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CHAPTER 1

General Introduction




CHAPTER 1

1.1 Feather keratin

1.1.1 Keratin resources

Keratin dominates the largest family of intermediate filament proteins, widely
existing in feathers, wool, hair, horns, nails, etc. [ 2. As the main byproducts from
poultry farms, slaughterhouses and leather industries worldwide, keratin is the
third most abundant natural polymer after cellulose and chitin 4. Especially, with
a great demand for chicken meat and eggs, about 50 billion chickens are raised
globally every year, producing millions of tons of feather waste 3 5.. Chicken feathers
contain more than 90% keratin, serving as a huge alternative protein reservoir. As
an abundant, cost-effective and readily available natural biopolymer, feather keratin

shows promise for diverse applications [6l.
1.1.2 Properties and applications of feather keratin

Feather keratin is a natural biopolymer with an average molecular weight of about
10 kDa, rich in certain amino acids (e.g. glycine, serine, valine, alanine and cysteine)
78], The polypeptide chains form a-helix and -sheet structures, providing keratin
with mechanical property . Feather keratin contains about 7 mol% cysteine
forming abundant disulfide bonds [19. The abundant presence of inter- and intra-
chain crosslinks, along with hydrogen bonds, ionic bonds and hydrophobic
interactions confer an intrinsically stable chemical structure (Figure 1.1), resulting
in high stability, low solubility and resistance to enzymatic and thermal treatments
. As well as this, abundant carboxyls, amines and active thiols allow keratin to
undergo chemical modification, functionalization and conjugation [ 12

demonstrating the adjustability of functional properties.
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Figure 1.1. The central monomeric structure, dimeric structure and main bonds of chicken feather keratin.
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As a natural biopolymer, keratin exhibits good biocompatibility, biodegradability
and low toxicity U313, without burden on the environment and human health.
Despite its resistance to common proteases, researchers found that keratin can be
degraded by keratinolytic blacteria and some specific enzymes, such as keratinase
and proteinase K 16 17, Earlier studies have also reported the ability of keratin
degradation in vivo without immune rejection U8 1. Additionally, the specific
composition of functional groups (e.g. -COOH, -SH, -NH:2 and -OH), amino acids
and tripeptide structures (e.g. Arg-Gly-Asp and Leu-Asp-Val) contribute to its
potential biological functions 16 201. As outlined in previous reviews [ 12, keratin
presents biological capabilities involving hemostasis, wound healing, anti-
inflammatory, cell adhesion, cell proliferation, antibacterial and oxidation-reduction

properties.

Feather keratin has been taken as an alternative protein resource for new upcycling
processes for targeting applications such as fertilizers, feed, cosmetics and
biomedical materials 12! 22I. Specifically, the biomedical applications mainly include
hemostasis, wound healing, drug delivery, tissue engineering, involving products
of hydrogels, nanoparticles, micelles, scaffolds, sponges and biofilms ['2. As an
abundant natural biopolymer, keratin holds significant economic benefits and

environmental importance.
1.1.3 Limitations of feather keratin utilization

Despite the appealing properties, it is still challenging to fully utilize feather keratin.
The combination of disulfide bonds, hydrogen bonds, ionic bonds and hydrophobic
interactions resulted in a chemical robust nature, indicating resistance to various
chemicals/conditions and conventional proteases (e.g. pepsin and trypsin) [+ 231. It is
often costly and difficult to efficiently dispose feather waste in a large scale. The
majority of them end up in landfills, leading to both resource waste and
environmental problems, such as land, water and air pollution Bl. Only a minor
fraction undergoes processing into animal feeds, fertilizer and biomaterials
abovementioned [22. Nevertheless, various issues arise during the utilization of
feather keratin. Most keratin extraction processes exhibit drawbacks, including time
consumption, high cost, small scale, residual chemicals, etc. 24. The resulting
products are often with low economic value and unevenly qualified. For example,
alkali reagents can damage the polypeptide chain structure 3, and keratin tends to

aggregate when removing chemicals during extraction, which further results in poor



CHAPTER 1

solubility and dispersibility [ 26 271,
1.1.4 Available techniques for keratin extraction

Approaches to extract keratin are in general based on solubilization followed by
extraction. To solubilize often oxidation, reduction, alkaline hydrolysis, microwave
irradiation, steam explosion, ionic liquids, sulfitolysis and enzymatic hydrolysis are
used 281, Although chemical hydrolysis possesses high efficiency in solubilizing
keratin, most of the current methods result in residual chemicals (e.g.
mercaptoethanol (MEC) and sodium dodecyl sulfate (SDS)), which limits the
application in food and pharmaceutical areas (2. Additionally, the methods of
oxidation, reduction, alkaline and sufitolysis have been reported to carry the risk of
damaging the protein backbone and amino acid residue (e.g. tryptophan and
methionine) 231, while thermal hydrolysis may result in severe degradation and
chemical modification though with less requirement of reagents 2. The methods
with microwave and ionic liquids are more eco-friendly compared to other methods,
however, exhibiting drawbacks as well, such as cysteine loss and low yield 122331, For
instance, a maximum yield of 21.5% of feather keratin was recycled through the ionic

liquid after four hours 4.

Enzymatic hydrolysis stands out owing to its relatively mild treatment conditions
and the preservation of functional properties 3. It offers numerous advantages over
chemical and hydrothermal treatments, e.g. environmental safety and lower energy,
making them extensively employed in various industrial and biotechnological
processes (28 36, Enzymatic hydrolysis is an applicable technique for safeguarding
functional groups and yielding bioactive peptides [16 #7l. Beyond that, it also shows
prospects in other aspects. The emergence of amphiphilic structures after enzymatic
hydrolysis can spontaneously self-assemble into various well-defined
nanostructures, such as nanoparticles, nanotubes, nanofibrils, nanorods and
micelles 138 ¥ Previously, partial enzymatic hydrolysis was found to be an
efficacious approach for preparing soy protein nanoparticles, exhibiting spherical
shapes, enhanced solubility, stability and improved biomolecule encapsulation
efficiency 0. Thus, enzymatic hydrolysis is promising in producing high-valued
bioactive keratin peptides and keratin-based nanoparticles. In this thesis, enzymatic
hydrolysis will be considered as a key technique to formulate a more efficient and

eco-friendly process for reusing feather keratin.
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Overall, keratin is a promising natural biomaterial deserving anticipated exploration
to bring further benefits to humanity. However, how to convert feather waste into
value-added products from both economic and environmental viewpoints needs to
be addressed. This thesis aims: 1) to develop a more sustainable strategy for
efficiently extracting/utilizing keratin; 2) to investigate the potential biological
activities (antimicrobial and cell-penetrating ability) of hydrolyzed keratin; 3) to

develop keratin-based material into high-valued nanocarrier products.
1.2 Bioactive molecules
1.2.1 Bioactivities and applications

In recent years, bioactive molecules (biomolecules) have gained attention among
researchers, producers and consumers, owing to their recognized potential for
promoting health benefits and well-being [“1. The most-reported biomolecules
encompass fatty acids, polyphenols, flavonoids and bioactive peptides 42 43, such as
insulin, curcumin and resveratrol (44, Many preclinical, clinical and
epidemiological investigations have been conducted in vitro to elucidate their
chemical properties and explore their applications #7l. The functional properties,
including anti-oxidant, anti-cancer, anti-diabetes, anti-aging and anti-inflammatory
bioactivities, etc. are beneficial for human health and preventing and managing
diseases 1% 4. They have been applied to kinds of products, including functional

foods, nutraceuticals, pharmaceuticals and cosmeceuticals [49].
1.2.2 Physicochemical properties and limitations

However, despite the favorable bioactivities, their bioavailability and applications
are often restricted by poor physicochemical properties. Biomolecules exhibit
diverse chemical structures, encompassing both hydrophilic and lipophilic
properties, the chemical structures of which are highly heterogeneous 7). The
intrinsic nature, such as large molecular weight, hydrophilicity and lipophilicity,
will hinder their passive diffusion, biomembrane permeation and solubility in the
intestine 5052, The degradation by low pH and enzymes, bioconversion by gut
microbiota and elimination by efflux mechanism in the gastrointestinal (GI) tract
will also lead to low absorption and bioavailability 15355 The properties of solubility,
stability, permeability and metabolic interconversions play a key role in the
bioaccessibility of biomolecules [56l. Additionally, the environmental conditions

during processing, storage and transportation (e.g. heating, oxygen levels, humidity,



CHAPTER 1

pH, ionic strength and light exposure) can also result in biomolecule degradation 47
57 %8 To achieve effective health responses, the stability enhancement of
biomolecules is crucial for ensuring their successful delivery to the intended site of

action at an optimal dosage [5% 601,
1.2.3 Insulin— A typical representative

Insulin is a typical polypeptide biomolecule with the main administration of daily
injection, but 45-60% of diabetic patients intentionally skip insulin doses due to the
fear of injections !l Oral administration is a more suitable and ideal route to
enhance compliance and therapeutic outcomes for diabetic patients. However, the
special characteristics make insulin easily denatured and degraded. The
physicochemical properties, such as poor stability and sensitivity to harsh pH and

enzymes, pose significant limitations on its bioavailability when administered orally.

As outlined in the previous review, the key features of insulin can be summarized
as follows: 1) large molecular weight (5.8 kDa); 2) short half-life (3-10 min); 3)
solubility and partition coefficient; 4) hydrophilicity; 5) colloidal aggregation; 6)
enzymatic cleavage (e.g. by pepsin, elastase, lipase, carboxypeptidases, trypsin,
chymotrypsin, brush border endopeptidase, exopeptidase and cytosolic lysozyme);
7) poor oral absorption; 8) low diffusion rate across mucin barrier; 9) poor stability
at different pH; 10) limited permeation through gastrointestinal membranes; and 11)
first-pass elimination leads to a low therapeutic index, low bioavailability (<2%) and,
in turn, ineffective in controlling the blood glucose levels 2. Hence, developing an
effective technique enhancing the physicochemical properties of insulin and
providing protection against various barriers encountered during oral
administration is becoming imperative. In this thesis, insulin will serve as the

primary target biomolecule for developing keratin-based nanocarriers.
1.3 Nanocarriers
1.3.1 Overview of nanotechnology

Nanotechnology has been taken as a crucial tool for creating promising
nanostructures in potential biomolecule delivery systems [6.  Various
nanotechnology-based delivery systems have been developed and validated, such
as nanoparticles, micelles, liposomes, dendrimers, nano-emulsions, nanotubes and

nanogels (Figure 1.2) ¢4 651, Nanoparticles are minute objects with at least one
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dimension between 1 and 100 nm in diameter, exhibiting improved physicochemical
and physiological properties owing to their small size and large surface area [66. A
recent review noted that the size of nanoparticles can be extended up to 1000 nm [67.
Typical advantages include improved solubility/dispersibility, colloidal stability
and surface reactivity, prolonged gastrointestinal retention via mucoadhesion and
enhanced permeability [ ¢l. Nanoparticles can encapsulate biomolecules within the
matrix or core, protecting against harsh conditions, enzyme degradation and other
barriers in the GI tract. The small sizes are beneficial for increasing nanoparticle
mobility across a heterogeneous viscoelastic network of mucus, which has been
reported with an average mesh size from 10 to 200 nm ["l. Their internalization by
epithelial cells or M cells within Peyer's patches could also promote intestinal
absorption 7. Additionally, nanoparticles can improve lengthening circulatory half-
life, targeted delivery and controlled release 2. Nanoparticles have been widely
applied in food, nutraceutical and pharmaceutical areas, exhibiting remarkable
capability for delivering biomolecules within the precise dosage range prescribed 148
7). This leads to enhanced biomolecule bioavailability and reduced side effects and

facilitates greater patient compliance.

Dendrimers Micelles Liposomes Nanogels Nanoemulsions

M,

byl I LY
us -; z

Nanotubes Solid lipid Polymeric Gold nanoparticles
nanoparticles nanoparticles

Figure 1.2. Representative formulations of nanocarriers 64 74],
1.3.2 Classification of nanoparticles

Researchers have categorized nanoparticles into three types based on materials:
lipid-based, inorganic and polymeric nanoparticles 1, demonstrating sound oral

delivery effects. Polymeric nanoparticles are broadly classified into two major
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groups: synthetic and natural polymeric nanoparticles. Especially, natural and
synthetic biodegradable polymers derived from bio-based materials have promoted
the development of safe and targeted nanocarrier systems, due to benefits such as
biocompatibility, biodegradability, low toxicity, sustained release properties,
inherent immune regulation, biocompatibility, mucosal adhesion, etc. [75.
Nevertheless, despite the vast potential of synthetic biopolymers, their global
production is still a minor fraction, necessitating extensive research for cost-effective,
large-scale production and confirming environmental compliance 6l. Conversely,

natural polymers show greater promise for applications in nanocarrier systems.
1.3.3 Natural polymeric nanoparticles

Natural polymeric nanoparticles are sourced from natural polymers, such as
proteins and polysaccharides derived from plants, animals and microorganisms [481.
Due to their excellent biodegradability, biocompatibility and low toxicity, they have
been widely applied in nano-delivery systems and taken as the best choice for
encapsulating and delivering drugs [7l. The ideal characteristics for natural
polymers in oral delivery systems encompass biocompatibility, bio-adhesion,
biodegradability, renewability, cost-effectiveness, non-toxicity, hydrophilicity,
surface modifiability and derivation from renewable sources [78l. The most common
natural polymers, including alginate (9, chitosan/chitin [, pectin 1, gelatin [82],
collagen 3], zein 34, rice protein [85, whey protein [, soy protein [, casein [87,
albumin 8], keratin 89, etc. have been reported for extensive application to deliver
macromolecules, proteins and drugs. They are prominent for their economic
feasibility, ease of preparation and stability in biological fluids, and some even
exhibit superior cell proliferation, adhesion and efficient targeting, making them
ideal for various applications . Natural polymers are relatively safer than synthetic

polymers and demonstrate the potential for more suitable drug delivery 78911,
1.3.4 Protein-based nanoparticles and main preparation techniques

Recently, protein-based polymers, such as zein, whey protein and soy protein
mentioned above, have been widely applied to nanoparticles for orally delivering
biomolecules due to various merits. These protein-based polymers can bear positive
or negative charges at pH values below or above their isoelectric points, respectively,
thus enabling the loading of biomolecules 192%]. They can undergo site-selective

modifications through amino acid mutagenesis, allowing the conjugation of
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biomolecules into the protein backbone. The hydrophobic domains within protein
molecular structures are able to attract hydrophobic therapeutics, such as water-
insoluble drugs 1. Despite significant improvements in biomolecule delivery,
certain deficiencies of protein-based nanoparticles are still worth improving. For
example, some protein nanoparticles are prone to aggregation and exhibit instability
in diverse aqueous environments, leading to a shortened shelf life [%]. The poor
permeability through the mucus layer and the intestinal epithelium is also a critical
problem needing improvement 1. Thus, more suitable polymers and enhanced
formulations will be required to overcome the shortcomings associated with nano-

delivery systems.

Nowadays, the techniques for preparing protein-based nanoparticles have been well
developed and mainly classified into natural self-assembly, physical, chemical and
enzymatic types based on the physical and chemical differences [8l. The existing
advantages and drawbacks of the most common techniques are summarized in
Table 1.1. Despite significant progress, shortcomings have been exposed, such as
residual chemicals, energy consumption and high cost. Therefore, developing a
more sustainable technique for preparing protein-based nanoparticles with high

performance from both economic and environmental viewpoints is meaningful.
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1.4 Oral delivery system
1.4.1 Overview of oral delivery system

Millions of patients have been reported to avoid their medications because of needle
phobia and accompanying pain, thus oral delivery stands out as the favorable
medication over injections . Oral delivery is becoming a widely applied and
popular medication pathway due to its convenience, painlessness, cost-effectiveness,
high compliance, and sustained and controlled delivery 110101, The large intestinal
surface area (300-400 m?), coated with a viscous mucosal layer, can facilitate drug
attachment and subsequent absorption [02. The abundance of enterocytes
distributed throughout various parts of the intestine, particularly the microfold cells
(M cells) that cover Peyer's patches and the lymphoid segment of the small intestine,
will also contribute to the absorptive capacity of the human intestinal epithelium (1031,
It is particularly favored for self-medication and facilitating adherence to a
prescribed medication regimen [04. So far, researchers have made significant
achievements in developing oral nano-delivery systems, such as self-emulsifying
delivery systems 103, polymer conjugation [1%], encapsulation [17] and nanoparticle

vesicles [108],
1.4.2 Barriers to the oval delivery system

Despite the progress of nano-delivery systems, barriers along the GI tract, such as
physiological, biochemical and formulation-based barriers 7% 101, remain a big
challenge for biomolecule bioaccessibility. Physiological and biochemical barriers
mainly include saliva solutions, harsh gastric pH, enzymatic degradation, mucus
layer, epithelium cells with tight junctions, bioconversion by gut microbiota, efflux

mechanism and hepatic metabolism [45 971 (Figure 1.3).

Saliva fluid is the first barrier during mouth containing proline-rich glycoprotein
and antimicrobial compounds, which can potentially cause degradation of
antioxidant molecules (e.g. polyphenols and [3-carotene) (1% 110, The second barrier
involved hash luminal pH, its variation and luminal enzymes during the GI tract.
The luminal pH varies from 1.2-3.0 (stomach) to 6.5-8.0 (intestine), which can induce
deamination and oxidation of biomolecules [''1l. Various luminal enzymes, such as
pepsin, pancreatic and colonic bacterial enzymes, can induce biomolecule
degradation 1121131, The third barrier is mucus, which covers all inner surfaces of the

GI tract with a pore size of about 200 nm, comprised of mucin, glycoproteins,

11
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electrolytes, and so on. It prevents large molecules and pathogens into the systemic
circulation 17. 114 115 After that is the epithelial barrier, comprised of epithelial cells
(enterocytes, goblet cells, Paneth cells and Microfold cells) interconnected through
tight junctions, adherent junctions and desmosomes [€. It is challenging to
transport biomolecules with a bulky nature and hydrophilicity across the intestinal
epithelium is challenging ["1. Additionally, the microbiota-mediated metabolism
may affect the bioactivity, bioavailability and toxicity of biomolecules, involving
processes such as ester hydrolysis, deglycosylation, decarboxylation, deconjugation,
dehydroxylation, demethylation, oxidation, reduction, racemization, ring fission
and ring breakage 8. In addition to that, the authors also summarized the risks from
hepatic metabolism and efflux mechanism. Hence, it is crucial to consider the

mentioned challenges regarding oral delivery when developing new delivery

systems.
Biomolecules
;"‘ /‘J‘
Mouth \> Y=g /
Saliva fluid: antimicrobial ‘_’,. \

compounds, etc.

Stomach
pH:1.2-3.0

Enzymes: pepsin, gelatinase, etc.
Lumen

Intestine

pH:6.5-8.0

Enzymes: trypsin, elastin,
carboxypeptidase, chymotrypsin,
colonic bacterial enzymes, etc.
Mucus: mucin, glycoproteins,
electrolytes, etc.

Epithelial cells

Microbiota metabolism

Efflux mechanism

Hepatic metabolism

Mucus

Epithelium

P Ti
transport transport

Figure 1.3. Physiological and biochemical barriers in the GI tract 4 78],

Beyond physiological barriers, the formulations also encounter challenges for orally
delivering biomolecules [72. Key strategies addressing formulation barriers include
overcoming obstacles in the GI tract, where approaches such as enzyme inhibitor,
modification and carriers (micro/nanoparticles, micelles, liposomes, hydrogel, etc.)
can be potentially applied [101l. Herein, it is crucial to understand the biomolecules-
excipient interactions for a better design of stable formulations. The design of
carriers for facilitating the oral delivery of biomolecules should consider the

abovementioned obstacles, including but not limited to an acidic environment,

12
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enzymes, residence time, microbiome and permeability across mucus and the

intestinal epithelium.
1.5 Thesis outline

Over the past decade, significant efforts have been devoted to enhancing the
utilization and valorization of residual keratin materials. Despite notable progress
in disposal techniques, a need for an alternative, more sustainable, cost-effective and
efficient strategy remains. Prior research has provided insights into the
physicochemical and biological properties of keratin, leading to the development of
several highly-valued products. However, there are fewer reports on the bioactivity
of hydrolyzed keratin and its potential application in nanoparticles for delivering
biomolecules. Considering the above, this thesis aims to 1) explore alternative and
highly efficient strategies for reusing feather keratin with sustainability in mind; 2)
delve into the potential antimicrobial and cell-penetrating capabilities of hydrolyzed
keratin; 3) develop keratin-based nanoparticles for delivering biomolecules, where

insulin was applied as the target biomolecule.

In Chapter 2, we proposed a strategy combining ultrasound and Cys-reduction to
extract keratin from chicken feather waste. The effect of ultrasound on the
physicochemical properties of keratin was investigated, and the process with
optimal conditions was obtained via Box-Behnken Design. As enzymatic hydrolysis
is effective for preparing bioactive peptides, the potential bioactivity of keratin
hydrolysate was delved into in Chapters 3 and 4. In Chapter 3, the instant catapult
steam explosion (ICSE) technique assisted with enzymatic hydrolysis was applied
to prepare keratin peptides (KEP). The study involved the effect of ICSE treatment
on feather pre-deconstruction, followed by an assessment of different enzymes on
feather further deconstruction. The resulting keratin hydrolysates were then
investigated for their antimicrobial activity, revealing their potential application in
antimicrobial products. Antimicrobial peptides (AMPs) and cell-penetrating
peptides (CPPs) often share common physicochemical characteristics with
functional similarity, based on which we hypothesize that KEP might possess cell-
penetrating ability. The hypothesis was verified in Chapter 4, employing
fluorescein-labeled insulin (FITC-INS) as the target intracellular molecule for
investigating its cellular uptake into Caco?2 cells delivered by KEP. In addition, the

cytotoxicity, cellular uptake mechanism and physicochemical characterization of

13



CHAPTER 1

KEP were investigated, which might provide insights into their action mechanism.
Chapter 5 focused on preparing self-assembled keratin nanoparticles (KNPs)
through partial hydrolysis and pH-shifting method. This chapter delved into the
impact of different degrees of hydrolysis (DH) on the physicochemical properties of
KNPs, e.g. solubility, microstructure, aggregation behavior and digestibility.
Additionally, the restructuring of KNPs by shifting pH between 2.0 to 7.0 was
investigated. Allied to this, Chapter 6 endeavored to develop a novel formulation
incorporating KNP and sodium alginate (ALG) with enhanced stability. In this
section, the double-coated nanoparticles (ALG-KNP-INS) were prepared via
gelation based on the process of partial hydrolysis and pH-shifting mentioned in
Chapter 5. The assessment involved physicochemical properties (e.g. FTIR, re-
dispersibility and microstructure), environmental stability (e.g. heating and storage),
and physiological stability in the GI tract with/without enzymes. Finally, in Chapter
7, the results obtained in this thesis are presented and discussed in a broader context.
Future recommendations and perspectives regarding the valorization and

application of keratin materials are discussed.

14
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CHAPTER 2

Abstract

Chicken feather (CF) has been deemed as one of the main poultry byproducts with
a large amount produced globally. However, the robust chemical nature of chicken
feathers has been limiting in its wide-scale utilization and valorization. The study
proposed a strategy of keratin extraction from chicken feathers combining
ultrasound and Cysteine (Cys)-reduction. First, the ultrasonic effect on feather
deconstruction and keratin properties was investigated based on Cys-reduction. The
results show that the feather dissolution was significantly improved by increasing
both ultrasonic time and power, and the former had a greater impact on keratin yield.
However, the treating time >4 h led to a decrease in keratin yield, producing a large
amount of small soluble peptides. Meanwhile, prolonging time led to decreased
thermal stability and amino acid loss (e.g. Ser, Pro and Gly) of keratin. Conversely,
solely by increasing ultrasonic power caused insignificant damage to chemical
structure and thermal stability but enhanced the keratin solubility. Compared to the
control, the keratin extracted under optimal conditions (130 W, 2.7 h and 15% of Cys)
exhibited better solubility without damage in chemical structure, thermal stability
and amino acids composition. The findings illustrate that ultrasound physically
improved CF deconstruction and keratin solubility without nature damage. The
study provides an alternative for keratin extraction involving no toxic reagent,

holding promise in the utilization and valorization of feather waste.
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CHAPTER 2

2.1 Introduction

With a great demand for chicken meat and eggs, there are about 50 billion chickens
raised globally every year, with a large amount of feather waste produced [1. Feather
waste is a renewable resource containing more than 90% of keratin 12, rich in Cys,
Gly, Pro and Ser Bl. Feather keratin has potential to be a highly applicable
biopolymer with a molecular weight of around 10500 Da resulting in good
biocompatibility, absorbability, biodegradability and non-toxicity [ 5. Some feather
waste has been processed into animal feeds, fertilizers, as well as biomaterials,
including hydrogels, nanoparticles, sponges, biofilms and biomedical materials [6-11,
For example, Wang et al. have extracted chicken feather into keratin nanoparticles
and applied them to hemostasis ['2. Despite extensive research devoted to keratin
regeneration, the highly stable and resistant nature of feather keratin caused by
abundant disulfide cross-link in high content of cystine (~ 7 mol %), hydrogen bonds
and hydrophobic interactions has limited its utilization on a large scale [4 13 141. The
majority of feather waste end up in landfills leading to both environmental problems
and resource waste. Therefore, it is desirable and important to develop an efficient

and more eco-friendly way for reusing feather waste into available materials.

