(A)]-
137.0235 [1,3A]-
123.0235 [1,3B-CO]-
109.0284 [1,3A-CO]-

287.0561 [U]-
245.0461 [U-C2H20]+

125.0229 [D(1,4A+2H)]-

713.1501 [U(1,3A)MD]-
577.1353 [MD]-
425.0852 [U(1,3A)D]-

407.0757 [M(1,3A-
H20)D]-
289.0707 [U]-

287.0555 [D]-
125.0229 [D(1,4A+2H)]-

425.0867 [U(1,3A)D]-

407.0765 [U(1,3A-
H20)D]-
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11

12

((Epi)cat)3 (6)

PB-gallate-1

13.20283

14.05280

867.2144 C45H39018
0.8

731.1599 C37H31016

-1.3

291.0860 [D]+
289.0701 [U]+

287.0550 [U(L,3A)D(1,2A-
H20)]+
247.0597 [U-C2H20]+

139.0388 [D(1,3A)]+
127.0389 [U(1,4A+2H)D]+
123.0441 [D(1,2B)]+

715.1669[U(1,3A)MD]+  865.1988
579.1511 [MD]+ 0.8
409.0907 [M(1,3A-

H20)D]+

427.1017 [U(1,3A)D]+

C45H37018

409.0919 [M(1,3A-
H20)D]+

291.0868 [D]+

289.0701 [U]+

247.017 [U-C2H20]+
139.0388 [D(1,3A)]+
127.0393 [D(1,4A+2H)]+
123.0442 [D(1,2B)]+

579.1152 [PB+H-Gallic
acid]+

729.1398 C37H29016

-5.8

289.0711 [D]-
245.0811 [U-C2H20]+
125.0237 [D(1,4A+2H)]-

713.1475 [U(1,3A)MD]-
577.1346 [MD]-

4250858 [U(1,3A)D]-
407.0772 [M(1,3A-
H20)DJ-

289.0705 [U]-

287.0553 [D]-

125.0236 [D(L,4A+2H)]-

577.1331 [PB-H-Gallic
acid]+
425.0861 [U(1,3A)D]-
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13

14

PB-gallate-2

Epi

15.14280

16.31278

731.1599 C37H31016

-1.3

291.0869 C15H1506
0.0

409.0924 [U(1,3-H20)D]+

291.0868 [D]+

287.0546 [U(L,3A)D(1,2A-
H20)]+

247.0604 [U-C2H20]+
139.0393 [D(1,3A)]+
123.0446 [D(1,2B)]+

579.1125[PB+H-Gallic
acid]+
427.1024 [U(1,3A)D]+

409.0923 [U(1,3-H20)D]+

289.0714 [U]+

287.0555 [U(L,3A)D(1,2A-
H20)]+

247.0611 [U-C2H20]+

139.0393 [D(1,3A)]+
127.0389 [U(1,4A+2H)D]+

123.0446 [D(L,2B)]+
207.0655 [Rup(A)]+
147.0443 [0,4B-2H20]+
139.0391 [1,3A]+
123.0444 [1,2B]+

119.0494 [0,4B-2H20-
Ccol+

729.1398 C37H29016
-5.8

289.0719 C15H1306
0.7

407.0756 [U(1,3A-
H20)D]-

289.0707 [D]-
245.0457 [U-C2H20]+

125.0235 [D(1,4A+2H)]-

577.1013 [PB-H-Gallic
acid]+
425.0869 [U(1,3A)D]-

407.0763 [U(1,3A-
H20)D]-
289.0705 [D]-

245.0455 [U-C2H20]+

125.0234 [D(1,4A+2H)]-

205.0499 [Rup(A)]-
137.0237 [1,3A]-
123.0443 [1,3B-CO]-
109.0286 [1,3A-COJ-
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15

16

((Epi)cat)3 (7)