There are several ways for keratin extraction from keratin-rich materials, including
oxidation, alkaline hydrolysis, reduction, microwave irradiation, steam explosion,
sulfitolysis, ionic liquids and enzymatic hydrolysis (5. Although chemical
hydrolysis possesses high efficiency in solubilizing keratin, most of the current
methods can produce chemical residues (e.g. sodium dodecyl sulfate, SDS), which
limits the application in food and pharmaceutical areas, even with toxic chemicals
(e.g. mercaptoethanol, MEC), resulting in environmental problems. Additionally,
the methods of oxidation, alkaline and sufitolysis have been reported to own the risk
of damaging protein backbone and amino acid residue (e.g. Trp and Met) [6-18], while
thermal hydrolysis may result in severe degradation and chemical modification
though with less requirement of reagents [1. The methods with microwave, ionic
liquids (IL) and enzymes are more eco-friendly compared to other methods,
however, exhibit drawbacks as well, such as time-consuming, low yield and high
cost (20211, For instance, the feather-degradation rate only reached about 47.56% via
keratinase enzymatic hydrolysis after 1220 min 22, while there was feather keratin
with a maximum yield of 21.5% was extracted through the ionic liquid of 1-

hydroxyethyl-3methylimidazolium  bis  (trifluoromethanesulfonyl)  amide
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([HOEMIm][NTf2]) after 4 h 123l. Hence, it is a pressing issue to find a more suitable
method to regenerate feather keratin with minimal usage of chemicals and with high

efficiency at a low cost.

Reduction hydrolysis under alkaline conditions is the most common way for keratin
extraction through which the product quality can be controlled via different solvents,
reaction time and other parameters 2 231. The use of reducing reagents like thiols has
lots of disadvantages, such as being expensive and harmful to both humans and the
environment. Xu. et al. have proposed a reduction way using Cys as reducing
reagent and urea as protein denaturant instead of MEC for keratin extraction, with
which the disulfide bonds were broken down controllably 6. The amino acid Cys
exhibits strong reducibility owing to the thiol group, and more importantly, it can
be commercially produced via fermentation, thus being an environmentally friendly
agent 7. Also, urea could be recycled from extraction solutions showing

sustainability 1281,

Besides, ultrasound has been widely applied in various areas, such as food,
biomedicine and cosmetics. On the one hand, the mechanical vibration effect can
promote the contact between material and medium, thus facilitating the reaction
process. On the other hand, destruction often occurs with acoustic cavitation
through a sonication medium. Generally, the acoustic streaming of mechanical
vibration effect can enhance mass transfer and finally result in productivities in
industrials. For example, it has been reported that the yield of collagen II (3.37 g)
from chicken sternal cartiage was greatly increased by treating with ultrasound for
36 min compared with non-ultrasound group (1.73 g), with an improvement of
functional properties, such as foaming and emulsifying properties (. In the study
of regenerating keratin from feather using (1-butyl-3-methylimidazolium chloride,
[BMIM]CI) assisted with ultrasound, ultrasonic irradiation significantly improved
keratin dissolution compared with the conventional method and shortened process
time from 2 h to less than 20 min [211. Taken together, it is a promising way to combine

ultrasound and Cys reduction for keratin extraction.

The main purpose of this study was to develop an efficient and sustainable process
combining Cys-reduction and ultrasound for feather waste valorization. Firstly, the
effect of ultrasonic power and time on the yield and physical properties (e.g. feather
dissolubility, keratin yield, chemical structure and crystallinity) of regenerated

keratin was investigated based on the Cys-reduction method. Then, the process
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optimization of Cys-reduction assisted with ultrasound was conducted using Box-
Behnken Design. Finally, feather keratin was prepared under optimal conditions,
the physicochemical characterization, including chemical structure, crystallinity,
thermal stability, amino acids composition and keratin solubility, of which was also
assayed taking keratin untreated with ultrasound as control. The study
systematically explored the potential application of ultrasound in feather
deconstruction and might be meaningful in providing an alternative strategy for

utilizing feather waste.
2.2 Materials and methods
2.2.1 Materials and chemicals

Chicken feather was supplied by the Institute of Animal Sciences of Chinese
Academy of Agricultural Sciences (CAAS). Feathers were cleaned with detergent
and distilled water and then were dried at 50 °C in an oven for 48 h. Subsequently,
the dried feathers were milled into a cotton shape for keratin extraction. Reagents
including urea, Cys, etc. were of analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd (China). HPLC grade acetonitrile (ACN) was supplied
by Thermo Fisher Scientific (Waltham, USA). The deionized water was obtained via
Milli-Q 50 system (Millipore Corp., Milford, MA, USA).

2.2.2 Keratin extraction using Cys reduction assisted with ultrasound

2 g of milled feather were mixed with 20 mL of a solution containing 8 M urea and
15% Cys, which has been adjusted to pH 10.5. The mixture was treated with
ultrasound at various power (100-600 W) for varying times (2-10 h) at 70 °C using
an ultrasonic instrument at the frequency of 40 kHz (YQ1001C, Yijing Ultrasonic
Instrument Co., Ltd, Shanghai, China). Then, the mixture was centrifuged at 8000
rpm for 20 min thus obtaining supernatant. The keratin was further precipitated by
adjusting the supernatant to pH 4 with hydrochloric acid and then was washed three
times with distilled water under centrifugation of 8000 rpm for 20 min. Finally, the
regenerated keratin was lyophilized and weighed. The effect of both ultrasonic
power and time on keratin yield was analyzed by linear regression modeling. The

yield (Y) of regenerated keratin was calculated with equation (1):

Y (%) = 2—‘1&100 (1)

Where mo represents the weight of dried keratin, and mi represents the weight of
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introduced chicken feathers on a dry base.
2.2.3 The morphology of chicken feather

The uncrushed feathers were treated by ultrasound-assisted Cys-reduction under
conditions as section 2.2.2 described for various times (2 to 10 h) with ultrasonic
power of 200 W. The treated feathers were washed three times with distilled water,
and then were stored in 4% paraformaldehyde at 4 °C. The feathers were observed
using an inverted microscope (Zeiss Axio Vert.Al, Zeiss, Germany) at 2-3 cm from

the thick end with a magnification of x100.
2.2.4 Characterization of regenerated keratin

The keratin extracted under conditions as section 2.2.2 described (200 W for 2 to 10
h and 100 to 600 W for 4 h) was characterized with raw chicken feather as control.
For chemical structure, the samples were determined referring to previous study [3.
Keratin samples were ground with potassium bromide (KBr) under dried air, and
then the mixture was pressed into a 1 mm pellet and scanned in a frequency from
4000 to 400 cm ! using Fourier transform infrared spectroscopy (FTIR) spectrometer
(Model Nicolet Nexus 470, Thermo Fisher Scientific, Waltham, MA, USA).

For thermogravimetric analysis (TGA) and derivative thermogravimetric analysis
(DTG), the samples were analyzed via Thermogravimetric Analyzer (Pyris Diamond
TG/DTA, PerkinElmer, USA) in a flowing nitrogen atmosphere. The samples were
loaded in aluminum pans and equilibrated, and then were heated from 30 °C to

500 °C with a heating scan rate of 10 °C-min-'.

For crystallinity analysis, X-ray diffraction (XRD) study was performed using a
Panalytical Empyrean powder diffractometer (Ultima IV, Rigaku, Japan) at 25 °C.
The CuKal radiation (A = 1.54 A) was produced at 40 kV and 40 mA. Diffraction
intensities were recorded with 20 ranging from 5° to 80° with a step size of 0.02° 20
at a scan speed of 5°/min. The crystallinity index (CI) was calculated with equation
(2) o1

CI (%)= x100 ?)

total

Where Atwta is the total area under the diffraction curve from 5 to 60 °, and Acystal is

the area below the crystal diffraction peaks.
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2.2.5 Content of soluble protein and peptides

2 g of milled feather mixed with 20 mL of the buffer as section 2.2.2 mentioned were
treated with ultrasound at 200 W for different times (2, 4, 6, 8 and 10 h) and with
varying ultrasound (100 to 600W) at 70 °C. The supernatant was obtained by
centrifuging the mixture at 8000 rpm for 20 min and then was diluted 100 times
using distilled water for assaying soluble protein and peptides according to the

method as Lowry et al. mentioned 1¥2, using bovine serum albumin as a standard.

For soluble protein determining, briefly, 20 uL of the diluted supernatant and 200
pL of reagents were added into 96-well plates, and the mixture was then stood for
30 min at 37 °C. After that, the absorbance was detected via a microplate reader
(Synergy H1, BioTek, USA) at 660 nm.

In order to determine soluble peptides, 0.25 mL of diluted supernatant was fully
mixed with an equal volume of trichloroacetic acid (TCA) solution (10%) and stood
for 60 min at room temperature. After that, the final supernatant was prepared by
centrifuging the mixture at 10000 xg for 20 min. Subsequently, the procedure for

peptides detection was the same as that of protein measurement above.
2.2.6 Distribution of molecular weight of peptides

The molecular weight (Mw) of soluble peptides in extraction supernatant obtained
as section 2.2.5 described was assayed using Agilent liquid chromatograph 1200
with a UV detector (Agilent, CA, USA) 123l. The TSK gel filtration column (G2000
SWXL 300 mm x 7.8 mm, Tosoh Co., Tokyo, Japan) was adopted, and the mobile
phase was composed of water/acetonitrile/trifluoroacetic acid (55/45/0.1, v/v/v). The
flow rate of the mobile phase was 0.5 mL /min with column thermo-stated at 40 °C.
The injection volume of the sample was 10 pL, and the absorbance was monitored
at 220 nm. The standards used for Mw calibration curve included Gly-Sar (146.15 Da),
tetrapeptide Gly-Gly-Tyr-Arg (451 Da), bacitracin (1423 Da), aprotinin (6511 Da),
cytochrome C (12355 Da) (Sigma Aldrich, St. Louis, MO, USA). The data were

analyzed via gel permeation chromatography software.
2.2.7 Amino acids analysis

The amino acids composition in regenerated keratin were analyzed using
peroxidation and acid hydrolysis method 4. Briefly, the accurately weighted

samples (~10 mg) were slowly dispersed in 2 mL ice-cold performic acid solution
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(hydrogen peroxide: formic acid = 1:9) which has been freshly prepared. The mixture
was incubated in fridge for 16 h, and then 0.3 mL ice-cold hydrobromic acid was
added and stood for another 30 min on ice. The mixture was dried with nitrogen
blowing device at 50 °C, after which 10 mL of HCl (6 M) containing 0.1% phenol
were added for 24-h hydrolysis at 110 °C. The hydrolysate was filtered and
transferred into a volumetric flask (50 mL). After that, 1 mL of filtered hydrolysate
was dried via nitrogen blowing device at 37 °C and then redissolved with 1 mL of
HCI (0.02 M). The sample solution was further filtrated through 0.22 um membrane,
and pre-derivatized with OPA before HPLC (Thermo Fisher Ultrimate 3000, USA)
analysis. The method can determine most amino acids except for Tyr and Trp.

Especially, Cys could be quantified via oxidizing into cysteic acid.
2.2.8 Optimization of keratin extraction via Box-Behnken experiment

For the single-factor experiment, urea (8 M), pH (10.5), and temperature (70 °C) were
constant in the three groups, while the “Ultrasonic time,” “Ultrasonic power,”
“Solid-liquid ratio,” and “Cys fraction” were separately served as the variation in
three control groups, with the other three factors serving as a fixed factor. Briefly,
the milled chicken feather was firstly fully mixed with buffer containing 8 M urea
and various fractions of Cys (5, 10, 15, 20 and 25%) at a solid-liquid ratio of 1: 10 to
1:30, the pH of which was adjusted to 10.5 using NaOH (6 M). Then, the mixtures
were treated with ultrasound at varying powers (100, 200, 300, 400, 500 and 600 W)
for a certain time (2, 4, 6, 8 and 10 h). After that, the mixtures were centrifuged at
8000 rpm for 20 min to precipitate undissolved residues. The supernatant was
adjusted to pH 4 to precipitate keratin. After washing three times with distilled
water, the regenerated keratin was freeze-dried and weighed to calculate the yield

using equation (1).

The Box-Behnken experiment was designed based on the effect of three independent
variables of “Ultrasonic time,” “Ultrasonic power,” and “Cys fraction” on keratin
yield, and three levels of each factor were shown in Table S2.1. The “Solid-liquid
ratio” was kept at 1:10 because a lower ratio led to less keratin due to the buoyancy
effect. The results were analyzed by multiple regression fitting analysis using Design
Expert 8.0 software. Finally, the verification test was conducted under optimized
conditions (130 W, 2.7 h, 15% Cys). Analysis of FTIR, TGA, XRD and amino acids
composition of keratin from verification test was conducted, taking the keratin

extracted without ultrasonic treatment (2.7 h, 15% Cys) as control. The methods were
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the same as those in sections 2.2.4 and 2.2.7.
2.2.9 Keratin solubility in different solvents

The solubility of regenerated keratin assisted with or without ultrasound in different
solvents was investigated, referring to a previous study with some modifications [,
In this study, four kinds of solvents were prepared: SDS (1%), NaOH (0.1 M), NasPOs
(0.01 M, pH 7.5) and NasPOs (0.01 M, pH 7.5, 2% urea). Briefly, 100 mg of samples
were dispersed in 5 mL of various solvents and incubated at room temperature for
60 min. Then, the mixtures were centrifuged at 3000 xg for 15 min. The supernatant
was diluted 10 times to detect the soluble protein content using the method as

section 2.2.5 described.
2.2.10 Statistical analysis

Statistical analysis was conducted via SPSS 17.0 software. The figures were made by
Origin8.5 software. Differences among mean values were established using the
Duncan multiple range test at P < 0.05. All analyses were carried out in triplicate

samples, and the results are presented as the mean values + standard deviation (SD).
2.3 Results and discussion

2.3.1 Effect of ultrasound on feather deconstruction

2.3.1.1 Feather dissolubility and keratin yield treated with ultrasound

This part was conducted to explore the effect of varying ultrasonic power (100-600
W) and time (2-10 h) on both feather dissolubility and keratin yield based on the Cys
reduction method. Chicken feather was firstly swelled by urea, in light of which
keratin dissolution was processed by disulfide bonds breakage with the thiol group
consisting in Cys. Figure 2.1A showed that feathers were dissolved sharply when
the ultrasonic time increased from 2 h to 4 h at low ultrasonic power (e.g. 100 and
200 W), and then were gradually promoted with the increase of both ultrasonic
power and time. The feather dissolubility reached about 79.1% and 80.7% at 200 W-
10 h and 600 W-10 h, respectively, exhibiting no significant difference (P > 0.05).
There was about 20% of feather undissolved, possibly resulting from the floating on

buffer surface.
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Figure 2.1. (A) Feather dissolubility (%), and (B) yield (%) from chicken feather treated with various
ultrasonic power for different time. The ultrasonic power changed from 100 to 600 W, and the time was
from 2 to 10 h. The results are presented as the mean values, n = 3. The linear regression model of keratin
yield was Y = 63.736 - 0.02Xpower - 1.67Xtime (R2=0.751, P < 0.001).

Figure 2.1B showed that keratin yield increased at first and then fell with time and
power increasing, with the maximum value of 62.65% under the condition of 200 W-
4 h. Ultrasound might facilitate the production of free amino acids and peptides with
small Mw with the combined effect of mechanical vibration and acoustic cavitation,
and stronger ultrasound might result in over-degradation of keratin [21.36]. Despite a
relatively lower keratin yield compared to previous methods where MEC, thiourea
and thioglycolic acid were adopted as reducing agents (with keratin yield of 67-91%)
(151, the present study avoided the use and residue of toxic chemicals while taking a
shorter time. The potential of the Cys reduction method assisted with ultrasound in
solubilizing feather waste is still worthy of exploring. Through linear regression
analysis, ultrasonic time was found to be more influential on keratin yield, while
ultrasonic power had less influence (Figure 2.1B). The feather morphology, soluble
protein composition and physicochemical properties of extracted keratin would be
further determined to investigate the effect of ultrasound and Cys reduction on

chicken feather.
2.3.1.2 Morphological changes of feather treated by ultrasound

The effect of various ultrasonic power and time on feather morphology was visually
assayed by treating unmilling feather with ultrasound for a certain time. Figure 2.2
showed that the barb ridges of feather were obviously dissolved with time and
power increasing. The feather branches were totally solubilized when treated at 200
W for 6 h and 300 W for 4 h, indicating a positive effect of ultrasound. The feather
shaft was significantly broken with a rough surface (e.g. 400 W-4 h), possibly caused

by the combined action of ultrasound and reagents. The shaft was thinner with a
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hollow part that clearly emerged when the process lasted for 8 h at 200 W and
increased to 500 W for 4 h. Unlike the transverse cracks and cavities on the surface
given by steam explosion treatment [, the feather fibers were longitudinally
dissolved layer by layer with ultrasonic treatment. In general, ultrasound could

positively improve feather dissolution.

A Raw-chicken feather

Figure 2.2. (A) The apparent structure of chicken feather treated without or with ultrasound at 200 W for
various time (from 2 to 10 h), and (B) treated with varying ultrasonic power (from 100 to 600 W) for 4 h.
The feathers were photographed at 2-3 cm from the thick end with a magnification of x100.

2.3.1.3 Analysis of soluble peptides in feather hydrolysate

The effect of different ultrasonic times and power on feather hydrolysis was
evaluated by assaying soluble peptides (Figure 2.3A&B). The result showed that

ultrasonic time significantly improved peptide content growing from about 29

33



CHAPTER 2

mg-mL1at 2 h to 389 mg-mL! at 10 h, while ultrasonic power made less effect with
peptide content growing from about 207 mg-mL-at 100 W to 283 mg-mL- at 600 W
for 4 h. Figure 2.3A indicated that there was about 47% of them with Mw less than
3 kDa at 2 h while the peptides < 0.5 kDa was about 8.7%. As processing time was
prolonged to 10 h, around 65% of peptides < 3 kDa were produced, among which
about 20% were smaller than 0.5 kDa. Similarly, power rising also resulted in the
proportion increase of smaller peptides, which contributed to feather dissolution
(Figure 2.3B). The result illustrated that this process effectively facilitated the
breakage of feather keratin. Despite the beneficial effect of ultrasound on feather
deconstruction, the quality of regenerated keratin should also be concerned. The
influence of various ultrasonic power and time on keratin properties solubility and

amino acids composition will be further discussed.
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Figure 2.3. (A) Effect of various ultrasonic time (2-10 h, 200 W) and (B) ultrasonic power (100-600 W, 4 h)
on the content and Mw distribution of soluble peptides in extracting solution. The results are presented

as the mean values + SD, n = 3.
2.3.2 Characterization of regenerated keratin treated by ultrasound
2.3.2.1 Chemical structure analysis

FTIR measurement was used to assess the effect of ultrasound on structural changes
in keratin. The FTIR spectrum indicated that various regenerated keratin exhibited
similar bands compared to raw chicken feathers (Figure 2.4A&B). The absorption
bands at about 3292 cm' were observed known as the Amide A vibrations regarding
the N-H stretching ], and the peak at around 2932 cm™ was related to the
asymmetrical stretch of CHz, CHs and C-H 88 #1. The strong bands that appeared at

1657 cm™ mainly resulted from the C=0O stretching of Amide I in a-helix structures,
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while the peak at 1535 cm assigned to the C-N stretching of Amide II coupled with
N-H bending vibration . At about 1396 cmand 1234 cm™!, the bands were mainly
related to C-N and C-C stretching, N-H plane bending and C=O bending vibration
of Amide III 1. As result presented, the increase of ultrasonic power and treating
time would not distinctly change the characteristic chemical groups or produce new

functional groups in regenerated keratin.

A —100W — 200W 300W — 400W B ——2h ——4h 6h
— 500W 600W —— Raw chicken feather —— 8h —— 10h —— Raw chicken feather
Amide II: C-N, N-H Amide A:N-H, O-H Amide II: C-N, N-H Amide A:N-H, O-H
Amide I:C-N, ¢=0 CH j Amide I:C-N, €=0/,
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Figure 2.4. FTIR spectrogram of regenerated feather keratin treated for 2 to 10 h at 200 W (A) and treated
from 100 to 600 W for 4 h (B).

2.3.2.2 Thermal stability analysis

The effect of ultrasound on the thermal stability of feather keratin was assayed by
TGA. Figure 2.5A&B showed that treating time was found to have an obvious
influence on keratin weight loss instead of ultrasonic power compared to raw
chicken feathers. Raw chicken feathers exhibited two phases of weight loss, while
regenerated keratin treated over 6 h lost weight in three steps. The result showed
that there were about 5.4% of weight loss happened in raw chicken feather at
100.32 °C, and the keratin treated with ultrasound for 2 to 10 h had weight loss of
3.2-4.6%. This step was caused by moisture evaporation, and the difference between
raw chicken feathers and extracted keratin was mainly due to different moisture
content [401. Subsequently, the weight of raw chicken feather dropped to 39.4% from
200 to 400 °C due to the escape of hydrogen sulfides and sulfur dioxides resulting
from disulfide bonds damage “-41. Similarly, the second weight loss of extracted
keratin happened when heating to 180 °C around, followed by a further loss at about
260 °C. For regenerated keratin, the second phase was possibly attributed to the
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breakage of a-keratin fibers and smaller particle size, while the final weight loss was
induced by the deconstructing of P-sheet consisting of disulfide bonds and
polypeptide chains and larger particle size 14044 Importantly, longer ultrasonic time
led to a sharper decline of keratin weight in the second phase, specially treated for
over 6 h. Meanwhile, the keratin treated with longer-time ultrasound had weight
loss at a lower temperature. It indicated that long-time ultrasound potentially
promoted the cleavage of keratin fibers and reduced disulfide-bond content, thus
leading to relatively poorer thermal stability. When changing ultrasonic power, no
significant difference was found between various samples, except for keratin at 600
W losing weight remarkably which might result from higher bonding moisture. The
result indicated that the thermal stability of regenerated keratin might be potentially
reduced by combined action of Cys and ultrasound for over 6 h, while solely

improving ultrasonic power showed no obvious effect.

A ——2h—4h 6h — 8h — 10h B ——100 W—200W 300 W —400 W
—— Raw chicken feather P 500 W 600 W —— Raw chicken feather
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Figure 2.5. TGA traces of regenerated feather keratin treated for 2 to 10 h at 200 W (A) and treated from
100 to 600 W for 4 h (B).

2.3.2.3 Crystallinity analysis

Figure 2.6A&B presented the XRD result of raw chicken feather and regenerated
keratin to evaluate their secondary structure and crystallinity. Similar to the
previous study, two notable 20 peaks appeared at about 9.8° and 20° for each keratin
material (12 22, The 20 peak at about 9.8° was related to both a-helix and p-sheet,
while 20° was also a typical peak value of 3-sheet structure 451, Compared to raw
chicken feather, regenerated keratin exhibited lower intensity of peak at about 9.8°.
It indicated that the combined treatment of Cys and ultrasound might deconstruct
a-helix and p-sheet structure in raw chicken feather resulting in a decreasing

crystallinity of regenerated keratin. Nevertheless, the peak at about 9.8° became
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smaller with ultrasonic time rising while showing no notable changes with the
power increase. These changes were consistent with the result of thermal stability,
where there was a sharp decline in the second weight loss phase. Additionally,
broader peaks at about 20° were observed in ultrasound-treated samples, which
might be attributed to the overlap of the [3-sheet and -turn peaks 12!l. Keratin has
been reported to own a CI of about 63.6%, with a mixture of crystal and amorphous
structure 146 47). Some treatments have been found to remarkably change the keratin
CIL. For example, the keratin extracted using 2 ME had a CI of 30.46% 1311, In this study,
the regenerated keratin showed a decrease in crystallinity rate at about 62%
compared to raw chicken feather (66.27%), and different conditions made no
remarkable change in CI (Table S2.2).

A —— Raw chicken feather B — Raw chicken feather
——2h——4h 6h — 100 W—— 200 W 300 W
——8h——10h — 400 W—— 500 W 600 W

A

0 10 20 3 40 50 60 70 8 O 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Figure 2.6. X-ray diffraction spectrogram of regenerated feather keratin treated for 2 to 10 h at 200 W (A)

and treated from 100 to 600 W for 4 h (B).

Overall, ultrasound facilitated feather dissolution based on the Cys reduction
method without changing the main chemical structure of extracted keratin.
However, the thermal stability of extracted keratin would be reduced by long-time
treatment (> 6 h). In our study, the solubility of regenerated keratin in different
solvents would be further explored, which was closely related to chemical structure

and crystallinity [35.
2.3.2.4 Keratin solubility in different solvents

Abundant covalent and non-covalent bonds have resulted in poor solubility of
feather keratin. However, proper solubility is the prerequisite for further utilization
of keratin widely. The effect of ultrasound on keratin solubility in various solvents

were studied. Figure 2.7 indicated that 0.1 M NaOH owned the best ability in
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dissolving keratin, followed by 1% SDS solution, while the solutions of NasPOx (0.01
M, pH 7.5) and NasPOs (0.01 M, pH 7.5, 2% urea) dissolved keratin limitedly.
Generally, the exposed hydrophobic residues during denaturation are considered as
the major reason of protein aggregation 48], and the protein solubility will be
increased when the electrostatic repulsion is dominant compared to the
hydrophobic interaction 48491 In this study, the high pH value was crucial to keratin
solubility by changing the electrostatic interactions, and SDS presented a good
capacity of dissolving keratin by disrupting the hydrophobic interactions.
Nevertheless, urea did not obviously improve keratin dissolution, indicating a
relatively weak force from hydrogen bonds in extracted keratin. Additionally, it
should be noted that keratin solubility showed a growing trend with the increasing
of ultrasonic time and power, possibly caused by the physical changes of
intermolecular crosslinks. Previously, it has also been concluded that sonication
mainly produced a physical effect on keratin with minimal effect on the chemical
structure, which would not affect the backbone structure 1. In our case, the
increasing ultrasonic intensity likely weakened the degree of physical crosslinking

of extracted keratin, and thus improved its solubility in aqueous solutions.
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Figure 2.7. (A) Effect of various ultrasonic time (2-10 h, 200 W) and (B) ultrasonic power (100-600 W, 4 h)
on the solubility of extracted keratin in different solvents. The results are presented as mean values + SD,
n = 3. The lowercase letters “a-e” indicate the significant difference in soluble protein content between

different ultrasonic conditions (P < 0.05).
2.3.2.5 Analysis of amino acids in regenerated keratin

Considering the significant effect of treating time on the thermal stability and
solubility of extracted keratin, the amino acids composition was assayed which

might be a key factor. The result showed that most amino acids became less with
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treating time increasing from 4 to 10 h, such as Gly, Ala, Ser, Pro, Val, Ile, Phe and
so on (Figure 2.8). Long-time treatment resulted in a high hydrolysis degree and
serious amino acids loss. Also, the cystine content presented a decrease with time
prolonging, which might be due to the growing reduction degree via Cys. As
reported, cystine was quite sensitive in alkaline solutions 1], the disulfide bonds of
which were easily cut with the presence of sulfhydryl. However, longer processing
time also led to an obvious Cys loss. Conversely, an increase of Asp and Lys was
observed when prolonging treating time. Similar to previous study, serious loss of
Thr, Ser and Cys was found when treating feather with 0.1 M NaOH at 90 °C, while
Lys increased ©59. The amino acids composition change resulted from long-time
processing might closely relate to the keratin solubility, and the process time should

be controlled to avoid keratin over-degradation.

Taken together, Cys reduction assisted with ultrasound was an effective way to
dissolve feather waste. Ultrasonic assistance could potentially improve keratin
extracting without obvious chemical deconstruction. However, a long processing
time would result in decreased thermal stability and serious loss of amino acids from
extracting keratin. Therefore, it is still necessary to find an optimal condition that
can endow extracted keratin with good stability and solubility without over-

degradation while consuming less energy and time.

1.2 [ 2h [ 4h ] 6h [ 8h I 10h

< 1.0 i .

S0 a0 mhnwwﬁ

”Q(;\ \"’v_é‘ o '9 w\,(o 3P o0 R \k«“ \\"‘Q'o ¢ 'o
0

Amino acids

Figure 2.8. Content of 17 kinds of amino acids in extracted keratin treated for 2 to 10 h. The results are

presented as the mean values + SD, n = 3.
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2.3.3 Optimization of keratin extraction via Box-Behnken design
2.3.3.1 Single-factor experiment and Box-Behnken design

Effect of factors including ultrasonic time, ultrasonic power, Cys fraction and the
ratio of feather to buffer on keratin yield were preliminarily investigated (Figure
2.9A-D). By treating feather with varying ultrasonic power and time, the extraction
yields showed peak values at 200 W and 4 h, respectively, which were significantly
higher than others (P < 0.05) (Figure 2.9A&B). Higher ultrasonic power and longer
treating time might lead to excessive degradation of keratin, producing more
smaller peptides which has been discussed in section 2.3.1.3. Figure 2.9C indicated
that the keratin yield reached the highest point when adding 15% of Cys (P < 0.05).
The decrease of keratin yield with higher Cys fraction might be caused by buffer
dilution since more NaOH solution was needed for pH adjusting with increasing
Cys. Due to the buoyancy of feather on the buffer surface, a high solid-liquid ratio
was found to result in less deconstruction (Figure 2.9D). Therefore, the ratio of 1:10
was chosen as constant viable in process optimization. Finally, the optimal
conditions of 200 W, 4 h and 15% were chosen as central points for the Box-Behnken

design.

Seventeen groups of trials were designed for optimizing keratin extraction based on
three variables, and the results were analyzed by multiple regression fitting analysis
using Design Expert 8.0 software (Table S2.3). A quadratic regression equation
model was obtained as follows: Ri=623.50 — 19.36*A — 46.76*B +22.18*C — 6.64*AB -
5.95*AC - 11.71*BC - 25.55*A2 - 48.55B2 - 27.20 *C2 The result showed that the
model coefficient (R was 0.9585 with significant deference (P < 0.001), and the lack
of fit was with an insignificant difference (P > 0.0688), indicating that this model
fitted well and correctly reflected the relationship of three factors and keratin
extraction yield (Table S2.3). Generally, the effect of different factors on response
value can be reflected by contour density and response surface slope. In the present
study, ultrasonic time was found to be the most important factor affecting keratin
extraction, followed by Cys fraction and ultrasonic power in sequence, which was
also consistent with the ANOVA result (P < 0.001) (Figure 2.9E-]J & Table S2.3). In
order to achieve a maximum keratin yield with low energy and time-consumption,
the optimal conditions were screened and finally determined as 132.40 W, 2.71 h and
15.07% of Cys, under which the theoretical yield was 632.537 mg/g. Considering the
practical operability, 130 W, 2.7 h and 15% were chosen as the optimal conditions to
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extract keratin. By verification, a final keratin yield of 640.27 + 9.50 mg/g was
obtained, the relative error of which was 1.22%. The quality of regenerated keratin

would be further explored compared to the keratin without ultrasonic disposal.
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Figure 2.9. (A) Effect of different ultrasonic time, (B) ultrasonic power, (C) Cys fraction and (D) ratio of
feather to buffer on keratin yield. (E-G) contour plots and (H-J) response surface plots (3D) showing the
effect of various ultrasonic time, power and Cys fraction on keratin yield. The results are presented as the
mean values + SD, n = 3. Different lowercase letters (a-d) indicate a significant difference (P <0.05) among

the samples under different conditions.

2.3.3.2 Analysis of chemical structure, thermal stability and crystallinity of regenerated

keratin under optimal conditions

The physical properties of regenerated keratin via the ultrasound-Cys-reduction
method were analyzed, taking keratin obtained via Cys-reduction and raw chicken
feather as control groups. Figure 2.10A showed no significant difference between
three groups in main chemical groups, including Amide [, II, III, A and B. The
process within 2.7 h did no remarkable changes in main chemical bonds. By further
analyzing the XRD spectrum, both extracted keratins with and without ultrasound
exhibited lower intensity of 20 peak at about 9.8° than the raw chicken feather,
indicating lower content of tightly packed crystals (Figure 2.10B). The CI of

ultrasound-treated and ultrasound-untreated keratin were 61.98% and 62.19%,
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respectively, indicating no obvious difference in crystallinity. For thermal stability,
three kinds of keratin materials presented two main steps of weight loss from about
40-100 °C and 200-400 °C, respectively, attributing to the evaporation of bonding
moisture and the rupture of both helical conformation and disulfide bonds 121
(Figure 2.10C). The result further proved that ultrasonic assistance would not
significantly affect the chemical structure, crystallinity and thermal stability of

extracted feather keratin, and the optimal conditions were feasible for keratin

generation.
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Figure 2.10. (A) FT-IR spectrogram, (B) X-ray diffraction spectrogram, (C) TGA and DTG traces. The
keratin treated with ultrasound was regenerated under optimized conditions (130 W, 2.7 h, 15% Cys,
70 °C, pH 10.5, 8 M urea, 1:10 solid-liquid ratio), while the other was obtained under the same conditions

except for ultrasonic treatment.
2.3.3.3 Analysis of amino acids and solubility in different solvents

The effect of ultrasonic treatment under optimized condition on amino acids

composition of keratin was investigated compared to the ultrasound-untreated
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group (Figure 2.11A). The result showed that most of amino acids were richer in
ultrasound-treated keratin than ultrasound-untreated group, such as Ser, Gly, Ala,
Pro, Val, Phe and Leu. Different form the serious amino acids loss at higher
temperature (> 100 °C), 75 °C treatment would not result in keratin over-degradation
B511. In this study, the ultrasound-treatment improved the total amino acids content
(7.45 mM/mg) which was significantly higher than the control group (6.81 mM/mg)
(P > 0.05). However, ultrasound has resulted in a lower Cys content in extracted
keratin while no significant difference was found in cystine content. It indicated that
Cys was more susceptible and easily degraded under ultrasonic condition.
Consistent with previous studies, the regenerated keratin in the present study

contained abundant Pro, Ser, Glu, Val and Leu 112 351,
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Figure 2.11. (A) Content of 17 kinds of amino acids and (B) keratin solubility in various solvents. The
keratin treated with ultrasound was regenerated under optimized conditions (130 W, 2.7 h, 15% Cys,
70 °C, pH 10.5, 8 M urea, 1:10 solid-liquid ratio), while the other was obtained under the same conditions

except for ultrasonic treatment. The results are presented as the mean values + SD, n = 3.

Similar to the result in section 2.3.2.4, NaOH solution owned the best capacity of
dissolving regenerated keratin, which was followed by 1% SDS solution, while there
was less keratin dissolved in NasPOs solution with or without urea at pH 7.5 (Figure
2.11B), further suggesting the strong hydrophobic and electrostatic interactions in
keratin and relatively weaker hydrogen bonding. Obviously, the ultrasound-treated
keratin possessed higher solubility in various aqueous solutions than the
ultrasound-untreated group. Considering no significant difference in chemical
structure, crystallinity and thermal stability has been found between those two
groups, it was further verified that ultrasound potentially reduced non-covalent
bonds, such as hydrogen bonds, hydrophobic interaction and Van der Waals force,
thus leading to better solubility of extracted keratin.
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Taken together, the optimal conditions of 130 W, 2.7 h and 15% of Cys were practical
for keratin extraction from feather waste, under which the product reserved
complete chemical structure while possessing good stability and solubility. The
process realized feather extracting in time-saving way without toxic chemicals,

which might be promising in reusing keratin materials in various areas.
2.4 Conclusion

To conclude, ultrasound could improve feather deconstruction based on the Cys
reduction method by physically destroying crosslinking interactions while still
retaining the protein backbone structure. However, the long processing time
resulted in feather over-degradation producing a large number of peptides with
small molecular weight, and the keratin product exhibited low thermal stability and
serious amino acids loss. Under the optimal conditions (130 W, 2.7 h and 15% Cys)
obtained via Box-Behnken design, keratin exhibited better solubility in various
solvents than the control group, while without serious amino acids loss and obvious
damage on chemical structure and thermal stability. The optimal process reserved
the structural integrity of keratin and endowed it with good thermal stability and
solubility, thus was potential in generating high-performance keratin materials from
chicken feather. The study investigated the ultrasonic effect on feather keratin
systemically and proposed a green alternative strategy for keratin extraction, which

might be meaningful for utilizing and valorizing feather waste.
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2.6 Supplementary materials

Table S2.1. Conditions of Box-Behnken experiment design.

CHAPTER 2

Levels
Factors
-1 1
Ultrasonic power (A/W) 100 200 300
Ultrasonic time (B/h) 2 6
Cys fraction (C/%) 10 20

Note: The optimal conditions of the single-factor experiment were 200 W, 4 h and 15% of Cys.

Table S2.2. The crystallinity index of regenerated keratin.

Time (h) 2 4 6 8 10
CI (%) 61.93 61.92 61.61 61.67 63.16
Power (W) 100 200 300 400 500 600
CI (%) 62.27 62.77 62.71 61.91 62.09 61.54
Table S2.3. ANOVA analysis for response surface quadratic model of variance.

P value

Sources of variance Sum of squares Mean square F value
(P>F)

Model 42577.31 4730.81 17.97 0.0005**
A 2997.70 2997.70 11.39 0.0118*
B 17491.05 17491.05 66.45 0.0001**
C 3936.95 3936.95 14.96 0.0062*
AB 176.36 176.36 0.67 0.4400
AC 141.85 141.85 0.54 0.4867
BC 548.26 548.26 2.08 0.1922
A2 2749.02 2749.02 10.44 0.0144*
B2 9804.10 9804.10 37.25 0.0005*
(e 3114.94 3114.94 11.83 0.0108*
Residual 1842.53 263.22
Lack of fit 1476.66 49222 5.38 0.0688
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Pure error 365.86 4 91.47
Cor total 44419.84 16
Coefficient R2=0.9585 Adj R2=0.9052 Pre R2=0.4552 Adeq precision =12.196

Note: A represents ultrasonic power, B represents ultrasonic time, and C represents Cys fraction.
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Abstract

The study aimed to propose an efficient and eco-friendly strategy to improve the
utilization of feather waste and converting it into high-valued antimicrobial
products. Under the synergistic effect of instant catapult steam explosion (ICSE) (1.5
MPa-120 s), over 90% of chicken feather powder (CFP) was degraded into soluble
peptides via keratinolysis within 3 h, about 90% of which were smaller than 3 kDa,
indicating an overwhelming advantage than general proteolysis. Importantly, the
keratinolysis hydrolysate of CFP was able to inhibit E. coli growth, among which the
fraction < 3 kDa exhibited highest antimicrobial activity with a minimal inhibitory
concentration of 30 mg/mL. Compared to other fractions, the fraction < 3 kDa
contained higher content of hydrophobic amino acids (364.11 mg/g), in which about
79% of peptides had more than 60% hydrophobic ratio, potentially contributing to
its antimicrobial activity. ICSE-keratinolysis process holds potential in reducing
both protein resource waste and environmental pollution by valorizing feathers into

antimicrobial product.
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3.1 Introduction

Annually, 2-5 million tons of feathers become available from the meat processing
industry [+ 2, which has been taken as a huge keratinous resource. Keratin is the main
component of chicken feather (= 90%) containing some essential amino acids such as
threonine, valine and leucine, and it can be seen as a potential protein resource.
However, it is still challenging to recycle feathers. Keratin is composed of abundant
disulfide bonds and cross-linkages which folds into {3-sheets and stacked and
twisted into helical structure . The inherent intact structure of keratin renders it
high stability and resistance to most of proteases and reagents. Thus, chicken feather
has been only utilized in a small scale with low-value products, such as animal feeds,
fertilizer, biocomposites 4. As reported, most of feather wastes were still handled by
landfill and incineration ), resulting in serious environment pollution and protein
resource waste. Proposing a strategy for efficiently reusing feather wastes as high-

valued product is growingly drawing considerable attention.

In recent years, antimicrobial peptides (AMPs) gradually became a research focus
for their potential in substituting antibiotics which would severely disrupt
microecological balance of animal intestines and led to bacterial antibiotic resistance
6. So far, more than 2000 kinds of AMPs have been obtained from natural protein
resource, such as fish gelatin, bitter beans, goat whey and crab crustin, serving as
innovative green antimicrobial drug [619. The antimicrobial activity of peptides
mainly depends on their amino acid composition, electric charge, hydrophobicity,
amphiphilicity, conformation, etc. ['l. Most AMPs were identified as small cationic
peptides with hydrophobic properties 112, such as porcine myeloid antimicrobial
peptide-36 which contained up to 36% of cationic amino acids ['3]. Especially, some
AMPs were reported to be rich in cysteine. Crustin has been universally accepted as
antimicrobial peptides, owning a cationic region at the carboxyl terminus consisting
of twelve cysteine residues and a whey acidic protein domain where were eight
cysteine residues at defined sites forming a four intracellular disulfide core 4. Plant
defensins, a representative group of plant antimicrobial peptides, are composed of
45-54 amino acids including eight conserved cysteine residues forming four
disulfide bonds [*l. The bacteriostatic mechanism of AMPs is to penetrate cell plasma
membrane with ion channels forming through charge attraction, thus causing
destruction of cell membrane structure and intracellular materials outflowing (6.

Compared to antibiotics, it is unlikely to produce resistant strain such as the
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persister cell. Thus, natural protein resource is a promising alternative for producing

antimicrobial peptides.

Keratin is a potential natural biomass owning various properties including
biocompatibility, low-toxicity, biodegradability, showing promise in biological
applications. There was over 7% of cysteine in keratin amino acids composition,
contributing to a higher stability than other proteins 4. What is important is that the
tripeptides of “Arg-Gly-Asp” and “Leu-Asp-Val” existing in keratin have been
concluded to own ability of binding with cell surface ligands and thus promoting
cell adhesion [6. Xu et al. have found that keratin nanoparticles possessed
remarkable water stability under varying pH values (pH 2.0-7.0) and temperatures
(4-37 °C), and keratin nanoparticles successfully penetrated into kidney and liver
cells exhibiting positive ability in attachment and proliferation 7. In addition,
keratin was supposed to be cut and finely tuned to incorporate with various
hydrophilic and hydrophobic tails due to its amino acid composition [8 1. In a study
of catalyzing feather keratin, some peptides with N-terminal hydrophobic amino
acids (e.g. Leu and Val) emerged %, which can potentially enhance the accessibility
to hydrophobic substances such as phospholipid. Overall, the high cysteine content,
special tripeptide structure and hydrophobic residues may provide keratin peptides
with potential penetrating ability of bacterial. However, less study regarding the
antimicrobial activity of keratin hydrolysates obtained via different conventional

proteases and keratinase was reported.

The existing methods for degrading keratin include chemical treatment (e.g. strong
acid-base and oxidation-reduction treatment), physicochemical treatment (e.g.
hydrothermal and superheated water treatments) and biocatalysis (e.g. keratinases)
4. Nevertheless, there were unwanted effects during these processes, such as
environmental pollution resulting from various reagents, excessive degradation,
low efficiency via proteases. As reported, there was only 47.56% of raw chicken
feather degraded after 1220 min by keratinase which has been taken as the only
group of enzymes for hydrolyzing keratin material 29, even though enzymatic
hydrolysis is a relatively mild and green method with lower energy consumption.
Instant catapult steam-explosion (ICSE) is an adiabatic expansion process involving
the transformation of thermal energy into mechanical energy without using
chemicals. The steam can fully penetrate organic tissue structure with a powerful

seepage force, and then a severe disruption of internal structure in biomass would

56



CHAPTER 3

be introduced by the mechanical shearing force when given a rapid decompression.
In our previous work, ICSE technology has been adopted for liquefying chicken
sternal cartilage and bovine bone 2% 221. Additionally, steam explosion was found to
be effective for destabilizing [3-sheets crystals and disulfide bonds in feathers, which
was beneficial to keratin extraction and digestibility improvement of feather meal [2>-
2], It is worth mentioning that the feather substrate pretreated by steam explosion
was found to be effectively degraded by conventional proteases (e.g. alcalase, pepsin,
papain and neutrase) 0. Undoubtably, ICSE is an eco-friendly and effective
pretreating way to help preliminarily disrupt stiff feather waste and further
enzymatically hydrolyze them into active keratin peptides. However, a mild ICSE
condition that can appropriately deconstruct chicken feather without over-
degradation need to be optimized, after which chicken feather will be more

accessible to enzymes.

The overall purpose of the study was to optimize a mild ICSE condition for
destructing chicken feather into chicken feather powder (CFP) without severe
degradation, as well as to explore the potential anti-Escherichia coli (E. coli) activity
of CFP hydrolysates cleaved via conventional proteolysis and keratinolysis. It was
achieved through 1) determining an optimal ICSE condition via systematically
analyzing the changes of disulfide bonds, released soluble peptides and free amino
acids; 2) investigating the E. coli-inhibitory ability of CFP hydrolysates that
enzymatically hydrolyzed with different enzymes (keratinase, alcalase, papain,
trypsin, neutrase, protamex and flavourzyme); 3) analyzing the difference of
antimicrobial activity affected by molecular weights (<3 kDa, 3-5 kDa, 5-10 kDa and >
10 kDa) of keratinolysis hydrolysate (with highest antimicrobial ability) via focusing
on their amino acid composition and sequence. The proposed strategy combining
ICSE and keratinolysis would be meaningful for greenly and efficiently recycling
feather waste into value-added antimicrobial products, which would also contribute

to reducing environmental pollution and valorizing feather waste.
3.2 Materials and methods
3.2.1 Materials and chemicals

White chicken feather was collected from a poultry industry (Protil Biological
Technology Co. Ltd., Henan province, China). Feathers were washed with distilled

water then dried in an oven at 50 °C for 48 h. The enzymes, including papain,
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keratinase, trypsin, protamex, neutrase, alcalase and flavourzyme, were supplied by
Solaibao Biological Technology Co., Ltd (Shanghai, China). HPLC grade acetonitrile
(ACN) was purchased from Thermo Fisher Scientific (Waltham, USA). Other
reagents including ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate
(SDS), Tris-HCI, 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), urea and Na2SOs
supplied by Sinopharm Chemical Reagent Co., Ltd (China) were of analytical grade.
The deionized water was prepared via Milli-Q 50 system (Millipore Corp., Milford,
MA, USA).

3.2.2 Preparation of chicken feather powder via ICSE treatment

ICSE experiments were performed via the ICSE apparatus (QBS-80 SE, Gentle
Bioenergy Co. Ltd., Hebi, Henan province, China) referring to previous study 4.
Briefly, 20 g of cleaned feather was loaded in an apparatus chamber pressurized at
0.5,1.0, 1.5, 2.0 and 2.5 MPa. Each pressure was maintained for 15, 30, 60, 90 and 120
s. Afterward, the chamber was depressurized instantly, leading to an intense
explosion. Treated samples were lyophilized and ground into chicken feather
powder (CEP).

3.2.3 The yield and morphology of ICSE feather
The yield (Y) of CFP were calculated using equation (1) based on dry basis.

Y(%)==x100 (1)

m1

Where mo represents the weight of dried CFP, and mu represents the initial dry

weight of introduced chicken feather.

The feather treated with ICSE at different conditions were photographed using

Cannon camera.
3.2.4 Soluble peptides in ICSE CFP

1 g of CFP was dispersed in 10 mL of distilled water and stood for 1 h at room
temperature. Then the samples were centrifuged at 10000 xg for 15 min to obtain
supernatant for soluble peptides and free amino acids (FAA) analysis. For peptides
determination, 0.25 mL of sample supernatant was mixed with equal volume of 10%
TCA firstly, and the final supernatant was obtained after 20 min centrifuging at
10000 =g, 4 °C. Then, 20 uL of the final supernatant obtained above were measured

using the method from Lowry et al., with bovine serum albumin as a standard [24].
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The absorbance of samples was detected using microplate reader (Synergy HI,
BioTek, USA) at 650 nm.

3.2.5 Distribution of polypeptides molecular weight (PMW) and analysis of amino acids (AA)

The molecular weight (Mw) of polypeptides in samples (ICSE CFP and enzymatic
hydrolysates as section 3.2.7 described) was determined by Agilent liquid
chromatograph 1200 with a UV detector performed at 220 nm (Agilent, CA, USA)
27]. The TSK gel filtration column (G2000 SWXL 300 mm x 7.8 mm, Tosoh Co., Tokyo,
Japan) was employed, and the flow rate of mobile phase composed of
water/acetonitrile/trifluoroacetic acid (70/30/0.1, v/v/v) was 0.5 mL /min. The column
was thermo-stated at 40 °C and samples were injected into the high-performance
liquid chromatography system in a volume of 10 pL. The standards including
tripeptide GGG (189 Da), tetrapeptide GGYR (451 Da), aprotinin (6511 Da),
cytochrome C (12355 Da) and bovine serum albumin (66446 Da) (Sigma Aldrich, St.
Louis, MO, USA) were used for MW calibration curve. The data were analyzed via

gel permeation chromatography software.

For analyzing FAA in ICSE CFP, 1 mL of supernatant sample, obtained as section
3.2.4 described, was mixed with 1 mL of sulfosalicylic acid (8%) and incubated for
120 min at 4 °C. The suspension was obtained by centrifugation at 10000 xg for 15
min. Subsequently, it was dried with nitrogen, and 1 mL of HCl (0.02 M) was added
to dissolve the sample for analysis. 20 uL of the prepared sample were injected to
L8900 AA auto-analyzer for amino acids assay. In order to analyze the AA
composition of keratin peptides via keratinolysis (4 fractions obtained as section
3.2.9 described), about 50 mg of sample were hydrolyzed by 10 mL of HCl (6 M) at
110 °C for 24 h, and then were filtered and transferred into volumetric flask with
volume of 50 mL. After that, 1 mL of hydrolysate was dried with nitrogen and
redissolved in 5 mL of HCI (0.02 M) for further determination with a L8900 AA auto-

analyzer.
3.2.6 Content of disulfide and free sulfhydryl

Disulfide and free sulfhydryl content were detected with method mentioned by
Chan et al. with some modifications (2. For free sulfhydryl assay, 15 mg of CFP was
suspended in 800 pL of buffer 1 (8 M urea, 3 mM EDTA, 1% SDS and Tris—HCl (0.2
M, pH 8.0)). The mixture was shaken at 100 rpm for 2.5 h at room temperature. After
that, 200 pL of buffer 2 (10 mM DTNB in Tris—HCl (0.2 M, pH 8.0)) was added and
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kept shaking for another 1 h, and then the reaction mixture was centrifuged at 12000
xg for 15 min at 25 °C. The supernatant absorbance was determined at 412 nm. The

extinction coefficient was 13600 M-'cm-! for calculating thiol groups.

The detection procedure of total sulfhydryl was performed as described above
except for using different reagents. Buffer 1 was replaced with buffer 3 containing 8
M urea, 3 mM EDTA, 1% SDS, 0.2 M Tris—HCI (pH 9.5), 0.1 M Na250s and 50 mM 2-
nitro-5-thio-sulfobenzoic acid (NTSB?) synthesized by DTNB 9. The disulfide
content was calculated as the difference between the thiol group content before and

after reduction of disulfide bonds with sulfite.
3.2.7 Enzymatic hydrolysis of CFP with different enzymes

Alcalase, papain, neutrase, trypsin, keratinase, flavourzyme and protamex were
used for enzymatic hydrolysis with concentration of 6000 U/g, the conditions of
which are shown in Table 3.1, referring to both producer instructions and previous
studies with some modifications [20.30. 1 g of CFP obtained via ICSE at 1.5 MPa for
120 s was dispersed in 50 mL of phosphate buffer and preheated to designed
temperature in water bath, and then mixed with enzymes. The mixture was stirred
at 200 rpm for 3 h. The reaction was stopped by boiling for 10 min to inactivate the
enzyme. The mixture was centrifuged at 12000 xg for 10 min at 4 °C and then the
hydrolysate was filtrated through 0.45 um of filter membrane. After that, the
hydrolysate was dialyzed (cutoff Mw 100 Da) for 3 days in distilled water at 4 °C.
Part of hydrolysate was used to analyze soluble protein and polypeptides, and the
dialyzed hydrolysate was lyophilized.

Table 3.1. Enzymatic hydrolysis conditions of different enzymes.