PB-gallate-3

17.25283 867.2144 C45H39018

19.33280

0.8

731.1599 C37H31016

-1.3

715.1636 [U(1,3A)MD]+  865.1988 C45H37018
579.1479 [MD]+ 08
409.0903[M(1,3A-H20)D]+

427.1001 [U(1,3A)D]+

409.0903 [M(1,3A-
H20)D]+

291.0859 [D]+

289.0701 [U]+

247.0596 [U-C2H20]+
139.0387 [D(1,3A)]+
127.0391 [D(1,4A+2H)]+
123.0442 [D(1,2B)]+

579.1143 [PB+H-Gallic
acid]+
4271016 [U(1,3A)D]+  -5.8

409.0914 [U(1,3-H20)D]+

729.1398 C37H29016

289.0705 [U]+

287.0551 [U(1,3A)D(1,2A-
H20)]+

247.0596 [U-C2H20]+

139.0387 [D(1,3A)]+
127.0389 [U(1,4A+2H)D]+

123.0440 [D(L,2B)]+

713.1501 [U(1,3A)MD]-
577.1334 [MD]-
425.0869 [U(1,3A)D]-

407.0769 [M(1,3A-
H20)D]-

289.0706 [U]-

287.0557 [D]-
245.0437 [U-C2H20]+
125.0236 [D(1,4A+2H)]-

577.1335 [PB-H-Gallic
acid]+
425.0869 [U(1,3A)D]-

407.0764 [U(L,3A-
H20)D]J-
289.0710 [D]-

245.0447 [U-C2H20]+

125.0233 [D(1 4A+2H)]-
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17

18

PBV

((Epi)cat)3 (8)