Enzyme Alcalase Papain Neutrase Trypsin Keratinase Flavourzyme Protamex
pH 8 7 7 7 8.5 7 7

Temp. (°C) 50 45 50 40 55 50 55

Time (min) 180 180 180 180 180 180 180

3.2.8 Antimicrobial activity

The antimicrobial activity was explored according to the following procedure (1.
Briefly, E. coli (MG1655) was provided by the Department of Food Science, Henan
Institute of Science and Technology (Xinxiang, Henan, China), and it was cultured

to the exponential phase in Luria-Bertani (LB) broth medium, then diluted to ODewo
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=0.1. The lyophilized feather hydrolysates were diluted in 0.9% saline with different
concentrations (5, 10, 50, 100, 150 and 200 mg/mL). 40 uL of hydrolysate dilution at
varying concentrations and 160 uL of the bacterial dilution were added into the 96-
well plates and then incubated for 12-24 h at 37 °C with shaking at 170 rpm. Positive
control was to add 40 puL of mixed solution composed of penicillin (100 U/mL) and
streptomycin (0.1 mg/mL), and negative control was adding the same volume of
saline. Three duplicates were conducted, and the antimicrobial experiments were
repeated at least twice. The bacterial growth was monitored by determining the
absorbance at 600 nm with microplate reader (Synergy H1, BioTek, USA). The
minimum inhibitory concentration (MIC) referred to the lowest peptide

concentration at which no bacterial growth was observed.
3.2.9 Fractionation of feather hydrolysate obtained via keratinase

The lyophilized hydrolysate via keratinase was dissolved in distilled water (10
mg/mL) and fractionated by ultrafiltration. The fractions were collected separately
by their different molecular weights (Mw: < 3 kDa, 3-5 kDa, 5-10 kDa and > 10 kDa)
and lyophilized. The antimicrobial activity of different fractions with various

concentrations was investigated as section 3.2.8 described.
3.2.10 Nano-HPLC-MS/MS analysis

The fraction < 3 kDa acquired via keratinolysis were analyzed by online nano flow
liquid chromatography tandem mass spectrometry via EASY-nanoLC 1200 system
(Thermo Fisher Scientific, MA, USA) which was connected to Q Exactive™ Plus mass
spectrometer (Thermo Fisher Scientific, MA, USA). Acclaim PepMap C18 (75 um %25
cm) as equilibrated with solvent A (A: 0.1% formic acid in water) and solvent B (B:
0.1% formic acid in ACN). 3 uL of sample was loaded and separated with 60 min-
gradient at flow rate of 300 nL/min. The column temperature and electrospray
voltage were 40 °C and 2 kV, respectively. The mass spectrometer was run under
data dependent acquisition mode which was automatically switched between MS
and MS/MS mode. The survey of full scan MS spectra (m/z 100-1500) was acquired
in the Orbitrap with 70000 resolutions. The maximum injection time was 50 ms, and
the top 20 most intense precursor ions were selected into collision cell for
fragmentation by higher-energy collision dissociation, with collection energy of 28.
The MS/MS resolution at 17500, the automatic gain control target at 1e5 the

maximum injection time of 45 ms, isolation window of 2 m/z, and dynamic exclusion
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of 30 s were set.

The tandem mass spectra obtained above were further processed by PEAKS Studio
version X+ (Bioinformatics Solutions Inc., Waterloo, Canada). PEAKS DB was set up
to search the Gallus gallus (version 201907, entries 18124) database. PEAKS DB were
searched with a fragment ion mass tolerance of 0.02 Da and a parent ion tolerance
of 7 ppm. Oxidation and Deamidation were specified as the variable modifications.
The peptides with -101gP > 20 and the proteins with -10IgP > 0 and containing at least
1 unique peptide were filtered. The hydrophobic ratio (HPR, %) of each peptide was

obtained by calculating the proportion of hydrophobic amino acids.
3.2.11 Statistical analysis

Statistical analysis was performed using SPSS 17.0 software. Difference among mean
values was established using the Duncan multiple range test (DMRT) at P < 0.05. All
analyses were carried out in triplicate samples and the data are presented as mean +
standard deviation (SD).

3.3 Results and discussion
3.3.1 Effects of ICSE treatment on chicken feather
3.3.1.1 The recovery of ICSE chicken feather and disulfide analysis

ICSE technology, developed from traditional steam explosion, has been widely
applied in biomass deconstruction. The saturated steam can penetrate organic tissue
with powerful seepage force, and then seriously disrupt the internal structure by
mechanical shearing force when given an instant decompression. Previously, it was
found that the cracks and holes of feather enabled by steam explosion were
conductive to the enzyme attack 2. Therefore, it is meaningful to find an
appropriate ICSE condition assisting with enzyme hydrolysis for antimicrobial-

peptide production.

In the present study, chicken feather was gradually broken and became muddy and
granular with the increase of pressure and maintaining time (Figure 3.1A). Under
the conditions of 2.0 MPa-120 s and 2.5 MPa-120 s, the feather was almost liquified.
In the study on improving digestibility of feather meal, the original structure of
feather was found to be destroyed with lots of cracks and cavities emerging at 1.8
MPa-1 min 24. With pressure and maintaining time increasing, the ICSE feather

varied from white to dark yellow. The color change might result from the presence
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of chromophores originating from the aromatic amino acids, such as tyrosine,
phenylalanine and tryptophan ©2. The result showed that the yield decreased
obviously with the liquefaction aggravation of feathers (Figure 3.1B). Similarly,
about 17.9% of the initial wool mass was found to be lost via steam explosion
treatment at 220 °C-10 min, which was probably result from the presence of non-
proteinous materials and the incomplete recovery process [*2l. To discharge pressure
instantaneously, the cylinder was totally opened on a flat surface which was hard to

collect small particles and liquid.
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Figure 3.1. (A) Morphology of ICSE chicken feather, (B) recovery of chicken feather treated by ICSE at
different pressures and times, (C) free sulfhydryl, and (D) disulfide content. The results are presented as
the mean values + SD, n = 3. The regression models of free sulfhydryl content and disulfide content were
Y = 4.215Xpressure + 0.028Xtime - 1.874 (R2%dj= 0.836) and Y = 172.401 - 42.025Xpressure - 0.337Xtime (R2adj= 0.872),
respectively. Different lowercase letters (a-d) indicate significant difference (P < 0.05) among ICSE
samples treated at the same pressure with different times; different uppercase letters (A-E) indicate

significant difference (P < 0.05) among ICSE samples treated at different pressures with the same time.
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The massive disulfide bond cross-linking and the tight packing (3-sheet in the
polypeptide chain endowed feather keratin with high stability 2. To further explore
the effect of ICSE strength on feather structure, the contents of both disulfide and
free sulfhydryl of CFP were assayed (Figure 3.1C&D). As result showed, the increase
of pressure and maintaining time significantly increased the content of free
sulfhydryl while decreased that of disulfide. Based on the liner regression analysis,
pressure was found to be the main influence factor while the maintaining time made
less effect. Taken together, ICSE treatment could effectively disrupt the structure of
chicken feather. However, an appropriate condition needs to be determined which

could moderately loosen keratin structure while without excessive degradation.
3.3.1.2 Analysis of soluble peptides and free amino acids

Keratin possesses plenty of intramolecular and intermolecular cystine cross-links,
forming filamentous structures made of polypeptide chains folded into p-sheets
which are stacked and twisted to form a helical structure Bl. This special structure
endows feather keratin with insolubility and resistance to most proteolytic enzymes.
In this study, peptides and FAA were determined to investigate the damage degree
of ICSE to feather. The soluble peptide content showed an obvious upward trend
with pressure and maintaining time increasing (Figure 3.2A). It was indicated that
the increase in ICSE strength led to keratin cracking. By analyzing PMW, it was
found that there were less solubilized peptides under 0.5 MPa, most of which might
be susceptible fragments and amino acids with small size. The relative content of
peptides from 2 to 5 kDa went up remarkably as the maintaining time was
prolonged with pressure increasing from 1.0 MPa to 1.5 MPa. The reason possibly
was that part of resistant and stable crosslinks, such as disulfide bonds and other
covalent bonds, were deconstructed with relatively more large molecules producing.
As we can see, there were more peptides from 2 to 5 kDa produced with pressure
increased from 1 to 1.5 MPa. Under the conditions of 1.0 MPa-60/90/120 s and 1.5
MPa-30/60/90/120 s, more than 50% peptides over 2 kDa were produced. However,
when the pressure further increased from 2 to 2.5 MPa, there were more small
peptides from 0.5 to 2 kDa produced, indicating that severe conditions
deconstructed keratin into smaller peptides. An ICSE condition under which keratin

would not suffer from over-degradation should be chosen for peptides production.
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Figure 3.2. (A) The contents of soluble peptides and the relative distribution of peptides molecular weight,
and (B) the contents of free amino acids in different ICSE samples. “EAA” represents the sum of Ile, Leu,
Val, Thr, Trp, Met, His, Phe and Lys, while “NEAA” represents the sum of the rest amino acids. Values

are normalized based on logarithm (log 2.0). The results are presented as the mean values + SD, n = 3.

The increase of ICSE strength exhibited growing effect on producing FAA content
in CFP (Figure 3.2B). When the ICSE pressure was over 2.0 MPa-60 s, there was more
than 3000 ug-g"' of FAA generated indicating a severe degradation. When the ICSE
condition was 2.5 MPa-120 s, the FAA content reached 5754.71 ug-g*' which was 8.5
times more than that at 0.5 MPa-15 s. In our study, most essential amino acids (EAA)
in keratin were found to be less released by ICSE (varying from 238.98 to 618.35 ug-g-
1), while non-essential amino acids (NEAA) were much easier to be released from
feather keratin (increased from 438.32 to 5136.37 ug-g'). Among EAA, free Leu and
Lys improved slightly when increasing ICSE conditions, while free Thr, Trp and Val
showed a slight descending which might result from thermal destruction 3,
Obviously, Ser, Asp, Gly, Cys and Pro were growingly released from feather keratin
with ICSE conditions rising, becoming the main components of FAA, among which

Ser, Asp and Gly were found to be easiest dissociated from feather keratin.

AMPs are majorly small cationic molecules and most of them (86%) are composed
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of 11-50 amino acids ¥+¥1. That way, the ICSE condition should be selected based on
the premise that feather keratin structure was loosened with less FAA and small
peptides (< 2 kDa) produced, which might be helpful for enhancing the hydrolysate
antimicrobial activity. With a view to soluble peptides and FAA, 1.5 MPa-120 s was

chosen as the optimal condition for feather pretreatment.
3.3.2 Enzymatic hydrolysis of ICSE-CFP via different enzymes

The high stability and durability of keratin are attributed to its vast cross-linking
with disulfide bonds, salt linkages, hydrogen bonds and so forth, and thus being
resistant to common enzymes 3. Keratinases were reported to be the only group of
proteases that could attack and completely degrade highly intricate keratins [l
However, the feather-degradation rate via keratinase only reached 47.56% after 1220
min . In the present study, the hydrolysis capacity of keratinase and conventional
proteases including protamex, alcalase, neutrase, papain, trypsin and flavourzyme
were investigated based on ICSE pretreatment. The results showed that keratinase
owned the best ability for feather deconstruction, following which were papain and
alcalase, and the flavourzyme had weakest hydrolysis ability for feather keratin
(Figure 3.3A). Based on the disruption of ICSE on feather structure, keratinase
hydrolysis resulted in more than 90% of peptides dissolved within 3 h, and there
were more than 90% of peptides with molecular weight less than 3 kDa, among
which were about 60% of peptides below 500 Da (Figure 3.3B).
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Figure 3.3. (A) Content of soluble peptides and protein, and (B) distribution of peptide molecular weight

in different hydrolysates after ICSE treatment. The results are presented as the mean values + SD, n = 3.
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Different lowercase letters (a-f) indicate significant difference (P < 0.05) of soluble peptides among
different hydrolysates by different enzymes; different uppercase letters (A-E) indicate significant

difference (P < 0.05) of soluble protein among different hydrolysates via different enzymes.

Significantly, ICSE pretreatment facilitated hydrolysis of feather keratin. Most likely,
the specific hydrophobic residues in raw feather were previously cleaved and thus
making active sites accessible to keratinase. Similarly, in despite of lower
deconstruction rate, the proteolysis via conventional proteases was also improved
by ICSE. Two possible reasons for the low hydrolysis ability of conventional
proteases, especially for flavourzyme, neutrase, protamex and trypsin, were the
hinder of crosslinkings of disulfides and dominate hydrophobic residues in CFP.
Yamamura et al. have proposed that keratinolysis involved a synergistic action of
disulfide sulfitolysis and proteolysis 1%, while most of conventional protease owned
none process of disulfide reducing. The cross-linkages of keratin by disulfide bonds
hindered its deconstruction by proteases. The hydrophilic Lys and Arg which were
the sites at which conventional enzymes (e.g. trypsin) act were inaccessible in native
keratin 401, Especially for trypsin, large peptides were more observable than small
peptides in hydrolysate, indicating a weakest keratin cleavage ability. Above all,
ICSE treatment greatly improved the keratinolysis of chicken feather, and ICSE-
keartinolysis process exhibited overwhelming advantage than conventional

proteolysis for keratin peptides preparation.

3.3.3 The antimicrobial activity and the minimal inhabitation concentration of feather

hydrolysates

Different cleavage sites might endow feather hydrolysate with promising
antimicrobial activity based on the potential structure and sequence of feather
keratin. Thus, the antimicrobial activity of different hydrolysate was explored. The
result showed that the hydrolysate obtained via keratinase hydrolysis exhibited
antimicrobial activity against E. coli (Figure 3.4A), while other hydrolysates could
not inhibit E. coli growth. The difference between various enzymes might result from
different cutting sites related to antimicrobial properties. Molecular weight, amino
acid sequence, structural features like peptide helicity, hydrophobicity and
combination of specific amino acids such as His, Arg, Ala, Val and Leu, were
considered as the key factors for antimicrobial activity of peptides 141l It has been
reported that most of AMPs were cationic and hydrophobic amino acids 12 42,

Typically, HKABF by Pichia pastoris, a kind of cationic peptide containing eight
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cysteines engaged in four intramolecular disulfide bridges, was found to exhibit
strong resistance against Staphylococcus aureus and Staphylococcus saprophyticus
431, Keratinase possesses high specificity for hydrophobic residues (Met, Ala, Phe,
Trp and Leu) and hydrophilic His which was absent in feather keratin though.

A B

Concentration (mg-mL-1) 20
: a

Neutrase
Papain
Keratinase

Alcalase

Enzymes

Trypsin

5 10 50 100 200 P N

Positive control Negative control Concentration (mg-mL-)

Figure 3.4. (A) The growth image of E. coli exposed to varying concentrations of keratin hydrolysates, and
(B) the OD value of E. coli exposed to varying concentrations of keratin hydrolysates at 600 nm. The
bacteria was cultured for 22 h, and the positive control was adding penicillin (100 U/mL) and
streptomyecin (0.1 mg/mL), while the negative control was adding same volume of saline. The results are
presented as the mean values + SD, n = 3. Different lowercase letters (a-d) indicate the significant
difference (P < 0.05).

On the contrary, other common proteases could act on hydrophilic residues
including Lys and Cly except for some hydrophobic residues 2. In addition to
abundant cationic Arg and special (-sheet fortified by Cys, the higher
hydrophobicity of keratinase hydrolysate might be another key reason for its
antimicrobial activity. The cationic peptide would interact with negatively charged
components, such as lipoteichoic acids present on the bacteria cell membrane. The
peptides-lipid interaction would further give rise to the formation of separation
channel and disorganization of lipid bilayers, and then resulting in bacteria death.
By exploring antimicrobial activity of keratinase hydrolysate at concentrations
ranging from 5 to 200 mg/mL, it was found that the minimal inhabitation concentrate
was 50 mg/mL (Figure 3.4B). Conversely, the limited effective cleavage of feather
keratin by conventional proteases and the exposed hydrophilic residues were not
conductive to inhibiting bacteria growth. Nevertheless, keratinase was promising

for feather keratin hydrolysis and AMPs preparation.

In some previous studies, it has been found that the hydrolysates with molecular

weight <3 kDa expressed stronger activity against bacteria than larger hydrolysates,
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such as the hydrolysate from fish waste and barred mackerel gelatin [!>.44]. Therefore,
the keratinase hydrolysate would be separated into several fractions according to
their molecular weight (< 3 kDa, 3-5 kDa, 5-10 kDa and > 10 kDa) to explore the

antimicrobial mechanism.

3.3.4 Antimicrobial activity of keratin peptides with different molecular weight obtained via

keratinase

To improve the purity of effective peptides and focus on the potential antimicrobial
peptides, four fractions with different molecular weights were obtained by
ultrafiltration. As expected, the peptides with molecular weight less than 3 kDa
showed better inhibitory activity of E. coli than that of larger molecular weight
(Figure 3.5A&B).

0D value
Concentration (mg-mL') @

10 3050100150200 10 30 50100150200 10 30 50100150200 10 30 50100150200 P N
<3K 35K 510K >10K

C of different (mg-mL-") Positive control Negative control

Figure 3.5. The inhibitory effect of keratin peptides on E. coli. (A) the OD value of E. coli exposed to varying
concentrations of keratin peptides at 600 nm, and (B) the growth image of E. coli exposed to varying
concentrations of keratin peptides. The keratin peptides were obtained by keratinase hydrolysis. The
bacterial was cultured for 16 h, and the positive control was adding penicillin (100 U/mL) and
streptomyecin (0.1 mg/mL), while the negative control was adding same volume of saline. The results are
presented as the mean values + SD, n=3. “a-i” indicate the significant difference (P <0.05) in E. coli growth

with different fractions at various concentrations.

Similarly, the most active AMPs of fish waste hydrolysate also emerged in the
fraction smaller than 3 kDa, which has been proved to contain more hydrophobic
amino acids compared to other fractions 4. In the study on investigating the
antimicrobial activity of peptides isolated from green juice alfalfa, the molecular
weight of identified AMPs was distributed from 378-1220 Da, and the activity was
presumably attributed to their specific amino acid composition, hydrophobicity and
secondary structure [45. The general characteristics of antimicrobial peptides include
the load, structural diversity hydrophobicity and specific amino acid composition,

such as His, Arg, Pro, Cys and Gly Usl. Previously, Nedjar-Arroume et al. have
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illustrated that most of the active peptides in peptic hemoglobin hydrolysate were
the shortest ones and perhaps acted with mechanism closer to parabens involving
terminal tyrosyl group instead of by classical mechanism of antimicrobial peptides
1411, Nevertheless, the amino acids composition and sequence of keratin peptides <3

kDa would be further studied to clarify their potential mechanism against E.coli.

What is more, the hydrolysate fraction from 3 to10 kDa also expressed antimicrobial
activity at concentrations higher than 100 mg/mL. It might result from the presence
of the peptide fragment with antimicrobial characteristics. The MIC of fraction < 3
kDa of CFP hydrolysate was 30 mg/mL and was higher than that of other
hydrolysate (e.g. 0.5 mg/mL) reported in previous studies [10 4. There might be
inactive peptides, other than AMPs, produced via ICSE treatment.

3.3.5 Amino acid composition of keratin peptides obtained via keratinase and distribution of

peptides with different hydrophobic ratios in fraction <3 kDa

By analyzing the composition of amino acids in four fractions, highest content of
hydrophobic amino acids including Ala, Val, Ile, Leu, Phe etc. was found in the
fraction < 3 kDa (Figure 3.6A), and the total content of hydrophobic amino acids
reached about 364.11 mg/g, which might contribute to its outstanding E. coli
inhibitory ability as Pezeshk et al. have concluded, where a higher content of
hydrophobic amino acids emerged in antimicrobial hydrolysate compared to non-
antimicrobial fractions 4. Additionally, the content of negatively charged amino
acids, e.g. Asp and Glu, in fraction < 3 kDa (157.91 mg/g in total) was significantly
lower than that in others (P < 0.05), while the positively charged amino acids were
more. Specially, the contents of Cys, Gly, Phe and Leu in fraction < 3 kDa were
significantly higher than other groups (P < 0.05). As reported, some peptides rich in
Cys (e.g. insect defensin and drosomycin) and Gly (e.g. attacin and gloverin) owned
significant antimicrobial capacity, while there were also Leu-rich AMPs (e.g.
GLLSLLSLLGKLL) and Phe-rich peptide of FFFLSRIF that exihbited remarkable
ability against bacteria, possibly owing to a highly hydropobic sequence 7. 431,
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Figure 3.6. (A) Amino acid composition of different fractions, and (B) distribution of peptides with
different hydrophobic ratio (HPR) in fraction < 3 kDa. The keratin peptides were obtained by keratinase
hydrolysis. The results are presented as the mean values + SD, n = 3. “a-d” indicate the significant

difference (P < 0.05) in amino acid content among four fractions.

There were 182 of peptides identified in fraction < 3 kDa in total, with molecular
weight ranging from 366.15 to 2516.44 (Table S3.1). Result showed that about 13%
of peptides owned more than 80% hydrophobic residues (Figure 3.6B), among
which the Pro-Val-Val-Val peptide with high hydrophobicity emerged. 79% of
peptides were with HPR higher than 60%, such as Val-Val-Val-Thr-Leu-Pro-Gly-
Pro-lle-Leu, Val-Val-Thr-Leu-Pro-Gly-Pro-Ile-Leu, Pro-Ser-Pro-Val-Val-Val and so
on. Manny AMPs are composed of abundant hydrophobic residues, 1-2 of which
frequently appear in every 3-4 residues [¢°. In the study on the antimicrobial activity
of pepetides from Green Juice Alfalfa, most antimicrobial peptides were found to

possess about 50% of hydrophobic residues 3. In the present study, the better

71



CHAPTER 3

antimicrobial activity of keratin peptides < 3 kDa could presumably be attributed to
the high proportion of hydrophobic segments, which were probably inserted into
the cell membrane of the bacteria, thus destabilizing water inlet and causing cell

lysis.

Taken together, keratin hydrolysate via keratinolysis was found to be potential
AMPs against E.coli, and the better antimicrobial activity, especially of peptides <3
kDa, most likely result from the high hydrophobic ratio. In a future study, the
antimicrobial activity action mechanism in which peptides are involved can be
clarified after further separation, purification and identification. By
comprehensively considering the resistance of feather keratin to enzymes and the
efficiency of ICSE technology, the ICSE-keratinolysis process was promising for
preparing AMPs against E. coli.

3.4 Conclusion

The present study demonstrated that feather structure was effectively damaged by
ICSE treatment with lots of soluble peptides and FAA dissolved, and the ICSE
condition at 1.5 MPa-120s could moderately destruct chicken feather without severe
degradation. Assisted with ICSE pretreatment, keratinolysis greatly improved
feather deconstruction, and its hydrolysate product exhibited remarkable inhibitory
activity against E. coli, while the hydrolysates via conventional proteolysis showed
no obvious anti-E.coli effect. Additionally, the fraction < 3 kDa in keratinolysis
hydrolysate possessed best antimicrobial activity, probably owing to their high
proportion of hydrophobic residues. The study provided an ICSE process for
moderately destructing chicken feather in a short time involving no chemicals, and
the keratin hydrolysate via keratinolysis could serve as a new alternative anti-E.coli
product. Consequently, ICSE-keratinolysis process could be performed as an
effective and eco-friendly way for converting renewable feather waste into value-
added antimicrobial product, holding potential in improving economic value while

reducing resource waste and environment pollution.
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3.6 Supplementary materials

Table S3.1. The sequence description of keratin peptides in fraction <3 kDa derived from feather keratin.

No. Sequence Length Mass hydrophobic
ratio (%)

1 V.GSIL.S 4 388.23 75.00
2 P.VVVTL 4 416.26 75.00
3 S.PVVV.T 4 412.27 100.00
4 R.FSGR.R 4 465.23 50.00
5 S.SGGF.G 4 366.15 75.00
6 V.PISSG.G 5 459.23 60.00
7 P.SPVVV.T 5 499.30 80.00
8 F.GISGL.G 5 445.25 80.00
9 A.AVGSIL 5 445.25 80.00
10 P.GPILS.S 5 485.28 80.00
11 T.LPGPLL 5 495.31 80.00
12 S.PVVVT.L 5 513.32 80.00
13 L.PGPILS.S 6 564.33 83.33
14 S.RVVIQP.S 6 710.44 66.67
15 C.QDSRVV.I 6 702.37 33.33
16 LLSSFPQ.N 6 734.36 50.00
17 G.FGISGL.G 6 592.32 83.33
18 E.EGVPIS.S 6 600.31 66.67
19 P.ISSGGF.G 6 566.27 33.33
20 S.RVVIQP.S 6 709.46 66.67
21 Q.PSPVVV.T 6 596.35 83.33
22 L.GSRFSG.R 6 609.29 50.00
23 S.SGGFGI.S 6 536.26 83.33
24 L.PGPILS.S 6 582.34 83.33
25 R.VVIQPS.P 6 641.37 66.67
26 V.PISSGGF.G 7 663.32 71.43
27 L.GSRFSGR.R 7 765.39 42.86
28 D.SRVVIQP.S 7 796.49 57.14
29 E.GVPISSG.G 7 615.32 71.43
30 F.GISGLGS.R 7 589.31 71.43
31 T.LPGPILS.S 7 695.42 85.71
32 V.TLPGPIL.S 7 708.45 71.43
33 V.TLPGPIL.S 7 709.44 71.43
34 S.RVVIQPS.P 7 797 .48 57.14
35 S.STSAAVG.S 7 591.29 57.14
36 L.SEEGVPLS 7 729.35 57.14
37 R.VVIQPSPV.V 8 836.51 75.00
38 V.IQPSPVVV.T 8 894.52 75.00
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T.LPGPILSSFPQ.N
S.RVVIQPSPVVV.T
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V.VVTLPGPILSS.F
S.RVVIQPSPVVV.T
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12
12
12
12
12
12
12
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1065.64
994.61

1017.62
1079.65
988.63

1191.73
1234.74
1006.52
1223.72
1093.67
1262.77
1223.72
1081.64
1154.63
1136.68
1173.72
1274.59
1219.73
1175.74
1248.76
1392.86
1161.72
1128.65
1065.64
1190.75
1233.74
1179.70
1257.62
1205.71
1278.77
1260.76
1321.77
1164.53
1320.78
1268.68
1153.59
1180.71
1192.63
1335.79
1306.76
1306.80
1190.73
1349.80

80.00
80.00
80.00
60.00
90.00
72.73
72.73
72.73
72.73
81.82
72.73
72.73
72.73
72.73
72.73
72.73
27.27
72.73
72.73
72.73
72.73
72.73
72.73
72.73
72.73
72.73
63.64
27.27
72.73
66.67
66.67
66.67
50.00
66.67
66.67
75.00
75.00
58.33
66.67
66.67
66.67
83.33
66.67
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12
12
12
12
12
12
12
12
12
12
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1292.78
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1292.78
1323.71
1406.82
1276.75
1190.73
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1306.69
1260.76
1240.62
1527.82
1255.68
1237.67
1380.74
1216.62
1393.79
1354.75
1464.83
1379.81
1277.76
1450.81
1369.72
1389.87
1386.75
1374.81
1578.87
1492.90
1503.84
1521.85
1504.83
1609.90
1453.82
1494.84
1396.72
1476.90
1649.86
1453.74
1595.96
1528.92
1559.94
1646.97

66.67
66.67
66.67
66.67
50.00
66.67
66.67
83.33
66.67
50.00
66.67
66.67
58.33
66.67
66.67
50.00
50.00
61.54
69.23
61.54
61.54
76.92
61.54
61.54
69.23
61.54
78.57
57.14
64.29
57.14
57.14
57.14
64.29
71.43
57.14
64.29
64.29
53.33
66.67
66.67
80.00
73.33
68.75
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16
16
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18
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19
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20
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24
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1718.93
1615.95
1715.02
1814.09
1883.16
1882.18
1970.19
2094.07
2077.11
2057.22
2039.21
2201.05
2126.03
2516.44
2495.25

50.00
75.00
76.47
77.78
77.78
77.78
73.68
47.37
47.37
70.00
70.00
61.90
59.09
66.67
56.00
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Abstract

Keratin, as a promising bioresource, possesses significant potential for diverse
biological applications due to its favorable biocompatibility, low toxicity,
biodegradability and cell-adhesion ability. However, there are few studies on the
cell-penetrating ability of keratin peptides (KEP) for biomolecule delivery. Therefore,
this study explored the cell-penetrating ability of KEP with different molecular
weights (Mw) on Caco2 cells using fluorescein-labeled insulin (FITC-INS) as the
target intracellular biomolecule. The potential cell-penetrating mechanism was
elaborated by combining cellular investigation with the physicochemical
characterization of KEP. The result shows that the KEP < 3 kDa (KEP1) exhibited the
highest cell-penetrating ability at 2 mg/mL, allowing efficient delivery of FITC-INS
into Caco2 cells without covalent bonding. The cellular uptake mechanism was
energy-dependent, mainly involving macropinocytosis. The further fractionation of
KEP1 reveals that the most effective components consisted of 8-19 amino acids,
including specific hydrophobic peptides (e.g. RVVIEPSPVVYV and IIIQPSPVVYV), PP
Il amphipathic peptides (e.g. PPPVVVTFP and FIQPPPVVV) and Cys-rich
peptides (e.g. LCAPTPCGPTPL and CLPCRPCGPTPL). Additionally, analysis of the
secondary and tertiary structure and amino acid composition illustrated that KEP1
exhibited rich hydrophobic residues and disulfide bonds which probably
contributed to its cell-penetrating ability, as opposed to its small particle size and
electrostatic interactions. This study reveals the cell-penetrating ability of keratin

peptides, thus highlighting their potential as vehicles for delivering biomolecules in
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4.1 Introduction

The development and production of new therapeutic proteins and peptides have
been on the rise due to recent breakthroughs in biotechnology and molecular
engineering. However, significant challenges exist in achieving efficient delivery of
proteinaceous molecules through the biological membrane or into cells due to their
non- lipophilicity resulting in low permeation 1. The current techniques for
enhancing biomolecule delivery, such as viral vectors and membrane perturbation,
have been reported with high toxicity, immunogenicity and low-efficiency 2. In
recent years, several novel approaches have emerged for improving the delivery
penetration and efficiency of biomolecules, including chemical modification,
combining with cell-penetrating peptides (CPPs), loading by polymeric or
mucoadhesive vehicles as reviews by Rehmani and Dixon 1. Over the last two
decades, over 100 CPPs have been discovered and recognized as potent
transepithelial vectors for transporting biomolecules across biological membranes [1,

receiving growing attention from researchers.

CPPs, also known as protein transduction domains, are relatively small functional
carrier peptides generally comprised of 5-30 amino acids that can penetrate
biological membranes and transport diverse molecules into cells 2. CPPs could be
categorized into three classes based on physicochemical properties: cationic,
amphipathic and hydrophobic 3l. Cationic CPPs are often rich in positively charged
amino acid residues (e.g. Arg and Lys), demonstrating good cytoplastic membrane
affinity that can bind to negatively charged glycoproteins on the membrane surface
by electrostatic interactions, such as transcription activator protein (Tat) and octa-
arginine R8 & 7. Amphipathic CPPs often contain both a non-polar region enriched
with hydrophobic amino acids and a cationic, anionic or polar region, such as GALA
(WEAALAEALAEALAEHLAEALAEALEALAA) and P28 (LSTAADM-
QGVVTDGMASGLDKDYLKPDD) & . Hydrophobic CPPs are mainly constructed
of a larger number of hydrophobic residues in their structure which are possibly
responsible for both a low net charge and high cell membrane affinity. When
biomolecules are attached to the CPP, they can penetrate intact and subsequently
become internalized into cells % 11. There are two ways of conjugating biomolecules
to CPPs: non-covalent and covalent binding. The first approach mainly depends on
electrostatic interactions between CPPs and biomolecules, which has been widely

applied due to its high flexibility (2. The co-administration of CPPs and insulin as a
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physical mixture without intermolecular crosslinking has been found to enhance
intestinal insulin absorption [33l. Their non-invasive ability to enter cells without
disrupting cell membrane integrity sets them apart from traditional techniques like
microinjection and electroporation 4, making them a safe and highly efficient
option. Therefore, CPPs are promising vehicles for non-covalently delivering

biomolecules into cells.

Keratin is a natural biomass that holds great potential for use in biological
applications, because of its biocompatibility, low toxicity and biodegradability. An
earlier study has suggested that the tripeptides structure of "Arg-Gly-Asp" and
"Leu-Asp-Val" presented in keratin could bind to cell surface ligands, thereby
promoting cell adhesion [15l. Subsequently, keratin nanoparticles were found to
successfully penetrate into kidney and liver cells, demonstrating a positive
capability for attachment and proliferation [6l. In a previous investigation, we found
that the keratin hydrolysates produced through keratinolysis with instant catapult
steam explosion (ICSE) displayed an antimicrobial effect ['7]. This effectiveness was
attributed to the high presence of hydrophobic residues and certain peptides (e.g.
Leu-rich peptides). The antimicrobial peptides (AMPs) and CPPs often share
common  physicochemical characteristics, including cationic residues,
hydrophobicity and amphipathicity [18 1°l. Due to the functional similarity between
CPPs and AMPs, it was demonstrated that CPPs could act as antimicrobial peptides,
e.g. Tat and TP10 2021, and AMPs can serve as drug delivery vehicles, e.g. Buforin
and Tachyplesin 22 2. Thus, we hypothesize that keratin hydrolysates may possess
the ability to alter cellular permeability, which could improve the delivery of

biomolecules into cells, known as cell-penetrating ability.

This study aims 1) to verify our hypothesis that keratin peptides (KEP) may possess
the cell-penetrating ability, thereby altering cell membrane permeability and
improving delivering intracellular molecules into cells; 2) to clarify the possible cell-
penetrating mechanism through a combination of cell experiments and
physicochemical characterization. Here, fluorescein-labeled insulin (FITC-INS) was
used as the target intracellular molecule for investigating the cell-penetrating ability
of KEP. First, the cytotoxicity and cellular uptake of FITC-INS delivered by KEP with
different molecular weights were investigated. Then, the physicochemical
properties of KEP, such as peptide identification, chemical structure, secondary

structure, tertiary structure and amino acid composition, were comprehensively
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investigated, which may provide insights into their ability to penetrate cell

membranes.
4.2 Materials and methods

4.2.1 Materials and chemicals

Chicken feathers were supplied by the Institute of Animal Science of the Chinese
Academy of Agricultural Science (Beijing, China). Feathers were completely cleaned
with food-grade detergent and distilled water, then dried at 50 °C for 48 h.
Keratinase was provided by Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai,
China). Fluorescein isothiocyanate labelled insulin (FITC-INS, 95%) Insulin was
supplied by Taigu Biotechnology Co., Ltd (Nanjing, China). Other chemicals,
including chlorpromazine, colchicine, amiloride hydrochloride and methyl-beta-
cyclodextrin (M-p-CD), acetonitrile (ACN) and so on, were of analytical grade
supplied by Beijing Solarbio Science & Technology Co., Ltd (Beijing, China).

4.2.2 Preparation of keratin peptides with different molecular weights

Feather keratin was extracted using the cysteine reduction method assisted with
ultrasonic as described in our previous study 4. Keratin was enzymatically
hydrolyzed with keratinase at 6000 units/g, pH 8.5, 55 °C. The keratin hydrolysate
was obtained by centrifugation at 8000 xg for 30 min and further filtration through
0.45 pm filters. Then, the obtained supernatant was dialyzed with a molecular
weight cutoff (MwCO, 100 Da) for 48 h in distilled water at 4 °C. Keratin peptides
(KEP) with molecular weight of <3 kDa, 3-5 kDa, 5-10 kDa and > 10 kDa were further
obtained via ultrafiltration and lyophilization, named as KEP1, KEP2, KEP3 and
KEP4, respectively.

The KEP1 exhibiting the highest cell-penetrating ability was subjected to a Sephadex
G-25 column (26 mm x 780 mm) for further fractionation and purification (fraction1,
2, 3 and 4). The column was equilibrated and eluted with ultrapure water at a flow
rate of 0.5 mL/min and monitored at 220 nm via a UV detector (HD-97-1, Shanghai
Jiapeng Technology Co., Ltd., China).
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4.2.3 Cell-penetrating ability of KEP
4.2.3.1 Cell culture

In this study, Caco-2 cells were used for investigating the insulin uptake intervened
by KEP. Caco-2 cells were purchased from iCell Bioscience Inc., (Shanghai, China)
and cultured in T-25 flasks with Dulbecco’s Modified Eagle's Medium (DMEM) in
an incubator at 37 °C under 5% CO.. The DMEM was supplemented with 10% fetal

bovine serum [231. The following steps were performed when the cells filled the flask.
4.2.3.2 Cytotoxicity

The cytotoxicity of KEP on Caco-2 cells was evaluated by CCK-8 assay. Briefly, the
cells were seeded in a 96-well plate (4 x 103 cells/well) and cultured at 37 °C under 5%
CO: overnight. Subsequently, the culture medium was replaced by fresh media
including KEP samples at various concentrations (0, 0.1, 0.5, 1, 2, 5 and 8 mg/mL).
After 2 h incubation, the cells were washed three times with HBSS and refilled with
100 uL of fresh DMEM. 10 pL of CCK-8 reagent was added and the cells were further
incubated for another 3 h. Finally, the absorbance (Asample) was measured at 450 nm
via a microplate reader (SPARK10M TECAN, Switzerland). The blank was the
absorbance (Avlank) of cells treated without KEP. The relative cell viability was then

calculated with the following formula (1):
Cell Vlablhty (%) = Asample/Ablank x 100 (1)
4.2.3.3 Cellular uptake

After washing by HBSS and digestion by 0.25% trypsin, the Caco-2 cells obtained
from section 4.2.3.1 were seeded onto 96-well plates at a density of 4 x 10° cells/well
and cultured overnight. The culture medium was replaced with 200 uL fresh culture
medium containing KEP samples (KEP1, KEP2, KEP3 and KEP4) at different
concentrations (0, 0.1, 0.5, 1, 2 and 5 mg/ml) and 50 pg/mL of FITC-INS. Meanwhile,
the N-control treated without KEP was conducted. After incubation at 37 °C for 2 h,
cells were washed with HBSS three times and resuspended. The fluorescence
intensity of cells was measured at Aex 495 nm and Aem 519 nm by a fluorescence
microplate reader (SPARK10M TECAN, Switzerland).

To further test the FITC-INS uptake, Caco-2 cells were seeded into a glass-bottomed
cell dish (5 x 105 cells/well) and cultured under the same conditions as described

above. Then, the cells were immediately fixed by adding paraformaldehyde (4%)
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and then stained with Hoechst33342 (10 pg/mL) for 15 min. The cells were washed
three times using HBSS. Finally, the cellular uptake was imaged by confocal laser

scanning microscopy (CLSM, FV1200 Olympus, Japan) at 100x magnification.
4.2.3.4 Cellular uptake mechanism

The physical and pharmacological inhibitors, including low temperature (4 °C),
chlorpromazine (10 ug/mL), colchicine (5 ug/mL), amiloride hydrochloride (0.3
mg/mL) and methyl-B-cyclodextrin (M-3-CD, 5 mg/mL), were applied to investigate
the cellular uptake mechanism of insulin delivered by KEP. The cells were seeded
onto 96-well plates at a density of 4 x 10° cells/well and cultured overnight. The cells
were treated with each inhibitor for 1 h and then were washed with HBSS three times.
After that, fresh DMEM containing KEP (2 mg/mL) and FITC-INS (50 pg/mL) were
added and the cells were further incubated for 2 h. After the washing steps, the
fluorescence intensity of the cells was measured as section 4.2.3.2 mentioned. Caco-
2 cells were cultured at a temperature of 4 °C for 1 h to treat the low-temperature
group. They were then incubated with KEP at 4 °C for 2 h. The control group, which
did not involve any inhibitors, was incubated with KEP and FITC-INS at a
temperature of 37 °C. The N-control group, on the other hand, was only incubated
with FITC-INS at 37 °C.

4.2.4 KEP characterization

The chemical structure was analyzed via a Fourier transform infrared spectroscopy
(FTIR, Vertex 70, Bruker Inc., U.S.). KEP were ground with dried potassium bromide
and pressed into a 1 mm pellet. Then it was scanned from 400 to 4000 cm ! with a

resolution of 4 cm.

The intrinsic fluorescence was measured through a Cary Eclipse Fluorimeter
(Agilent Technologies, Inc., U.S.). KEP was diluted to 0.25 mg/mL with PBS buffer
(pH 7.0, 10 mM). The excitation wavelength was 280 nm to excite tryptophan. The
emission spectra were obtained by scanning samples from 290 nm to 450 nm at a
speed of 240 nm/min. The excitation and emission slits were set at 5 nm. Each

spectrum was the average of three scans and corrected with blank.

The secondary structure was assessed through circular dichroism (CD, Jasco J-815,
Jasco Inc., Japan). KEP were dispersed in PBS buffer (pH 7.0, 10 mM) with a

concentration of 0.25 mg/mL. Ten scans were recorded and averaged with
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wavelengths ranging from 185nm to 260 nm at scanning speed of 50 nm/min at 20 °C.
The blank PBS buffer was performed for baseline subtraction. The CD fitting
software, BeStSel, was used for calculating the secondary structure contents,

including -sheet, a-helix and [-turns 261,

Particle size was measured using dynamic light scattering (Nano ZetasSizer,
Malvern Instruments, UK). KEP were dispersed in distilled water at concentration
of 0.1 mg/mL and detected at 25 °C.

4.2.5 Analysis of amino acids composition

The composition of total amino acids in KEP was assessed via peroxidation and acid
hydrolysis method as described in our previous study [24. Briefly, KEP was
accurately weighted and dispersed in 2 mL of ice-cold performic acid solution. The
mixture was stored in the fridge at 4 °C for 16 h, and the 0.3 mL ice-cold hydrobromic
acid was added. After 30 min ice-incubation, the mixture was dried with a nitrogen
blowing device, and then was hydrolyzed with 10 mL of HCI (6 M, containing 0.1%
phenol) at 110 °C for 24 h. Subsequently, the hydrolysate was filtered and diluted to
50 mL, after which 1 mL of diluted hydrolysate was dried via nitrogen at 37 °C. The
dried samples were then redissolved in 0.02 M HCI and filtered using 0.22 pum filters.
Finally, the samples were determined through HPLC (Thermo Fisher Ultrimate 3000,
USA), after pre-derivatization.

4.2.6 Nano-HPLC-MS/MS analysis

The fraction 1 presenting the highest cell-penetrating capacity was further analyzed
by online nanoflow liquid chromatography tandem mass spectrometry using a
EASY-NANOLC 1200 system (Thermo Fisher Scientificc, MA, USA) which was
connected to Q Exactive™ Plus mass spectrometer (Thermo Fisher Scientific, MA,
USA) according to our previous method [7l. The solvent A (A: 0.1% formic acid in
water) and solvent B (B: 0.1% formic acid in ACN) were used for equilibrating
acclaim PepMap C18 (75 um %25 cm). The column temperature, electrospray voltage
and flow rate were set as 40 °C, 2 kV, and 300 nL/min, respectively. The mass
spectrometer was run under data dependent acquisition (DDA) mode, and
automatically switched between MS and MS/MS mode. The Orbitrap was used to
obtain full-scan MS spectra with a resolution of 70000 in the m/z range of 100-1500.
Precursor ions with the top 20 highest intensities were selected for fragmentation by

higher-energy collision dissociation in the collision cell, with a collection energy of
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28 and a maximum injection time of 50 ms. MS/MS spectra were acquired with a
resolution of 17500, an automatic gain control target of 1e5, a maximum injection

time of 45 ms, an isolation window of 2 m/z, and dynamic exclusion of 30 s.

The tandem mass spectra acquired previously underwent further processing using
PEAKS Studio version X+ (Bioinformatics Solutions Inc., Waterloo, Canada). The
PEAKS DB search was configured to look into the Gallus gallus database (version
201907, entries 18124) with a fragment ion mass tolerance of 0.02 Da and a parent
ion tolerance of 7 ppm. Variable modifications specified were oxidation and
deamidation. Peptides with -10IgP > 20 and proteins with -10lgP > 0 and at least one

unique peptide were filtered.
4.2.7 Statistics

SPSS 17.0 software was utilized for statistical analysis. The Duncan multiple range
test (DMRT) at P <0.05 was conducted to determine differences among mean values.
The analysis was performed on triplicate samples and the results are presented as

mean values * standard deviation (SD).
4.3 Results and discussion
4.3.1 Cytotoxicity and cell-penetrating ability of keratin peptides

In this study, FITC-INS was applied as the target biomolecule for investigating the
cell-penetrating ability of KEP. The initial step was to investigate the cell toxicity of
KEP with different molecular weights to assess their applicability to drug delivery.
The cell viability of KEP at varying concentrations from 0.1 to 8 mg/mL was
demonstrated in Figure 4.1A. Four KEP samples at concentrations < 2 mg/mL
showed cell viability higher than 90%, indicating a low cytotoxicity. As the KEP
concentration increased over 5 mg/mL, the cell viability dropped below 90%, among
which KEP1 led to significantly lower cell viability <80% than other groups. In short,
KEP presented low cytotoxicity at concentrations < 2 mg/mL, indicating their
applicability at low concentrations, while high concentration (> 5 mg/mL) should be

avoided.
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Figure 4.1. (A)The cytotoxicity of KEP at varying concentrations (0.1-8 mg/mL), and (B) the uptake
efficiency of FITC-INS into Caco2 cells delivered by different KEP at varying concentrations (0.1-5 mg/mL).
KEP includes KEP1 (< 3 kDa), KEP2 (3-5 kDa), KEP3 (5-10 kDa) and KEP4 (>10 kDa). The results are
presented as the mean values + SD, n = 3. “a-e” indicate the significance in cell viability between different
concentrations for each KEP (P < 0.05), and “**” indicates the significance in fluorescence intensity with
N-control (P < 0.001). N-control represents the treating with FITC-INS without adding KEP.

Based on the cytotoxicity result above, the effectiveness of KEP in delivering FITC-
INS into cells was explored at concentrations from 0.1 to 5 mg/mL. As depicted in
Figure 4.1B, the fluorescence intensities of treatments with KEP were higher than
that of N-control, and the concentrations > 1 mg/mL led to significant increases. It
indicates that four KEP samples can improve FITC-INS cellular uptake compared to
the N-control group, especially at high concentrations > 1 mg/mL. Among the four
samples, KEP1 presented relatively higher fluorescence intensity than other groups,
which reached the peak at 2 mg/mL. It indicates the higher efficiency of KEP1 in
improving FITC-INS cellular uptake. Additionally, CLSM was applied to visualize
the cellular uptake of FITC-INS, which are shown in Figure 4.2&4.3. As illustrated
in Figure 4.2, four KEP groups presented higher fluorescence density than N-control,
and those of KEP1 treatments were more obvious. It indicates that FITC-INS cellular
uptake was obviously improved by KEP, and KEP1 had a better capability. By the
concentration investigation of KEP1 (Figure 4.3), an increase in FITC-INS density
was found at higher concentrations of KEP1, which was consistent with the result of
Figure 4.1B.

In brief, KEP was proven to have low cytotoxicity and a positive effect on delivering
FITC-INS into cells, among which KEP1 was the most effective and had the potential

in altering cellular permeability.
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Blank N-Control KEP1 KEP2 KEP3 KEP4

Hoechst
33342

FITC-INS

Merged

Figure 4.2. CLSM images of the translocation of FITC-INS into Caco2 cells. The cells were incubated for
2 h at 37 °C with KEP1 (< 3 kDa), KEP2 (3-5 kDa), KEP3 (5-10 kDa) and KEP4 (> 10 kDa) at 2 mg/mL.

Blank N-Control 0.1 mg/mL 0.5mg/mL 1.0mg/mL 2.0mg/mL 5 mg/mL

FITC-INS

Merged

Figure 4.3. CLSM images of the translocation of FITC-INS into Caco2 cells. The cells were incubated for
2 h at 37 °C with KEP1 (< 3 kDa) at various concentrations (0.1, 0.5, 1.0, 2.0 and 5.0 mg/mL).
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4.3.2 Cellular uptake mechanism

As reported, there are three possible mechanisms for CPPs internalization:
endocytosis, direct penetration and translocation through forming a transitory
structure (. According to previous literatures [27. 28], exposure to low temperature
(4 °C) can cause a reduction in membrane fluidity and depletion of energy.
Chlorpromazine is effective in inhibiting clathrin-mediated endocytosis, while
colchicine could hinder pinocytosis. Amiloride hydrochloride is another inhibitor
for macropinocytosis, and M-3-CD is often utilized to block caveolae/lipid-raft-
mediated endocytosis. To explore the cellular internalization pathway of KEP, the
cellular uptake of FITC-INS in the presence of those endocytosis inhibitors was

conducted.

The results depicting FITC-INS uptake by KEP delivery under various treatments
are presented in Figure 4.4A-D. Among four KEP samples, the treatments with
colchicine, amiloride hydrochloride, M-3-CD and low temperature decreased the
fluorescence intensity compared to control. It indicates the similar cellular paths of
four KEP samples. Low-temperature treatment was the most effective in decreasing
fluorescence intensity, which was even lower than the N-control group (P < 0.05). It
means that the cellular uptake of FITC-INS delivered by KEP is energy-dependent.
The decrease in FITC-INS uptake by colchicine and amiloride hydrochloride
indicates a macropinocytosis penetration mechanism. For KEP1 (Figure 4.4A), the
fluorescence intensity treated with M-p-CD was significantly lower than the control,
implying an inhibitory effect on FITC-INS cellular uptake through cavernous-
dependent endocytosis by disrupting lipid rafts (9. However, chlorpromazine, as
the inhibitor of clathrin-mediated endocytosis, showed no significant effect on FITC-
INS cellular uptake (P > 0.05). It has been reported that the endocytosis pathway was
the dominant mechanism of CPP internalization, which is not probable for highly
cationic CPPs 3. The results illustrate that KEP possibly contains a great number of

amphiphilic or hydrophobic CPPs.
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Figure 4.4. Cellular uptake of FITC-INS delivered by (A) KEP1 (< 3 kDa), (B) KEP2 (3-5 kDa), (C) KEP3
(5-10 kDa) and (D) (> 10 kDa) under different inhibitors. The results are presented as the mean values +
SD, n = 3. The lowercase letters “a-g” indicate the significant difference between samples treated with
various inhibitors (P < 0.05).

Thus, the mechanism of KEP in delivering insulin is energy-dependent mainly
involving macropinocytosis, which is probably attributed to the amphiphilic and

hydrophobic composition.
4.3.3 Fractionation and identification of KEP1

Here we focus on further characterization of the most bioactive molecules from
KEP1 where fractionation and peptide characterization of KEP1 was performed to
provide insight to elucidate reasons for bioactivity. KEP1 was fractionated into 4
separate fractions (Figure S4.1). The cytotoxicity and cellular uptake of FITC-INS of
the 4 fractions are shown in Figure 4.5A&B. As depicted in Figure 4.5B, fractionl
presented significantly higher fluorescence intensity than other groups at
concentrations > 0.8 mg/mL, indicating a superior capacity in delivering FITC-INS

into cells. Meanwhile, the cell viability of fraction 1 at concentrations ranging from

95



CHAPTER 4

0.1 to 1 mg/mL was higher than 90% (Figure 4.5A), implying its applicability. The
results reveal that the effective peptides/domains mainly exist in fractionl with

relatively large molecular weight and exhibit low cytotoxicity.
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Figure 4.5. (A)The cytotoxicity and (B) the uptake efficiency of FITC-INS into Caco2 cells delivered by
four fractions from KEP1 at varying concentrations (0.1-1 mg/mL). The results are presented as the mean
values + SD, n=3. “a-e” indicate the significance in cell viability between different concentrations for each
fraction (P < 0.05), and “**” indicates the significance in fluorescence intensity with N-control (P <0.001).
N-control represents the treatment with FITC-INS without adding KEP.

The peptides composition and sequences of fraction] were further analyzed and are
shown in Table 4.1. 24 kinds of peptides derived from chicken feather keratin were
identified with molecular weights ranging from 837.40 to 2003.89 consisting of 8-19
amino acids (Table 4.1). These peptide lengths fall within the previously reported
range of 5 to 30 amino acids, which are known to exhibit cell-penetrating property
2. As inferred in section 4.3.2, the majority of the identified peptides were found to
be amphipathic and hydrophobic in nature. These peptides are primarily composed
of fewer positively charged amino acid residues such as Arg (R), His (H), and Lys
(K). Amphipathic CPPs include both anionic and cationic peptides and are further
categorized into 4 classifications: 1) primary amphipathic peptides with defined
hydrophobic and cationic domains; 2) secondary amphipathic peptides forming a-
helix with one hydrophobic face and one hydrophilic face; 3) amphipathic (3-sheet
peptides owning a hydrophobic stretch and a hydrophilic stretch; 4) Pro-rich
amphipathic peptides containing polyproline Il (PP II ) structures 3133,
Hydrophobic CPPs contain mainly hydrophobic residues or have a notable
hydrophobic stretch, which might contribute to a low net charge and high cell

membrane affinity.
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Table 4.1. The sequences of peptides identified from fraction1 of KEP1 by Nano-HPLC-MS/MS.