20.37280 579.1500 C30H27012

-0.3

20.55283 867.2144 C45H39018
0.8

4271017 [UQ,3A)D]+  577.1349
409.0924 [U(1,3-H20)D]+ 0.3

C30H25012

291.0858 [D]+
289.0701 [U]+

287.0548 [U(L,3A)D(1,2A-
H20)]+

247.0597 [U-C2H20]+

139.0390 [D(L,3A)]+

127.0388 [U(L,4A+2H)D]+

123.0443 [D(L,2B)]+

715.1688 [U(L,3A)MD]+  865.1988
579.1496 [MD]+ 08

409.0920 [M(1,3A-
H20)D]+
427.1017 [U(1,3A)D]+

C45H37018

409.0920 [M(1,3A-
H20)D]+
291.0869 [D]+

289.0712 [U]+
247.0603 [U-C2H20]+
139.0394 [D(L,3A)]+
127.0393 [D(L,4A+2H)]+
123.0441 [D(1,2B)]+

425.0868 [U(1,3A)D]-

407.0765 [U(L,3A-
H20)D]J-

289.0706 [D]-
245.0808 [U-C2H20]+
125.0234 [D(1,4A+2H)]-

713.1500 [U(1,3A)MD]-
577.1340 [MD]-
425.0862 [U(1,3A)D]-
407.0761 [M(1,3A-
H20)DJ-

289.0705 [U]-

287.0551 [D]-

245.0436 [U-C2H20]+
125.0231 [D(1,4A+2H)]-
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19 PB VI 26.17280 579.1509 C30H27012  427.1044 [U(1,3A)D]+ 577.1349 C30H25012  425.0864 [U(1,3A)D]-
0.6 409.0916 [U(1,3-H20)D]+ 0.3 407.0749 [U(1,3A-
H20)D]-
289.0712 [U]+ 289.0701 [D]-
289.0712 [U]+ 245.0805 [U-C2H20]+
287.0560 [U(1,3A)D(1,2A- 125.0235 [D(1,4A+2H)]-
H20)]+
247.0612 [U-C2H20]+
139.0392 [D(1,3A)]+
127.0397 [U(1,4A+2H)D]+
123.0443 [D(1,2B)]+
20 PB-gallate-4 29.38 280 731.1599 C37H31016579.1165 [PB+H-Gallic acid]+ 729.1398 C37H29016 577.1031 [PB-H-Gallic
acid]+
-1.3 427.1029 [U(1,3A)D]+ 5.8 425.0853 [U(1,3A)D]-
409.0916 [U(1,3-H20)D]+ 407.0756[U(1,3A-
H20)D]-
289.0713 [U]+ 289.0704 [D]-
287.0558 [U(1,3A)D(1,2A- 245.0444 [U-C2H20]+
H20)]+
247.0597 [U-C2H20]+ 125.0234 [D(1,4A+2H)]-
139.0387 [D(1,3A)]+
127.0389 [U(1,4A+2H)D]+
123.0446 [D(1,2B)]+
Flavonols
21 Que-hex-hex-1 20.28 264,344 627.1572 C27H31017465.1021 [Y1]+ 625.137 C27H29017 463.0862 [Y1]-
1.1 303.0500 [Y0]+ -35 301.0342 [YO0]-
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22 Que-hex-hex-2 2447 264,344  627.1562 C27H31017465.1035 [Y1]+ 625.1401 C27H29017 463.0878 [Y1]-
0.1 303.0496 [YO0]+ -0.4 301.0352 [YO0]-
23 Que-hex-hex-3 25.18 264,344 627.1562 C27H31017465.1048 [Y1]+ 625.1401 C27H29017 463.0873 [Y1]-
0.1 303.0511 [YO]+ 04 301.0343 [Y0]-
24 Que-3-0O-gal 2757 255,353 nd. C21H21012487.0854 [M+Na]+ 463.0824 C21H19012
303.0511 [YO]+ -5.3
25 Que-3-0- 28.11 255,352 479.0824 C21H19013303.0506 [Y0]+ 477.0667 C21H17013 301.0347 [YO]-
glucoronide
-0.2 257.0452 [Y0-CHO-OH]+ -0.2 151.0029 [1,3A]-
229.0494 [Y0-CHO-OH-CO]+
153.0182 [1,3A]+
26 Que-3-O-glc 2833 255,352 nd. C21H21012487.0849 [M+Na]+ 463.0918 C21H19012 301.0328 [YO]-
303.0491 [YO]+ 41 271.0233 [Y0-CHO-H]-
255.0289 [Y0-CHO-OH]-
151.0027 [1,3A]-
27 Kaem-3-O-gal 30.15 265,345 449.1081 C21H21011n.d.[M+Na]+ 447.0929 C21H19011 285.0378 [YO0]-
-0.3 287.0553 [YO]+ 0.2 151.0025 [1,3A]-
28 Kaem-3-O- 3125 265,345 463.0878 C21H19012n.d. [M+Na]+ 461.0701 C21H17012 285.0390 [YO]-
Glucoronide
0.1 287.0557 [YO]+ -1.9 151.0027 [1,3A]-
153.0183 [1,3A]+
29 Kaem-3-O-glc 3143 265,348 449.1080 C21H21011n.d.[M+Na]+ 447.0934 C21H19011 285.0377 [YO]-
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0.4 287.0558[Y O]+ 0.7 151.0027 [1,3A]-
30 Iso-3-0O-gal 31.77 254,352  479.1192 C22H23012317.0663 [YO0]+ 477.1033 C22H21012 477.1033 [M-H]-
0.2 0.0 315.0447 [YO0]-
31 Iso-3-O-glc 32.32 254,352 479.1188 C22H23012317.0663 [YO0]+ 477.1042 C22H21012 477.1033 [M-H]-
0.2 0.9 315.0447 [Y0]-
Hydroxycinnamic
acids
32 pCumhex 10.58 313 n.d. 325.0925 C15H1708 163.0392 [YO0]-
0.2 119.0491 [YO-
co2J-
Hydroxybenzoic
acid
33 Gal acid 1.92 271 171.0301 169.0107 C7H505 125.0232 [M-H-CO2]-
-3.0 107.0132 [M-H-H20-C0O2]-
79.0178 [M+H-CO2-H20-
coJ-
34  Galloyl Derivative 360 279 Unknown 153.0199 [Y0-H20]+ Unknown 169.0154 [Y0]-

125.0236 [Y0-H20-COJ+
109.0290 [Y0-H20-CO2]+
107.0136 [Y0-2H20-COJ+

81.0345 [Y0-CO2-H20-COJ+

79.0181 [Y0-CO2-H20-COJ-
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