No. Sequence Length Mass Hydrophobic ratio (%)
1 F.DLSGFGSR.Y 8 837.40 25.0
2 Q.PPP P.G 9 951.54 88.89
3 A FIQPPPVVV.T 9 994.59 88.89
4 R.VVIQPSSVVV.T 10 1025.61 70.00
5 T.IVIEPSPVVV.T 10 1050.63 80.00
6 T.NIQPSPVVV.T 10 1064.65 80.00
7 V.PISSGGFGGFGL.S 12 1094.54 41.67
8 F.PGPILSSCPQE.S 11 1127.52 45.45
9 L.STAGVPISSGGSL.G 13 1131.58 38.46
10 S.TVVIQPSPVVV.T 11 1137.66 72.73
11 Q.VVIQPSTVVVT.L 11 1140.68 63.64
12 D.LCAPTPCGPTPL.A 12 1168.56 58.33
13 V.PISSGGFGLSGFG.S 13 1181.57 38.46
14 C.VPSPCGASGPTPL.A 13 1181.58 53.85
15 S.RVVIEPSPVVV.T 11 1192.72 72.73
16 Q.GPGPERDYSPY.Y 11 1236.54 27.27
17 L.PGPILSSYPQST.T 12 1246.61 41.67
18 Q.CLPCRPCGPTPL.A 12 1255.59 50.00
19 V.GSILSQEGVPISS.G 13 1272.66 38.46
20 S.RVVIQPSSVVVT.L 12 1282.76 58.33
21 F.PGPILSSFPQNAV.V 13 1326.68 61.54
22 L.PGPILSSFPQONTA.V 13 1327.68 53.85
23 F.PGPILSSSPQYAAV.G 14 1386.70 57.14
24 C.GPTPLANSCNELCVRQCQA.S 19 2003.89 36.84

As shown in Table 4.1, various peptides exhibiting typical characteristics of CPPs
were discovered. Several amphipathic peptides with a combination of cationic Arg
residues and hydrophobic domains were identified, including RVVIEPSPVVV and
RVVIQPSSVVVT (in blue text in Table 4.1). The PP II amphipathic peptides,
namely PPPVVVTFP and FIQPPPVVV (in text in Table 4.1), were also
observed with abundant hydrophobic residues. Many peptides with a high ratio of
hydrophobic residues included Val, Ile and Pro, such as VVIQPSSVVYV,
IVIEPSPVVYV, IIIQPSPVVYV, TVVIQPSPVVV and VVIQPSTVVVT (in red text in
Table 4.1). These might hold potential for affecting cellular permeability. As
interfacial active peptides, these hydrophobic and amphipathic peptides possibly
perturb the membrane structure at the contact interface by selectively activating

small GTPases, leading to actin network reconstruction and lamellipodia formation

[34],
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Additionally, the presence of abundant disulfide bonds has been identified as a
crucial factor in the cell-penetrating ability of peptides. Previous studies have found
that the disulfide-rich and anionic peptide rT7
(CVSSGIVDACSECCEPDKCIIMLPTWPPRYVCSV)  derived from  Hibiscus
sabdariffa could penetrate cells 35. This ability was attributed to the "inside-out"
feature caused by the cystine scaffold formed via Cys connections, forcing the
hydrophobic side chains to point outwards. Moreover, the presence of Pro residues
further enhanced the penetrating ability of rT7. In this study, Cys-rich peptides
LCAPTPCGPTPL, CLPCRPCGPTPL and GPTPLANSCNELCVRQCQA (in bold
font in Table 4.1) were also observed, which likely played a combined role in

enhancing the cell penetrating ability of KEP1.

Overall, the specific composition of amphipathic and hydrophobic peptides
probably endowed KEP1 with promising cell-penetrating ability which further led

to a higher insulin delivery ability into Caco2 cells.
4.3.4 Physicochemical characterization of KEP
4.3.4.1 Particle size and intrinsic fluorescence

The physicochemical properties of KEP were investigated to clarify their possible
effect on cell-penetrating ability. KEP with different molecular weights were
assessed mainly with particle size, chemical structure, secondary structure, tertiary
structure and amino acids composition. These would assist in a more

comprehensively understanding of the cell-penetrating ability of KEP1.

Particle size has been taken as a critical factor affecting the bioavailability of drug
vehicles following oral exposure, as larger particles may encounter steric barriers
within the mucosal network leading to reduced efficacy. Therefore, optimizing
particle size is often necessary to achieve higher efficacy of drug delivery [,
Nanoparticles have been reported to possess excellent biological interactions,
including biodistribution, permeation, cellular uptake and so on, resulting from the
properties of small size, large surface area, shape modulation and high surface
functionality 37411, The result of particle size analysis is presented in Figure 4.6A. As
shown in the figure, KEP4 exhibited the smallest average particle size at
approximately 132 nm, while KEP3 had the largest size at around 849 nm. KEP1 and
KEP2 showed similar average particle sizes, measuring 376 and 397 nm, respectively.
Additionally, KEP1, KEP2 and KEP3 tended to aggregate, with the peaks shifting
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towards the right. KEP3 displayed a significant peak at around 1000 nm, indicating
a higher level of aggregation or crosslinking. Despite the smaller particle size of
KEP4, it was not found to have higher cell-penetrating ability compared to other
KEPs as discussed in section 4.3.1. Hence, there was no observed correlation

between smaller particle size and increased cell-penetrating ability in KEP.
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Figure 4.6. (A) Particle size distribution and (B) intrinsic fluorescence spectrum of KEP1 (< 3 kDa), KEP2
(3-5 kDa), KEP3 (5-10 kDa) and KEP4 (>10 kDa).

Analysis of the tertiary structure was performed using the intrinsic fluorescence
spectrum, which is closely associated with the Trp residue. The result is shown in
Figure 4.6B. The findings reveal that all four KEP samples exhibited similar
characteristic fluorescence at 358 nm without significant variation. However, there
was a notable difference in the intensity of fluorescence. The fluorescence intensity
of KEP2 and KEP3 was considerably lower compared to KEP1. In a study on the
noncovalent conjugation of phytosterols with bovine serum albumin (BSA), it was
found that hydrogen bonds and hydrophobic forces played a crucial role in
quenching the fluorescence of BSA 2. The reduced fluorescence intensity observed
in KEP2 and KEP3 was proposed to be due to an increase in hydrophobic
interactions, which resulted in the quenching of Trp fluorescence. Such an effect has
been observed in a study on pea protein which found that the aggregates formed by
hydrophobic residues led to the reburying of Trp, presenting decreased fluorescence
intensity [431. Here, the higher aggregation degree of KEP2 and KEP3, which has been
observed in Figure 4.6A, could be another reason resulting in the shielding effect on
Trp fluorescence. KEP4 exhibited a dark brown color because of abundant pigments
that could absorb blue and green color or covered chromophoric groups, leading to

an inconspicuous fluorescence absorption. Therefore, KEP with varying molecular
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weights presented different tertiary conformations because of different inter or

intra-molecule forces.
4.3.4.2 Chemical structure and secondary structure

The main chemical groups in KEP were assessed by FTIR, and the result is shown in
Figure 4.7A. The peak at 3288 cm™ is about N-H and O-H stretching vibration,
probably regarding the hydrogen bonds attributed to the interactions between the
amide groups [44. The peak of KEP1 at 3288 cm! was broader than others, indicating
the forming of more hydrogen bonds and some changes in the secondary structure
1451, However, no obvious difference was found in other chemical groups among KEP
samples. The absorption peak at about 1650 cm! was about amide [ bands related
to the stretching vibrations of C=O groups, while the peak of 1545 cm! indicates the
C-N and N-H groups of amide II bands 16l. The other absorption bands that
appeared at 1450 cm! and 1250 cm! were attributed to C-N and C-O of amide III 17
48] Although comprised of different molecular compositions, the KEP samples

exhibited similar chemical structures.
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Figure 4.7. (A) FTIR spectrum and (B) CD spectrum of KEP1 (< 3 kDa), KEP2 (3-5 kDa), KEP3 (5-10 kDa)
and KEP4 (> 10 kDa).

The possible changes in the secondary structure of KEP are shown in Figure 4.7B
and Table 4.2. In CD spectra, the peaks at 192 nm and the negative peaks at around
208 nm and 222 nm are related to a-helix 9, while the positive peak at about 195 nm
and negative peak at 215 represent (3-sheet 10l By analysis using BeStSel (Table 4.2),
it was found that the B-sheet content of KEP4 was about 47.1%, while the other
groups owned over 60% of [3-sheet among which KEP3 reached the highest of 65.7%.
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Conversely, KEP4 contained the richest a-helix structure, reaching about 20.2%,
while there were 12.9%, 13.2% and 14.1% in KEP1, KEP2 and KEP4, respectively. In
a study on the solubility of pea protein isolates, the result also presented higher (3-
sheet content and lower a-helix content in soluble aggregates 3. The a-helix
structure might be deconstructed and rearranged into p-sheets. It has been
speculated that the decrease in a-helix and the increase in 3-sheet structures might
correlate with the formation of soluble aggregates due to exposure of hydrophobic
regions U, As depicted in Figure 4.6A, it was observed that KEP3 exhibited the
highest proportion of large particles compared to the other samples, whereas KEP4
had the lowest proportion. The molecular interaction forces, such as hydrogen
bonds and hydrophobic interactions, have been reported to induce the variation of

protein secondary structure (521,

Table 4.2. Secondary structure fractions of KEP.

Fractions KEP1 KEP2 KEP3 KEP4
a-helix (%) 12.9 13.2 14.1 20.2
B-sheet (%) 62.5 63.5 65.7 47.1
Turn (%) -- -- -- --
Others (%) 24.6 23.3 20.2 32.7

4.3.4.3 Composition of amino acids

The potential difference in amino acids composition of KEP was assessed which
might be a key factor on their cell penetration ability. The result is presented in
Figure 4.8. As the figure showed, the KEP with a smaller molecular weight contained
a higher proportion of hydrophobic amino acids, such as Pro, Val and Leu. KEP1
exhibited the highest concentration of hydrophobic amino acids, reaching
approximately 3.80 mM/mg, while KEP4 had a lower concentration of around 2.39
mM/mg. KEP1 had significantly higher levels of Gly, Pro, Val, Ile and Leu compared
to the other groups. Notably, KEP1 exhibited a significantly higher presence of
cystine than other samples (P < 0.05). It has been reported that the presence of the
disulfide scaffold in cystine likely contribute to an "inside-out" feature with exposed
hydrophobic regions, leading to increased interaction with the cell membrane 331,
However, the positively charged amino acids Lys and Arg in KEP1 (0.31 mM/mg)
did not demonstrate a substantial advantage over KEP4 (0.36 mM/mg). As inferred
in section 4.3.2, the amino acid composition results further suggest that the cell-

penetrating ability of KEP1 is not primarily reliant on the electrostatic interaction
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mechanism from cationic CPPs, but rather on its amphiphilic or hydrophobic

properties.
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Figure 4.8. Amino acids composition of KEP samples. The results are presented as the mean values + SD,

n = 3. “*” indicates the significant difference between different KEP samples (P < 0.05).

In summary, the KEP samples, despite having different molecular compositions,
exhibited similar chemical structures. However, variations were observed in their
amino acids composition, secondary and tertiary structures, which potentially
impacted the maintaining force and size of particles. KEP with a lower molecular
weight possessed richer hydrophobic amino acids and {-sheet structures. It
potentially led to increased exposure of hydrophobic regions and consequently large
aggregations. It is important to note that the smallest particle size of KEP4 did not
necessarily correspond to its cell-penetration ability. The higher content of disulfide
scaffold, 3-sheet and hydrophobic tertiary structures in KEP1 might have a more

pronounced influence on the cell-penetrating ability.
4.4 Conclusion

The investigation on cytotoxicity of KEP elucidated KEP1 with low cytotoxicity,
indicating their potential for diverse applications. As expected, these peptides also
possessed the ability to penetrate cells, allowing efficient delivery of FITC-INS into
Caco2 cells through a non-covalent mechanism. The identification of the most
effective peptides and domains reveals that these sequences consisted of 8-19 amino
acids, with a notable presence of hydrophobic residues. Certain peptides enriched
in Pro, Leu, and Cys were also discovered, potentially serving as the crucial

components that presented cell-penetrating properties. The findings related to the
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secondary and tertiary structure, and amino acid composition provide validation for
the significant features observed in KEP1, including rich hydrophobic interactions
and disulfide bonds. Conversely, the impact of small particle size and electrostatic
interactions on cell-penetrating ability was found to be less significant. Overall, this
research confirmed the cell-penetrating ability of KEP, highlighting their
tremendous potential as vehicles for non-covalently delivering biomolecules, with
promising applications across various fields, such as the food and pharmaceutical

industries.
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Figure S4.1. Four fractions of KEP1 via sephadex column.
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Figure S4.2. The average size of KEP samples dispersed in different denaturants (H20, DTT, SDS, Urea,
DTT/SDS, DTT/Urea, SDS/Urea and DTT/SDS/Urea). The data are presented as the mean values + SD, n
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Abstract

Keratin, an abundant natural biopolymer in animal by-products, has significant
potential for nanoparticle applications. It has merits such as biocompatibility,
biodegradability, low toxicity and cell adhesion. However, keratin encounters
limited utilization due to its inherent stability resulting from disulfide (S-S) bonds.
Here we show an effective strategy for preparing keratin nanoparticles (KNPs) via
partial hydrolysis and pH-shifting. We found that the partial hydrolysis at a 5%
degree of hydrolysis (DH) produced self-assembled spherical keratin nanoparticles
(KNPs). The KNPs exhibited significantly reduced particle size (~123 nm) and
improved water solubility (94.5%) compared to raw keratin, whose size is at a
micrometer level with 8.5% of water solubility. They demonstrated size stability (<
180 nm) and resistance to enzymatic digestion in the gastrointestinal tract. Moreover,
the pH-shifting from 2.0 to 7.0 revealed the reversible “open-close” structure of
KNPs, presenting high loading efficiency (LE, > 94%) of biomolecules (insulin and
resveratrol). Nevertheless, higher DH (> 10%) resulted in more {3-sheets and exposed
hydrophobic residues of KNPs, producing more aggregation and denser clusters.
They showed inferior structural transformation reacting to pH-shifting, along with
lower LE of biomolecules. Our results highlight the potential of KNPs (5% DH) as
nanocarriers for biomolecule encapsulation. This study sheds light on the
transformative potential of keratin, providing valuable insights for its utilization in

nutrients, nanomedicine and drug delivery systems.
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5.1 Introduction

Numerous bioactive molecules (biomolecules) have recently garnered interest
among researchers owing to their physiological functions. They demonstrate broad
applications in preserving human health and treating diseases i.e. act as a
therapeutic. For example, resveratrol and curcumin exhibited potent antioxidant,
anti-inflammatory and anti-cancer effects [ 2; insulin and carvedilol were
recognized to be efficient for diabetes and hypertension, respectively [ 4. However,
due to their non-polar or peptide structures, most biomolecules exhibit unfavorable
physicochemical properties such as limited water solubility, instability towards
enzymatic degradability, low cell permeability and environmental instability in
response to heat, light and extreme pH 5. These drawbacks can result in low
bioavailability, which is a major concern for various therapeutic molecules. Hence,
multiple formulations have been developed for enhancing the performance of
biomolecules. Especially nanoparticles have shown great promise, owing to their

high surface area, prolonged duration, etc. (6.

The emergence of nanoparticles (1-1000 nm) represents a significant development
due to their numerous advantages in delivering biomolecules 7). Nanoparticles
exhibit merits including solubility in aqueous media, less aggregation, protection of
biomolecules from harsh environments, controlled release and ability to penetrate
biological membranes 11 The increase in surface area and high exposure of surface
atoms can improve interfacial properties (e.g. surface charge and dissolubility),
further influencing the biological interactions of nanoparticles with cells, tissues and
organs [12I. Typically, nanoparticles < 200 nm exhibit advantages in bioaccesibility,
attributed to their high permeation across the mucosa and prolonged circulation in
the bloodstream [1214l. Thus, nanoparticles < 200 nm are a promising formulation for
effectively delivering biomolecules. Especially nanoparticles constructed by natural

polymers present merits, such as biodegradability, biocompatibility, low toxicity, etc.
[6l,

Natural polymers derived from plants, animals or microorganisms, such as chitosan,
alginate, zein, gelatin and casein, have shown positive prospects as biomaterials.
They exhibit advantages of low toxicity, biocompatibility, biodegradability and
attractive costs 015 16, Notably, natural proteins display significant potential as

promising contenders due to their diverse functional groups, including hydroxyl,
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carboxyl and amino groups. This inherent property allows them to interact
effectively with biomolecules. Despite their advantages, certain protein biomasses
have shown insufficient stability in aqueous environments or under physiological
temperatures [17], limiting their potential for biomedical applications. A more
suitable alternative material will be required. Keratin, an abundant component in

feather waste, is particularly notable for its inherent stability.

Keratin, consisting over 90% of feathers, is a highly applicable biopolymer known
for its good biocompatibility, biodegradability and low toxicity. The abundance of
disulfide bonds, largely attributed to its high cysteine content (~7 mol%), provides
keratin with stability and resistance to conventional proteases ['8 1. Keratin
nanoparticles (KNPs) were found to have water stability under varying pH values
and temperatures (pH 2.0-7.0, 4-37 °C) 201, Allied to this, they were able to penetrate
kidney and liver cells, displaying a favourable capacity for attachment and
proliferation. Subsequently, KNPs were applied for doxorubicin delivery [ 22,
exhibiting controlled release capability and compatibility with blood. Thus, feather
keratin is an appealing alternative biomaterial for fabricating biomolecule-loaded
nanoparticles. However, abundant disulfide bonds lead to a low dissolubility of
keratin in aqueous solution, and the self-aggregation often happens due to
crosslinking by the formation of disulfide bonds, hydrogen bonds and hydrophobic
interactions ['7l. This would limit its practical application. Therefore, developing
methods for producing KNPs with enhanced solubility and dispersibility becomes

significant.

Recently, a range of novel technologies have been developed for nanoparticle
preparation accompanied by reduced environmental pollution and product toxicity.
The techniques such as ionic gelation ], spray drying [24, coacervation [, anti-
solvent precipitation 261 and pH-shifting method (from pH 12.0 to pH 7.0) 27! were
often employed. Currently, the popular approach to forming protein nanoparticles,
named pH shifting, has drawn people’s attention. In that process protein unfolding,
i.e. changing of the tertiary and quaternary structure, by incubation in acidic (pH 1.5
to 3.5) or alkaline (pH 10.0 to 12.0) solutions followed by refolding at pH 7.0 28] is
applied. Earlier study reveal that the soy protein particles prepared by pH shifting
had core-shell structures with average sizes from 100 to 250 nm 9. Besides,
researchers have combined partial enzymatic hydrolysis and pH-shifting to prepare

soy protein nanoparticles for curcumin encapsulation B%. The resulting
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nanoparticles presented homogeneous size distribution and spherical shape, with
enhanced solubility, stability and encapsulation efficiency. Given the above, the
combination of partial enzymatic hydrolysis and pH-shifting is a potential strategy
for preparing high-performance keratin nanoparticles. However, the impact of
partial hydrolysis at different degrees of hydrolysis (DHs) on keratin reactivity and

restructuring remains unknown, as does their behavior under pH shifting.

This study aims to investigate the impact of partial hydrolysis and pH-shifting on
keratin reactivity and restructuring, thus fabricating KNPs for biomolecule
encapsulation. The following approaches were applied to reach that aim. First, the
self-assembled KNPs were prepared through partial enzymatic hydrolysis (DH: 5-
20%) using keratinase. The physicochemical properties of KNPs were then assessed,
involving water solubility, aggregation behavior, secondary/tertiary structure,
thermal stability, inter- and intra-particle forces, digestibility, etc. which might be
interrelated. Subsequently, the restructuring of KNPs was investigated by shifting
pH from 2.0 to 7.0, followed by the fabrication of biomolecule-loaded KNPs. Here

insulin and resveratrol were chosen as the target biomolecules.
5.2 Materials and methods
5.2.1 Materials and chemicals

Feather keratin was extracted using our previous method 1!, with chicken feathers
supplied by the Institute of Animal Science of the Chinese Academy of Agricultural
Science (Beijing, China). The bovine insulin (27 U/mg, 5733.49 Da) was supplied by
Yuanye Bio-Technology Co., Ltd (Shanghai, China). Acetonitrile (ACN) and
methanol (MeOH) were of HPLC gradient grade supplied by Actu-All chemicals.

The other chemicals were of analytical grade and provided by Sigma.
5.2.2 Preparation of KNPs

Raw keratin (RK) was dispersed in phosphorate buffer (PB, pH 7.0, 10 mM) at a
concentration of 5% (w/v) and equilibrated overnight to get complete hydration.
After that, the pH of the keratin dispersion was adjusted to pH 8.5 and treated with
keratinase (6000 U/g) at 55 °C for different times (0.5-5 h) to reach various degrees
of hydrolysis. Then, the mixture was boiled at 95 °C for 3 min to inactivate enzymes,
after which the pH was adjusted to 7.0. The supernatant was collected and
centrifuged (8000 xg, 4 °C) for 20 min. The resultant hydrolysates were then
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lyophilized. Finally, the self-assembly KNPs with varying DHs of 5%, 10%, 15% and
20% were obtained and grouped as K5, K10, K15 and K20, respectively. The DH was
analyzed with the OPA method 132.

5.2.3 Solubility of KNPs

The solubility of KNPs in Milli-Q (MQ) water, 80% ethanol and 96% ethanol were
investigated. Briefly, KNPs were dispersed in the solvents above at a concentration
of 2 mg/mL and stood for 1h at room temperature. The mixture was centrifuged at
3000 xg for 15 min. The supernatant was diluted four times and the soluble protein
content was determined with BCA reagents following the previous method 3. The
absorbance at 562 nm was read using a microplate reader (Spark, Tecan,
Switzerland).

5.2.4 Characterization and morphology of KNPs

Particle size analysis was performed using dynamic light scattering (DLS)
(ZetasSizer, Malvern Instruments, UK). KNPs were dispersed in MQ water at a

concentration of 0.1 mg/mL and then were determined at 25 °C.

The morphology of KNPs was assessed with transmission electron microscopy
(TEM, JEM 1400Plus, JEOL Ltd., USA). Briefly, KNPs were dispersed in PB (pH 7.0,
10 mM) at a concentration of 0.1 mg/mL. 5 uL of KNPs dispersion was added on a
formvar/carbon grid and kept for 2 min. After removing the excess, the grid was
washed with a drop of MQ water. Then, 5 puL of phosphotungstic acid (1%, w/v) was
added on the grid for negative staining. After removing the excess and drying, the

grid was observed using TEM.
5.2.5 Chemical functionality, secondary structure and thermogravimetric (TG) analysis

The chemical functionality of KNPs was analyzed via a Fourier transform infrared
spectroscopy (FTIR, Vertex 70, Bruker Inc., U.S.). Briefly, KNPs were ground with
dried potassium bromide and pressed into a 1 mm pellet. Then, it was scanned from

400 to 4000 cm -!with a resolution of 4 cm 1.

The secondary structure was assessed using circular dichroism (CD, Jasco J-815,
Jasco Inc., Japan). Briefly, KNPs were dispersed in PB (pH 7.0, 10 mM) at 0.25 mg/mL.
Ten scans were recorded and averaged with wavelengths ranging from 185 nm to
260 nm at a scanning speed of 50 nm/min at 20 °C. The blank PB buffer was

performed for baseline subtraction. The CD fitting software, BeStSel, was used for
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calculating the secondary structure contents, including (3-sheet, a-helix and p-turns

[34],

Analysis of thermogravimetric (TGA) and derivative thermogravimetry (DTGA)
was performed on a thermogravimetric analyzer (METTLER TOLEDO™ TGA/DSC,
ThermoFisher, US). The samples weighed about 8 mg and the gas consumption rate
was set as 120 mL/min. Then, the samples were heated from 25 °C to 500 °C at a

heating rate of 10 °C/min under nitrogen atmosphere.
5.2.6 Disulfide bond content of KNPs

The sulfthydryl content was assessed using the previous method 5. The disulfide
content was calculated using total sulfhydryl content to subtract the free sulthydryl
content. For the free sulfhydryl assay, 2 mg of KNPs was suspended in 800 uL of
buffer A (8 M urea, 3 mM EDTA, 1% SDS and Tris-HCI (0.2 M, pH 8.0)). The mixture
was shaken at 100 rpm for 2.5 h at room temperature. After that, 200 pL of buffer B
(10 mM DTNB in Tris—HCl (0.2 M, pH 8.0)) was added and kept shaking for another
1 h, and then the reaction mixture was centrifuged at 12000 xg for 15 min at 25 °C.
The supernatant absorbance was determined at 412 nm wusing UV
spectrophotometer (UV-1600PC, VWR).

The total sulthydryl was determined following the similar procedure described
above, using different chemicals. To be detailed, 2 mg of KNPs was suspended in
1mL of buffer containing 8 M urea, 3 mM EDTA, 1% SDS, 0.2 M Tris-HCl (pH 9.5),
0.1 M Na2SOs and 50 mM 2-nitro-5-thio-sulfobenzoic acid (NTSB2) which
synthesized by DTNB B¢l After shaking at 100 rpm for 2.5 h at room temperature,
the reaction mixture was centrifuged at 12000 xg for 15 min at 25 °C, and then the
supernatant was measured at 412 nm. The extinction coefficient was 13600 M-lcm!

for calculating thiol groups.
5.2.7 Surface hydrophobicity

The surface hydrophobicity of KNPs was assessed using the fluorescence probe
method 7. The reagent 1-anilino-8-naphthalenesulfonate (ANS) was applied for
assessing protein hydrophobicity. Briefly, KNPs were diluted to different
concentrations (0-2 mg/mL) using PB buffer (pH 7.0, 10 mM). 4 mL of KNPs dilution
was mixed with 20 pL of ANS (8 mM in 10 mM PB, pH 7.0). After standing for 20

min in the dark, the fluorescence intensity was detected at Aex 370 nm and Aem 465
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nm using a fluorescence microplate reader (SPARK10M TECAN, Switzerland). The
slope of the linear regression line between fluorescence intensity and protein

concentration was utilized to express the surface hydrophobicity.
5.2.8 Pattern of inter- and intra-particle forces

The inter- and intra-particle forces of KNPs were assessed by evaluating the particle
size changes under various additives. These include urea (6 M), sodium lauryl
sulfate solution (SDS, 0.5%) and dithiothreitol (DTT, 30 mM), either alone or in
combination. Briefly, KNPs were dispersed in the additives above at a concentration
of 0.5 mg/mL. There were seven treatments for each KNPs sample, grouped as DTT,
SDS, Urea, DTT/SDS, DTT/Urea, SDS/Urea and DTT/SDS/Urea. MQ water was taken
as control, named H20.The dispersions were kept for 30 min and then subjected to

ZetaSizer for size analysis.
5.2.9 Digestibility in the gastrointestinal tract

The digestibility of KNPs was investigated by simulating the gastrointestinal (GI)
tract. The simulated gastric fluid (SGF) was prepared using 0.7 mL of HCl (37 %)
and 0.2 g NaCl dissolved in 100 mL of MQ water, adjusting the pH to 1.2. Pepsin
was added to SGF at the final concentration of 3.2 mg/mL. KNPs (6 mg/ml) were
mixed with SGF at a ratio of 1:1 (v/v). The pH of the mixture was adjusted to 2.0,
then transferred to a 37 °C water bath and incubated with agitation at 250 rpm for 1
h. The hydrolysis was stopped by adjusting the pH to 7.0 and cooling with an ice
bath. The digesta was centrifuged at 8000 xg, 4 °C. The content of free amino acids
(FAA) was determined using the OPA method 321,

As to the simulated intestinal fluid (SIF), the pH of the mixture from the gastric
phase was adjusted to 7.0 using 1 M NaOH. Then they were mixed with a solution
containing bile salt, pancreatin, CaClz and NaCl, the final concentrations of which
reached 5 mg/ml, 5 mg/ml, 4.4 mg/ml and 0.52 mg/ml, respectively. The mixture was
kept in a 37 °C water bath and incubated with continuous agitation at 250 rpm for 2
h. Finally, the hydrolysis was stopped, and supernatant was obtained, as described
above. The content of FAA was assessed using the OPA method, named
FA Aknpsenzyme). Blank was conducted without KNPs named FA Aenzyme, and controls
were performed without adding enzymes named FA Aknpsmo enzyme). The digestibility

of KNPs was calculated by the following equation (1):
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. el s1s FAA _FAA _FAA
Dlgestlblhty (%)_ KNPs(enzyme) T::PS(‘"O enzyme) enzyme x 100 (1)
KNPs

Where TA Aknrs represents the total content of amino acids in KNPs.
5.2.10 Loading efficiency of insulin and resveratrol via pH-shifting method

The biomolecule loading ability of KNPs was investigated based on two different
types of biomolecules: insulin and resveratrol. Briefly, 20 mg of KNPs were
dispersed in 2 ml of PB (10 mM, pH 2.0) and stirred at 700 rpm for 1 h. Then, 2 ml of
insulin (5 mg/mL) dissolved in 0.01 N HCI were added and continued with agitation
for 1 h. After that, the pH was adjusted to 7.0 and the mixture was stirred for another
2 h. Finally, the samples were dialyzed with a molecular weight cutoff (MwCO: 7
kDa) for 36 h to remove free insulin and volume to 25 mL. The insulin content was
measured using HPLC, referring to the previous method 8. The samples after
dialysis were designated as K5-Ins, K10-Ins, K15-Ins and K20-Ins, and lyophilized
before storage at -20 °C.

For resveratrol loading, 80 puL of resveratrol (10 mg/mL) dissolved in ethanol was
added into 2 mL of KNPs solution (PB, 10 mM, pH 2.0). Resveratrol-loaded KNPs
were prepared following the same procedure mentioned above. For resveratrol
measurement, the free resveratrol was removed by centrifuging at 8000 xg for 20
min, and then the supernatant was measured at 305 nm using a UV
spectrophotometer (UV-1600PC, VWR). The supernatants were designated as K5-
Res, K10-Res, K15-Res and K20-Res, and finally lyophilized before storage at -20 °C.

The loading efficiency (LE) of insulin and resveratrol was calculated using the

following formula (2):

Amount of molecules in supernatant
LE (%) = E X 100 ()
Total amount of molecules

The average particle sizes of insulin- and resveratrol-loaded nanoparticles were
analyzed using ZetaSizer.

5.2.11 Statistics

SPSS 17.0 software was utilized for statistical analysis. The Duncan multiple range
test (DMRT) at P <0.05 was conducted to determine differences among mean values.
The analysis was performed on triplicate samples and the results are presented as

the mean values * standard deviation (SD).
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5.3 Results and discussion
5.3.1 Preparation and characterization of KNPs
5.3.1.1 Solubility, particle size and microstructure

Here, the effect of various DHs on KNPs solubility, particle size and microstructure
were investigated. The result of KNPs solubility in MQ water and ethanol is depicted
in Figure 5.1. As shown, there was over 90% of KNPs dissolved in MQ water, while
only about 8.5% of RK dissolved. It indicates that partial hydrolysis significantly
improved the dissolubility of KNPs compared to RK. Additionally, about 40% of
KNPs were dissolved in 80% ethanol, while it reduced below 16% in 96% ethanol. It
implies that KNPs are water soluble with polar residues and that the high purity of
ethanol could potentially separate KNPs. Nevertheless, there was no significant
difference in KNPs solubility among varying DHs. The water solubility will
potentially expand the application of KNPs.

[ H20 [] 80%Ethanol ] 96%Ethanol
120

100 -

80+
60 -
40+
201
0 RK K5 K10 K15 K20

Figure 5.1. Solubility of RK and KNPs (K5, K10, K15 and K20) in MQ water, 80% and 96 % ethanol. The

data are presented as the mean values + SD (n = 3).

Solubility (%)

The result of the particle size and morphology of KNPs dispersed in an aqueous
solution is presented in Table S5.1 and Figure 5.2A-F, respectively. DLS analysis
shows that the average particle size of KNPs with varying DHs (5-20%) ranged from
123 £ 7.0 to 157 + 10.5 nm (Table S5.1). Different DHs did not result in significant
changes in average particle size. However, the TEM images indicated that the size
of KNPs was obviously decreased than RK (Figure 5.2). RK exhibited a larger and
more tightly packed structure (Figure 5.2A&B). In contrast, KNPs exhibited
decreased size with regularly spherical shapes (Figure 5.2C-F). Besides, KNPs

tended to aggregate and form more compact clusters with increased DH (Figure
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5.2E&F). It might result from the changes in keratin structure, e.g. secondary and

tertiary structure, resulting from hydrolysis.

A

Raw keratin

Figure 5.2. TEM images of RK (A&B) and KNPs (C-F).

It has been shown that partial hydrolysis was effective in improving KNPs solubility
and reducing particle size compared to RK. KNPs (5% DH) were evenly dispersed
with spherical shapes. Conversely, the increasing DH resulted in more and tighter
aggregations. Subsequent steps would involve further analysis of the

physicochemical properties of KNPs.
5.3.1.2 Chemical functionality

This study investigated the difference of varying DHs in the primary chemical
functionalities and secondary and tertiary structures, as it may influence KNPs

properties such as thermal stability, hydrophobicity and aggregation behavior.

Analysis of chemical functionalities from FTIR spectrum is shown in Figure 5.3. The
result reveals the main absorption peaks of KNPs at amide A (N-H and O-H, 3200-
3500 cm1), amide I (C=0, 1600-1700 cm-1), amide II (C-N and N-H, 1480-1580 cm-1)
and amide IIT (C-N and C-O, 1220-1300 cm-!) #9431, Here, the peaks of KNPs falling
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at 3280 cm! were broader than that of RK, suggesting hydrogen bonding between
amide groups after hydrolysis. Additionally, the peaks at around 1540 cm-!and 1645
cm? in KNPs exhibited different relative intensity compared to RK, probably
resulting from the changes in C-N and C=0 of amide. Earlier, the peaks at 1522 cm™!
and 1632 cm! were reported to relate to the [3-sheet structure and a combination of
a-helix and p-sheet, respectively [44. Hence the changes in relative intensity at this
region indicated the different secondary structures of KNPs, which would be further
assessed with CD spectrum. Besides, peaks at about 1400 cm! likely resulted from
COOH 1. The peaks between 1000 and 1200 cm! suggested the presence of cysteine-
S-sulfonated residues (S=O stretching vibrations) and cross-linked residues, while
that at about 540 cm? was associated with the disulfide group involving both
reformed and unbroken bonds 1541, The result confirms that various KNPs showed
similar basic chemical groups, while there were potential changes in secondary

structure and hydrogen bonds compared to RK.

——RK — K5 — K10 — K15 — K20

| AmideII: C-N, N-H |

Amide I: C=0
{ Amide A: -OH, N-H
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g
AT e\

500 1000 1500 2000 2500 3000 3500 4000
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Amide II: l

Figure 5.3. FTIR spectra of RK and KNPs (K5, K10, K15 and K20).
5.3.1.3 Secondary structure

The CD spectra were assessed to confirm the changes in the secondary structure
composition of KNPs. The resulting data is presented in Table 5.1. Here, about 12.8%
of a-helix, 22.5% of (3-sheet and over 64.7% of other structures were determined in
RK. Nevertheless, the 3-sheet content of KNPs significantly increased over 63.4% as

the dominant structure, while a-helix made a small contribution below 14.2%.
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Previously, the (3-sheet structure was found to increase as the dominant secondary
structure (~45.6%) after forming keratin nanoparticle, with a small proportion of a-
helix (~15.0%) 071. The reason might be that keratinolysis caused bonds within the
keratin molecule to cleavage, and then the molecules rearranged and formed
different structures. Additionally, the increase in DH (5-20%) improved the (3-sheet
(63.4-70.5%) in KNPs. In the study of forming soy protein nanoparticles through
Alcalse hydrolysis 137), there was also significant increase in -sheet content with DH
going up. It was deduced that the increasing (3-sheet possibly resulted from the
transformation from a-helix and random coil structures related to the degradation
of subunits. However, a-helix content was not found to decrease in KNPs. Thus, the
increasing -sheet most likely resulted from random coil transformation. Besides,
there has been speculation that the increase in [3-sheet structures could be associated
with the formation of soluble aggregates due to high exposure of hydrophobic
regions ¥1. Given the above, we deduce that a higher DH could generate more {3-
sheet structures, which further resulted in aggregation. Actually, more pronounced

aggregation in KNPs with higher DH has been observed in Figure 5.2C-F.

Table 5.1. Composition of the secondary structure of KNPs.

a-helix (%) B-sheet (%) B-turn (%) Others (%)
RK 12.8 225 17 47.7
K5 9.0 63.4 - 27.6
K10 10.1 64.9 - 249
K15 14.2 70.5 - 15.4
K20 11.9 69.2 1.1 17.7

5.3.1.4 Tertiary structure

Fluorescence spectroscopy is a critical tool for analyzing tertiary structures of
biomolecule studies. The intrinsic fluorescence of Trp residues is frequently applied
for tracking protein conformation by analysis of changes in emission wavelength,
intensity, absorption maxima, etc. 8l. The result of the fluorescence spectra of KNPs

is shown in Figure 5.4.
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Figure 5.4. Fluorescence intensity of RK and KNPs (K5, K10, K15 and K20).

As indicated, KNPs exhibited strong absorption at 358 nm, shifting 18 nm to the
right compared to RK. It was probably attributed to the increase of polarity of Trp
exposed to an aqueous solution with the loosened structure of KNPs. The positively
charged residues near the benzene end or negative charges near the pyrrole end of
the Trp ring would produce a red shift due to the electric field imposed by protein
and solvent 9. Additionally, the fluorescence intensity of KNPs was obviously
higher than RK. The dense and robust aggregation of RK might increase the
shielding effect on Trp residues. The disulfide bonds have been reported as one of
the strongest quenchers of Trp fluorescence 50. As to KNPs, the fluorescence
intensity first increased and then dropped with DH increasing. The low DH (< 10%)
probably loosened the tight keratin aggregation and reduced the shielding effect on
Trp, thus leading to increasing intensity. However, the higher DH (= 15%) resulted
in more exposure of Trp buried in hydrophobic regions of KNPs. The more Trp
exposed to polar microenvironment displayed a decreased fluorescence intensity.
Meanwhile, a partial loss of hydrophobic groups, due to over-degradation and the
reaggregation by hydrophobic residues, could also contribute to the decreasing

fluorescence intensity [30.51.

Given the above, partial hydrolysis with varying DHs did not influence the main
chemical functionalities of KNPs, but changed the secondary and tertiary structure
to some extent. The key reasons were probably the breakage and reformation of

various inter- and intra-particle interactions, such as disulfide bonds, hydrophobic
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interactions and hydrogen bonds.
5.3.1.5 Content of disulfide bonds

As reported, keratin extracted via the reduction technique possessed chain
entanglements and free thiol groups that could spontaneously form disulfide
crosslinking 12 The changes in disulfide bonds in KNPs are closely related to KNPs
conformation and behavior. Hence, disulfide bonds in various samples were
quantified. As shown in Figure 5.5, RK contains the highest number of disulfide
bonds, which might be formed when removing chemicals during extraction. After
partial hydrolysis, the content of disulfide bonds significantly decreased and
reached its lowest at 10% DH. More disulfide bonds were reformed when further
hydrolyzing (DH > 15%). The higher DH might cleave more disulfide bonds,
producing growing thiol groups. They probably further reformed into disulfide
crosslinking when forming nanoparticles. The increased disulfide bonds in K15 and
K20 aptly accounted for the quenching effect on Trp fluorescence, as discussed in
section 5.3.1.4.
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Figure 5.5. Disulfide bond content of RK and KNPs (K5, K10, K15 and K20). The data are presented as the

mean values + SD (n = 3). “a-d” indicate the significant difference between various samples (P < 0.05).

5.3.1.6 Analysis of surface hydrophobicity

The abovementioned changes in disulfide bonds, secondary and tertiary structures,
probably influence the surface hydrophobicity of KNPs. Thus, the impact of various
DHs on KNPs surface hydrophobicity was assessed. The result is shown in Figure

5.6. As indicated, the surface hydrophobicity dramatically decreased when the DH
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increased from 5% to 10%. It might result from the preference for disulfide bond
cleavage, with relatively higher production of hydrophilic residues. Previously, it
has been interpreted that the disulfide bonds in keratin would be firstly attacked by
disulfide sulfitolysis, yielding a partially cleaved protein that would be further
degraded through the second phase of proteolysis 3. Similarly, the surface
hydrophobicity of soy protein nanoparticles was also found to decrease with DH
increasing from 3% to 11%, leaving fractions with higher hydrophilicity in the

supernatant (7.
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Figure 5.6. Surface hydrophobicity KNPs (K5, K10, K15 and K20). The data are presented as the mean
values = SD (n = 3), and “a-d” indicate the significant difference between different KNPs (P < 0.05).

Surface hydrophobicity

Further hydrolysis from 15% to 20% led to an increasing surface hydrophobicity of
KNPs. The higher DH resulted in a high unfolding of keratin and exposure of
hydrophobic groups buried in the keratin structure. In alignment with this, Figure
5.4 shows that more hydrophobic residues were exposed to the aqueous
environment with DH increasing. Moreover, the reformed disulfide bonds would
form an “inside-out” scaffold, which might also facilitate the hydrophobic groups to

point outwards [54.

5.3.1.7 Thermogravimetric analysis (TGA) and derivative thermogravimetry analysis
(DTGA)

TGA and DTGA were conducted to investigate the patterns of KNPs degradation
and their thermal stability, possibly affecting their application. The result is
illustrated in Figure 5.7.

126



CHAPTER 5

40{ —K5
—K10
20] —K15
— K20
—RK -0.014{ —RK
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)

Figure 5.7. Thermogravimetric analysis (TGA) and derivative thermogravimetry analysis (DTGA) of RK
and KNPs (K5, K10, K15 and K20). Areas labeled as “ 1 ”, “ 11 and “III” correspond to temperature ranges
of “30-140 °C”, “160-240 °C” and “240-440 °C”, respectively.

KNPs were found to present three steps of weight loss when heating (areas [, II
and III), while RK had two main steps (areas [ and III). The first weight loss
phase happened from 30 to 140 °C (area [ ), where various samples showed no
obvious difference. This weight loss phase was attributed to moisture evaporation
155, The second weight loss of KNPs occurred from 160 to 240 °C (area II), where
fewer changes happened to RK. It could be ascribed to the deconstruction of
secondary structures, especially a-helix degradation, along with less tightly packed
arrangement of molecules compared to RK 14656 57, Area [l (240-440 °C) is the last
common weight loss for KNPs and RK, likely resulting from the deconstruction of
disulfide bonds and polypeptide chains 8. K5 and K10 showed similar
characteristic temperatures (312 °C) for the final weight loss, while the characteristic
temperature descended to 296 °C at DH 20% with promoted pyrolysis. It suggests
that DHs > 15% would result in poorer thermal stability of KNPs due to over-

degradation.
5.3.1.8 Inter- and intra-particle forces

This part was conducted to elucidate the pattern of inter- and intra-particle forces
maintaining KNP structures. The additives urea, SDS and DTT can break hydrogen
bonds, hydrophobic interactions and disulfide bonds, respectively 137 %1. The effect
of different additives of altering protein interactions on size changes of KNPs is

shown in Figure 5.8.
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Figure 5.8. Average particle size of KNPs (K5, K10, K15 and K20) dispersed in various additives or
combinations (H20, DTT, SDS, Urea, DTT/SDS, DTT/Urea, SDS/Urea and DTT/SDS/Urea). The data are
presented as the mean values + SD (n = 3), and “*” represents the significant difference between different
additives (P < 0.05).

As Figure 5.8 indicated, SDS and urea effectively changed the particle size of KNPs
with varying DHs. It implies the roles of hydrophobic interactions and hydrogen
bonds in maintaining KNPs structure. Additionally, K5 and K10 were significantly
affected by DTT. They demonstrated an obvious increase in particle size from about
123 to 155 nm and 157 to 204 nm, respectively. In contrast, K15 and K20 were less
affected by DTT. The result indicates that the intramolecular disulfide bonds might
be dominant in K5 and K10, the breakage of which led to KNPs unfolding. The
disulfide bond reforming at DH of 15% and 20% probably mainly happened
between molecules. Moreover, the combination of additives obviously influenced
the particle sizes of KNPs at higher DH. It suggests a synergistic and protective effect
between different particle forces. The study demonstrates that hydrophobic
interactions and hydrogen bonds played a leading role in maintaining the external
structure of all KNPs. In contrast, disulfide bonds were potentially involved in
maintaining internal structure at lower DH (< 10%). With DH increasing (DH 2 15%),

the synergistic and protective effect of various particle forces would happen.
5.3.1.9 Anti-digestion ability of KNPs

The anti-digestion ability is critical for orally delivering systems, which could
protect loaded biomolecules from harsh GI environments. Here, the changes in
particle size and enzymatic degradation of KNPs during the GI tract were

investigated. The results are shown in Figure 5.9.
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Figure 5.9. (A) Changes in average particle size of KNPs during the GI tract without enzyme and (B)
digestibility of RK and KNPs during the GI tract with enzymes. The GI tract includes SGF and SIF,
representing simulated gastric and intestinal fluids, respectively. The data are presented as the mean
values + SD (n = 3).

As observed in Figure 5.9A, K5 and K10 dispersed in SGF exhibited larger average
particle sizes (~150 nm) than K15 and K20 (~125 nm). When transferring into SIF, the
average particle size of four KNPs remained below 180 nm, exhibiting insignificant
changes. From Figure 5.9B, the digestibility of KNPs remained similar to RK in the
SGF phase, showing resistance to pepsin. When transited to the SIF phase,
approximately 5.7-8.8 % of KNPs were degraded by enzymes, with a slight increase
compared to RK (~2.19 %). The results indicate that KNPs demonstrated a relatively
stable size under pH variations and resistance to enzymatic degradation in the GI
tract, with the majority remaining undegraded. Moreover, variations in DH did not
significantly affect KNPs digestibility. The stability could be attributed to the
reformation of disulfide bonds, hydrophobic interactions and hydrogen bonds

during KNPs self-assembly.

In summary, partial hydrolysis enhanced KNPs solubility and reduced their particle
size to the nanoscale. Varying DHs did not alter the primary chemical functionalities
but influenced the reformation of S-S bonds and keratin conformation. Higher DH
resulted in increased (-structures and exposure of hydrophobic residues. These
further contributed to improved surface hydrophobicity and more aggregation,
albeit with reduced thermal stability. Hydrophobic interactions and hydrogen
bonds were effective in maintaining the external structure of KNPs, while S-S bonds
had an impact on the internal structure of KNPs at lower DH. Additionally, KNPs

demonstrated stability in the GI tract, displaying minimal changes in particle size
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and degradation. In brief, KNPs at lower DH are potential for orally delivering

biomolecules.
5.3.2 Reversible structure via pH-shifting

Here the impact of pH-shifting on KNPs reactivity and restructuring was
investigated. The transition of KNPs appearance from pH 2.0 to 7.0 was observed
with TEM and presented in Figure 5.10A-H.

A B c
K5 pH 2.0 K10 pH 2.0 K15 pH 2.0

* 4 _
100 nm 100 nm g%’";
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Figure 5.10. (A-D) Morphology of KNPs at pH 2.0 (PB 10 mM) and (E-H) Morphology of KNPs switched
from pH 2.0 to pH 7.0. The samples were observed with TEM.

As depicted in Figure 5.10A-D, the acidic treatment at pH 2.0 efficiently unraveled
the original spatial structure of KNPs at various DHs. K5 and K10 were unfolded
and stretched into chain-like structures at pH 2.0, while unfolded K15 and K20 were
interconnected due to exposed hydrophobic residues. After adjusting the pH to 7.0,
the unfolded keratin molecules refolded into compact particles (Figure 5.10E-H),
showing a potential reversible “open-close” structure. Specifically, the extended
molecules of K5 and K10 were refolded into small tight particles with sizes below
200 nm, whereas the refolded particles from K15 and K20 were larger (> 300 nm)
exhibiting irregular shapes. When turning from extremely acidic to neutral
environment, the overexposed hydrophobic residues in K15 and K20 might easily
interact and form larger clusters. Therefore, KNPs with DH < 10% had a regularly
reversible “open-close” structure by pH-shifting, showing potential in

encapsulating biomolecules as carriers. Next, the loading efficiency of different
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biomolecules will be investigated.
5.3.3 Particle size and loading efficiency of insulin- and resveratrol-loaded KNPs

This part delved into the biomolecule loading ability of KNPs with varying DHs
based on their reversible “open-close” structure. Proteins and polyphenols,
specifically insulin (Ins) and resveratrol (Res), were utilized for the investigation to
gain deeper insights. The LE of insulin and resveratrol using KNPs is summarized

in Table 5.2, along with the result of average particle size.

Table 5.2. Average particle size and loading efficiency of insulin- and resveratrol-loaded KNPs.

Particle size (nm) LE of Ins (%) Particle size (nm) LE of Res (%)
K5-Ins 1412+ 125 94.12 +5.31 K5-Res 131.9+3.3 99.61 +0.44
K10-Ins 136.6 +19.7 77.04 £4.77 K10-Res 131.6x1.3 92.48 +1.46
K15-Ins 308.1 £5.2 76.42 +4.60 K15-Res 168.7 +16.8 92.07 £ 0.59
K20-Ins 282.4+14.3 7342 + 6.47 K20-Res 251.0+33.6 87.41+2.78

Note: Ins and Res represent insulin and resveratrol, respectively. LE represents the loading efficiency of
biomolecules by KNPs, obtained as described in section 5.2.10. The data are presented as the mean values
+SD, n=3.

As Table 5.2 indicated, the average particle size of K5-Ins/Res and K10-Ins/Res
ranged from approximately 132 nm to 141 nm that are smaller than K15 and K20
(168-308 nm). This result is consistent with the pictures observed in Figure 5.10G-H.
The LE of Ins and Res by K5 was about 94% and 99%, respectively. Conversely, the
increasing DH resulted in decreasing LE of Ins and Res, which dropped to about 73%
and 87% by K20, respectively. This can be attributed to the higher production of
smaller fragments as DH increased, leading to fewer refolded particles. Additionally,
the abundance of hydrophobic residues in K15 and K20 might result in self-
crosslinking, as observed in section 5.3.2. Thus, K5 demonstrated the highest
capability in loading biomolecules due to its reversible structure facilitated by pH-

shifting, making it a promising material for nanocarrier applications.
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5.4 Conclusion

This study proposed an efficient strategy for preparing high-performance KNPs by
combining partial hydrolysis and pH-shifting. Our study reveals the impact of DH
on keratin reactivity and restructuring, along with the reversible “open-close”
structure under pH shifting. The findings demonstrate that partial hydrolysis (5%
DH) is beneficial for fabricating KNPs with nanoscale particle size in spherical
shapes. They exhibited improved water solubility, anti-digestion stability, favorable
“open-close” structure and high biomolecule loading efficiency. Combining partial
hydrolysis and pH-shifting overcomes the limitations of keratin's robust chemical
structure, making KNPs promising candidates for encapsulating biomolecules.
Nevertheless, the stability of biomolecules under acidic conditions needs attention
during encapsulation by KNPs. This study provides insights into the potential
applications of KNPs (5% DH) in the field of biomolecule encapsulation and delivery,
offering a novel and efficient platform for various nutritional, pharmaceutical and
biomedical applications. Future studies on biomolecule release and fortification

under specific targeted environments can be conducted.
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5.6 Supplementary materials

Table S5.1. Degree of hydrolysis (DH) and average particle size of KNPs.

DH (%) Average particle size (nm) Polydispersity index (PDI)
K5 5+0.54 123.1+7.0 0.46 +0.02
K10 10+0.52 157.1+10.5 0.60+0.18
K15 15+0.51 137.9+8.1 0.40 +0.03
K20 20+0.37 1242 +4.3 0.37 +0.01

K20-Ins

Figure S5.2. TEM of insulin and insulin-loaded KNPs.
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Abstract

Protein-based nanoparticles are becoming a favorable formulation for orally
delivering biomolecules. They can provide biomolecules with improved water
solubility, less aggregation, protection from harsh pH and enzymatic degradation.
However, some of them exhibit inadequate stability in various environments,
resulting in premature degradation and low bioavailability. Here we show a novel
insulin (INS)-loaded formulation constructed from keratin nanoparticles (KNP) and
sodium alginate (ALG) with enhanced performance. We found that double-coating
nanoparticles (ALG-KNP-INS) via a gelation technique displayed a small average
particle size (~173 nm) with regular spherical shapes alongside good re-
dispersibility. The ALG-KNP coating demonstrated a positive effect on stabilizing
size (< 200 nm) during heating (80 °C) with enhanced insulin stability (> 83%
undegraded). Likewise, enhanced stability in size (< 270 nm) and insulin (> 77%
undegraded) was observed during storage at 4 °C for 4 weeks. Moreover, ALG-KNP-
INS presented size changes in the gastrointestinal tract, potentially protecting
insulin against enzymatic degradation. Our findings indicate ALG-KNP coating as
a stability-enhanced formulation, exhibiting small spherical shapes and uniform
distribution. We anticipate our study to give a competitive alternative formulation
for biomolecule encapsulation and delivery. The ALG-KNP coating holds potential
for enhancing the performance and bioavailability of various biomolecules in the

fields of food, nutraceuticals and pharmaceuticals.
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6.1 Introduction

Recent advances in in-vitro screening methods have given rise to numerous
biomolecules with diverse biological activities, showing potential in pharmaceutical
and food areas (1. For example, the biomolecules quercetin and curcumin provide
effectiveness against oxidation, cancer and inflammation [23. Oral administration is
preferred owing to its simplicity, convenience and high patient compliance [4.
Despite their appealing bioactivities, most of them exhibit poor physicochemical
properties, such as poor water solubility, susceptibility to harsh pH and enzymes
and low biomembrane permeability > 6. For example, quercetin and curcumin
exhibited poor solubility and physicochemical stability in aqueous media and low
oral bioavailability 7). Insulin (INS), another example, also encounters challenges
under varying environmental and physiological conditions, such as low water
solubility, instability at high temperatures and harsh pH, enzymatic degradation,
etc. & 9. In this regard, their bioavailability and applications are often restricted.
Therefore, an effective technique to enhance the physicochemical properties of
biomolecules and provide protection against various barriers is becoming

imperative.

Researchers have attempted to develop protein-based nanoparticles for orally
delivering biomolecules, such as soy protein and zein nanoparticles [0 !1l. Besides
the low toxicity, biocompatibility and biodegradability, natural proteins exhibit a
wide array of functional groups, such as hydroxyl, carboxyl and amino groups.
These functional groups enable chemical modifications and effective interactions
with biomolecules [12 3. Nanoparticles become favorable because of their appealing
merits, such as enhanced solubility in aqueous media, less aggregation, protection
of biomolecules from harsh environments, controlled release and ability to penetrate
biological membranes, etc. ['2. Hence, protein nanoparticles are a promising
formulation for oral delivery systems. Nevertheless, some proteins exhibited
inadequate stability in aqueous environments and physiological temperatures [14.
The loaded biomolecules often encounter challenges such as premature leakage and
degradation, restricted loading capacity and release limitations 6. Therefore, a
stability-enhanced formulation constructed by more stable protein material is
required. Among these, keratin, a protein with intrinsic water stability, holds

particular promise for nanoparticle fabrication (131,
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Keratin is an abundant natural protein resource in animal by-products, which
consists over 90% in chicken feathers [15]. Literature has reported the potential of
keratin as a carrier due to its attributes of biocompatibility, biodegradability, low
toxicity, water stability and resistance to conventional enzymes 3 16l It has been
upcycled into diverse biomaterials, e.g. nanoparticles, microparticles and hydrogels
(14.17,18], Earlier, researchers elucidated the positive impact of keratin nanoparticles
(KNP) on cell attachment and proliferation and the ability to penetrate into kidney
and liver cells (3. Our previous investigations have also demonstrated the potential
of keratin peptides to alter cell membrane permeability since they were able to
inhibit E.coli and improve insulin delivery into Caco2 cells !5l Furthermore, an
approach combining partial hydrolysis and pH-shifting techniques was found to be
effective for preparing biomolecule-loaded KNP in our previous study (Chapter 5).
The resultant KNP exhibited potential for oral delivery systems. However, a
protective coating will be essential to shield KNP from potential deconstruction
under pH variations in the gastrointestinal (GI) tract. Polysaccharides are taken as
versatile biopolymers capable of modification, functionalization and coating to meet
oral delivery requirements 1. Among these, sodium alginate (ALG) provides a

promising coating option due to its efficient properties.

ALG exhibits biocompatibility, biodegradability, non-toxicity and gelatinization,
thus being widely applied in dietetic, biotechnology, cosmetic and pharmaceutical
areas [4l. The gel-forming and mucosal adhesion properties of ALG render it a viable
excipient for enhancing drug delivery dosage forms 2. ALG can form a swollen
polymer matrix by cross-linking. It is able to shrink at acidic pH and swell at neutral
or basic pH, along with its exceptional muco adhesion properties (2138, ALG has been
recognized for its potential in modulating molecule delivery within the intestinal
tract. It has been employed in various formulations, including nanoparticles,
liposomes, capsules, tablets, hydrogels, beads and microspheres 13 22 24. Given the
above, ALG stands out as a prime candidate for shielding biomolecules-loaded KNP

from harsh pH and enzymatic degradation in the GI tract.

This study aims to develop stability-enhanced nanoparticles incorporating ALG and
KNP for biomolecule encapsulation and delivery. Allied to it, the effect of ALG-KNP
coating on the physicochemical properties and stability of nanoparticles will be
assessed. Here insulin will be applied as the target biomolecule for evaluating

nanoparticle performance. To reach that aim, the following approaches were applied.
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First, three techniques including covalent crosslinking, gelation and inverse gelation
were evaluated and screened. Then ALG-KNP-INS and ALG-INS were prepared,
taking KNP-INS and INS as controls. Subsequently, the physicochemical
characterization of various nanoparticles was conducted, involving particle size,
FTIR, re-dispersibility and microstructure. After that, the environmental stability
(e.g. thermal and storage stability) and the physiological stability in the GI tract

with/without enzymes were investigated.
6.2 Materials and methods
6.2.1 Materials and chemicals

Feather keratin was extracted using Cys-reduction assisted with ultrasound, as
described in our previous study [25. Chicken feathers were supplied by the Institute
of Animal Science of the Chinese Academy of Agricultural Science (Beijing, China).
The chemicals, including sodium alginate (medium viscosity, A2033), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
Hydroxysuccinimide (NHS), pepsin and pancreatin, were of analytical grade and
provided by Sigma. The bovine insulin (27 U/mg, 5733.49 Da) was supplied by
Yuanye Bio-Technology Co., Ltd. Acetonitrile (ACN) and methanol (MeOH) were of
HPLC gradient grade supplied by Actu-All chemicals.

6.2.2 Preparation of insulin-loaded keratin nanoparticles

KNP was prepared according to our previous method (Chapter 5). Briefly, keratin
was hydrolyzed to a degree of hydrolysis (DH, 5%) using keratinase (6000 U/g)
under conditions of 55 °C, pH 8.5. The enzymes were inactivated by heating at 95 °C
for 3 min, and the mixture was adjusted to pH 7.0. After centrifugation at 8000 xg,
4 °C for 20 min, the supernatant was collected and lyophilized. The self-assembled
KNP was obtained and lyophilized.

KNP-INS were formed based on the pH-shifting method (Chapter 5). Briefly, 20 mg
KNP was unfolded by dispersing in 2 mL of phosphate buffer (PB, 10 mM, pH 2.0)
and stirring at 700 rpm for 1 h. Then, 2 mL of insulin stock (5 mg/mL, 0.01 M HCI)
was added and stirred for another 1 h. The pH of the mixture was subsequently
adjusted to 7.0 using NaOH (1 M). After 1h agitation, the refolded particles were
formed. Free insulin was removed by dialysis with a molecular weight cutoff
(MwCO: 7 kDa). Finally, KNP-INS were collected and lyophilized.

143



CHAPTER 6

6.2.3 Preparation of alginate-coated nanoparticles and covalently crosslinked nanoparticles

KNP-INS were coated with ALG by inverse gelation and gelation methods, grouped
as JAKI and GAKI, respectively. The procedures are shown in Figure 6.1. First, the
concentrations of CaCl: (final: 0-10 mM) and ALG (final: 0.1-2 mg/mL) were
optimized based on the particle size changes. After that, KNP-INS were formed
according to the procedure above (section 6.2.2) by adding a certain volume of CaCl:
(1 M). The mixture was subsequently added dropwise to an equal volume of ALG
(1 mg/mL) at 2.5 mL/h using a syringe pump (NE-1600, SyringeSIX, New Era
Instruments, USA). The mixture was continually stirred at 700 rpm for 1 h to form
IAKI. After removing free insulin via dialysis (MwCO: 7 kDa), IAKI was obtained.

For GAKI preparation, the concentrations of CaClz (final: 2-8 mM) and ALG (final:
0.1-2 mg/ml) were optimized initially. The dispersion of KNP-INS, formed
according to section 6.2.2, was added dropwise to an equal volume of ALG (1
mg/mL) at the speed of 2.5 mL/h. After 1h of continual agitation, the mixture was
dropped dropwise to an equal volume of CaClz solution (8 mM). After stirring for
another 1 h, GAKI was formed. Free insulin was removed by dialysis (MwCO: 7
kDa). The control was prepared using the same procedure without KNP, named
ALG-INS.

As shown in Figure 6.1, covalent crosslinking nanoparticles were fabricated using
the previous method with minor modifications 26 27). The pH of KNP-INS dispersion
(formed from section 6.2.2) was adjusted to 4.7 and then was mixed with EDC (24
mg) and NHS (28.8 mg). The mixture was stirred for 1 h, followed by a stand at 4 °C
for 24 h. Subsequently, the pH of the mixture was switched to 7.4 and continued
with 1 h agitation. After an additional placement at 4 °C for 24 h, the mixture was
finally dialyzed to remove free insulin (MwCO: 7 kDa). The formed particles were

named as K=I.
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Figure 6.1. Scheme of inverse gelation, gelation and covalent crosslinking for nanoparticle preparation.

The insulin amount in the nanoparticle solution obtained above was quantified
using the HPLC method. IAKI, IAI, GAKI and GAI were finally lyophilized and
stored at -20 °C for further analysis, including particle size, polydispersity index

(PDI), re-dispersibility and microstructure.
6.2.4 Insulin quantification

The method for insulin measurement was modified according to the previous
method (2. Briefly, the obtained samples were diluted with PB (pH 7.4, 20 mM) and
then subjected to Acquity UPLC BEH C18 column (2.1 mm x 150 mm, Waters). They
were detected using a variable wavelength detector at 214 nm (Thermo Fisher
Ultrimate 3000, Thermo Fisher Scientific, USA). The mobile phase was composed of
A (PB, 0.1 M, pH 7.4) and B (©/MeOH, 65/30, v/v). The sample injection volume was
5 pL, and the flow rate was 0.3 ml/min (A/B, 55/45, v/v). The temperatures of the

sampler and column were set at 4 °C and 55 °C, respectively.
6.2.5 Characterization of nanoparticles

Particle size, PDI and C-potential were analyzed using a dynamic light scattering
(DLS) instrument (Nano ZetaSizer, Malvern Instruments, UK). The samples were
diluted to 0.1 mg/mL with Milli-Q water and measured at 25 °C.

The microstructure of nanoparticles was observed using transmission electron
microscopy (TEM, JEM 1400Plus, JEOL Ltd., USA). Briefly, 5 uL of sample solution
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(0.1 mg/mL) was added on a formvar/carbon grid and stood for 2 min. After
removing the excess, the grid was washed with Milli-Q water. Then, the negative
staining was conducted using 5 uL of phosphotungstic acid (1%, w/v). The grid was
finally observed using TEM.

The chemical functionality of nanoparticles was assessed via a Fourier transform
infrared spectroscopy (FTIR, Vertex 70, Bruker Inc., U.S.). Briefly, the samples were
ground with dried potassium bromide and compressed into a 1 mm slice. They were

scanned from 400 to 4000 cm - with a resolution of 4 cm-.
6.2.6 Re-dispersibility in Milli-Q water

The re-dispersibility of lyophilized nanoparticles was evaluated by redispersing in
Milli-Q water. Briefly, freshly prepared samples were lyophilized into powders and
then redispersed in Milli-Q water at a concentration of 1 mg/mL. Redissolved
samples were observed for appearance by taking pictures. The analysis of particle

size and PDI was conducted using ZetaSizer.
6.2.7 Thermal stability

The thermal stability was investigated by evaluating the changes in particle size and
insulin stability at 80 °C, referring to the previous study .. Briefly, nanoparticles
were dispersed in Milli-Q water at 1 mg/mL concentration. The dispersions were
heated at 80 °C for predetermined times (0, 10, 20, 30 and 60 min) and then were
placed into an ice bath for cooling. The particle size and insulin amount were
measured using ZetaSizer and HPLC, respectively, following the methods described

above.
6.2.8 Storage stability

The stability of nanoparticles within four weeks of storage at 4 °C was investigated.
Nanoparticle dispersions (1 mg/mL) were prepared by dissolving in Milli-Q water.
They were then placed in a fridge at 4 °C. The changes in particle size and the
remaining insulin amount were monitored at various time points (0, 3, 7, 14, 21 and

28 days), using ZetaSizer and HPLC abovementioned.
6.2.9 Stability in the gastrointestinal tract

Here the stability of nanoparticles treated with or without enzymes in the GI tract

was investigated, referring to the previous method with minor modifications [30. 311,
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The GI tract consists of the gastric phase followed by the intestinal phase. For the
gastric phase, samples were dispersed in an HCI solution (pH 1.2) with the final
insulin concentration of 1 mg/mL, containing 1.6 mg/mL of pepsin. The mixture was
incubated in a water bath at 37 °C under agitation of 250 rpm. Digesta samples were
collected at predetermined time points (0, 30, 60 and 90 min), followed by pH

adjustment to 7.0 using 1 M NaOH and subsequent cooling in an ice bath.

For the intestinal phase, the pH of the mixture after the 90-min gastric phase was
adjusted to 6.8 using NaOH (1 M). Then it was mixed with the same volume of
pancreatin solution (10 mg/mL) dissolved in PB (pH 6.8, 10 mM). The mixture was
placed in a water bath for another 120-min incubation, stirring at 250 rpm, 37 °C. At
predetermined time intervals (30, 60, 90 and 120 min), the digesta was collected and

promptly cooled for subsequent analysis.

The particle size and insulin stability were investigated without adding enzymes,
which were detected using ZetaSizer and HPLC, respectively. The SDS-PAGE
method was used to examine the insulin stability under enzymes. The control

groups (INS and KNP-INS) and blank (enzymes only) were also performed.
6.2.10 SDS PAGE

The intestinal digesta treated with enzymes, collected from section 6.2.9, was
dissolved in NuPAGE LDS sample buffer (2x) containing a reducing agent. The
mixture was heated at 70 °C for 10 min and then centrifuged at 10000 x g for 1 min.
Then, 20 pL of each sample was loaded into a tricine gel containing 10-20%
polyacrylamide. The separation was performed at 200 V, followed by gel staining
with Coomassie brilliant blue G-250. After that, the gel was washed using a
distaining solution (10% ethanol and 7.5% acetic acid) until the blue bands appeared
in the transparent background. Finally, the gels were observed using Gelscanner
(GS900, Bio-Rad, US).

6.2.11 Statistics

The data analysis was conducted using Microsoft Excel, while the figures were
generated using Origin 2019 software and the Biorender website. The analysis was
based on triplicate samples, and the results are presented as the mean values +
standard deviation (SD).
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6.3 Results and discussion
6.3.1 Evaluation of techniques for coating nanoparticles
6.3.1.1 Optimization of CaClz and alginate concentrations for inverse-gelation technique

ALG can form nanoparticles by ionotropic gelation with divalent cations [2.
However, excess Ca?* may also result in KNP aggregation, affecting the generation
of uniformly sized nanoparticles. Thus, the optimal concentration of CaCl> was

initially investigated, along with the ALG concentration.

The results involving particle size, -potential and morphology are shown in Figure
6.2A-D. As depicted in Figure 6.2A, 2 mM of CaClzinduced a slight decrease in the
average particle size of KNP-INS, which reduced from about 130 nm to 100 nm.
Increasing the CaClz concentration > 4 mM resulted in KNP-INS aggregation, with
an average particle size over 348 nm. Higher CaCl: concentration (8-10 mM) even
induced large aggregations and flocculation, with a size > 1600 nm. The reduced size
at 2 mM was probably caused by the structural rearrangement of KNP-INS, forming
more compact particles with the effect of Ca2* 33l. Nevertheless, excessive Ca2+ could
produce extensive particle aggregation and gravitational separation owing to the
strong electrostatic interactions between particles B4. Thus, 2 mM of CaCl

concentration would be applied for forming ALG-coated nanoparticles.
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Figure 6.2. (A) Changes in average particle size of KNP-INS under various CaCl2 concentrations (0-10
mM), (B) average particle size and C-potential of particles coated by ALG with varying concentrations
(0.1-2 mg/mL), where CaCl: concentration was 2 mM, (C) TEM image of particles coated by 1 mg/mL ALG
with 2 mM CaClz, and (D) TEM image of ALG-only at 1 mg/mL with 2 mM CaCl: following the same

process. The data are presented as the mean values + SD, n =3.

The effect of varying ALG concentrations on average particle size and (-potential of
ALG-coated nanoparticles is illustrated in Figure 6.2B. The findings suggest that
increasing the ALG concentration (from 0.1 to 2 mg/mL) had minimal impact on the
average particle sizes, which remained around 220 nm. The result indicates no
significant decrease in C-potential with ALG > 0.5 mg/mL, which reached about -42
mV, implying an adequate coating with ALG at 0.5 mg/mL. Similarly, the curcumin-
encapsulated zein/caseinate-alginate nanoparticles showed a similar C-potential of -
39.9+1.2mV . A higher concentration (> 1.0 mg/mL) may produce excessive ALG-
only nanoparticles. As confirmed by TEM images (Figure 6.2C&D), 1.0 mg/mL of
ALG yielded numerous ALG-only nanoparticles. The average particle size of ALG-
only nanoparticles exceeded 200 nm, potentially contributing to an insignificant size
variation in ALG-coated KNP-INS (Figure 6.2B). Hence, 0.5 mg/mL ALG would be
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applied for forming ALG-coated KNP-INS via inverse gelation.
6.3.1.2 Optimization of CaClz and alginate concentrations for gelation technique

Here the appropriate concentrations of ALG and CaCl: were investigated for the
gelation method, and the results are shown in Figure 6.3A-D. The result from Figure
6.3A indicates an insignificant change in particle size with CaCl> <4 mM, remaining
at about 190 nm, while 8 mM CaClzinduced aggregation of ALG-coated KNP-INS
with an average particle size surpassing 900 nm. The exposure of ALG to excess Ca?
potentially led to the formation of large particles. Thus, 4 mM CaCl: would be
applied to form ALG-coated nanoparticles.
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Figure 6.3. (A) Changes in average particle size of ALG-KNP-INS under various CaClz concentrations (2-
8 mM), where ALG concentration was 1 mg/mL, (B) average particle size and (-potential of particles
coated by ALG with varying concentrations (0.1-2 mg/ml), where CaClz concentration was 4 mM, (C)
TEM image of particles formed by 1 mg/mL ALG and 4 mM CaClz, and (D) TEM image of ALG-only at 1
mg/mL with 4 mM CaClz. The data are presented as the mean values + SD, n = 3.

The effect of various concentrations of ALG on particle size and (-potential is

presented in Figure 6.3B. The results demonstrate that increasing ALG
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concentrations (0.1-2 mg/mL) caused a decrease in the average particle size dropping
from about 244 nm to 124 nm. The particle size of ALG-coated KNP-INS reached
close to that of uncoated KNP-INS at 1 mg/mL ALG and decreased further at 2
mg/mL ALG. Excess ALG was inferred to produce a higher quantity of ALG-only
particles characterized by smaller sizes, thereby contributing to the decrease in
average particle size. Simultaneously, the C-potential result showed that an
increasing ALG concentration > 1 mg/mL caused an obvious decline below -28 mV,
suggesting a potential excess level of ALG. This assumption was then visualized by
TEM images, which is shown in Figure 6.3C&D. The results illustrate that a large
number of ALG-only particles were formed at 1 mg/mL ALG with a size below 50
nm, thus contributing to the decrease of average particle size of ALG-coated KNP-
INS. In this regard, 0.5 mg/mL ALG would be applied for formulating ALG-coated
KNP-INS via gelation.

6.3.1.3 Comparison of gelation, inverse gelation and covalent crosslinking techniques

Here three techniques, gelation, inverse gelation and covalent crosslinking, were
comprehensively evaluated by assessing particle size, PDI, (-potential, re-
dispersibility and micromorphology of formulated nanoparticles, taking INS-only
as control. Additionally, powdered nanoparticles provide advantages in
transportation, storage, and incorporation into marketable products compared to
their liquid-form counterparts. Thus, the size changes before and after freeze-drying

were also determined. The results are presented in Figure 6.4A-D.
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Figure 6.4. (A) Average particle size, (B) polydispersity index, (C) (-potential of various particles, and (D)
size distribution of GAKI and IAKI. The particles included ALG-KNP-INS by gelation (GAKI), ALG-
KNP-INS by inverse gelation (IAKI), covalently bonding (K=I) and insulin-only (INS). For gelation
particles, the concentrations of CaCl2 and ALG were 4 mM and 1 mg/mL, respectively, while they were 2

mM and 1 mg/mL, respectively, for inverse gelation. The data are presented as the mean values + SD, n =
3.

As Figure 6.4A indicates, three techniques presented a positive effect on reducing
insulin particle size, among which ALG-coated KNP-INS from both gelation and
inverse gelation were significantly smaller (< 230 nm) than K=I (~851 nm).
Additionally, the particle size of GAKI changed less before and after freeze-drying
(ca. 160 and 173 nm respectively) while IAKI showed a tendency to increase after
drying. Further analysis of the size distribution reveals that GAKI had a well-
distributed profile with a small percentage of aggregations, whereas IAKI displayed
a large peak above 2000 nm (Figure 6.4B). The PDI result confirms GAKI and K=I
with a uniform size distribution due to the low PDI of about 0.31 and 0.27,
respectively, whereas that of IAKI was about 0.41 (Figure 6.4C). In addition, the PDI
of GAKI remained unchanged after drying, but that of IAKI and K=I was increased.

The C-potential result depicts a negligible influence of freeze-drying on three types
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of particles (Figure 6.4D). GAKI, IAKI and K=I had C-potential of about -23.89 mV, -
37.6 mV and -23.3 mV, respectively.

The freeze-dried nanoparticles should be able to be re-dispersed for further
application. Thus, the re-dispersibility and microstructure of various samples were
observed and shown in Figure 6.5A-D. As displayed in Figure 6.5A, GAKI and IAKI
were more uniformly dispersed in Milli-Q water, whereas INS showed a turbid
appearance with large clusters. K=l dissolution was cloudy, indicating the large
particles formed by strong covalent crosslinking. The microstructure of three types
of nanoparticles is displayed in Figure 6.5B-D. The result demonstrates that K=I
presented a disordered structure with flocculation. Conversely, GAKI and ITAKI
presented regularly spherical shapes. It should be noted that GAKI was revealed
with a smaller particle size. These findings support the results about the size and
PDI abovementioned (Figure 6.4A&B).

A
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Figure 6.5. (A) Redissolution of various particles in Milli-Q water (1 mg/ml) and TEM images of (B) GAKI,
(C) IAKI and (D) K=L

To sum up, ALG-KNP coating played a role in reducing insulin aggregation and
stabilizing particle size. The ALG-KNP coated nanoparticles exhibited small and
uniform sizes in a spherical shape. In particular, the gelation technique showed an
advantage in producing uniformly sized nanoparticles and preventing unwanted
aggregation compared to inverse gelation and covalent crosslinking techniques.
Therefore, the gelation technique will be employed in fabricating ALG-KNP-coated
nanoparticles (ALG-KNP-INS), which will be subjected to further study.

6.3.2 Study on ALG-KNP-INS obtained via gelation technique
6.3.2.1 Formation of ALG-KNP-INS via gelation technique and particle size analysis

Insulin monomers demonstrate biological activity, however, they possess the least
stable conformation and are prone to structural changes compared to hexamers 3¢
3], In this study, we expect ALG-KNP-INS to mitigate insulin aggregation in the

hexametric state with enhanced stability.

First, the formation of ALG-KNP-INS is visually illustrated in Figure 6.6A&B. As
depicted in Figure 6.6A, ALG was successfully coated on KNP-INS located in the
core. After transferring to CaClz solution (Figure 6.6B), a hard shell was formed by
crosslinking with Ca?. Additionally, the core-shell structure exhibited reduced
particle size and improved spherical shape. The size distribution of ALG-KNP-INS
would be further analyzed by taking ALG-INS, KNP-INS and INS as controls.

A.‘

Ca-ALG

[

b
¥

Figure 6.6. TEM images of freshly prepared ALG-coated KNPs-INS before transferring to CaClz solution
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(A), and after transferring to CaClz solution (B). The concentrations of CaCl2 and ALG were 4 mM and 1
mg/mL, respectively.

The result of particle size and resolution appearance is shown in Figure 6.7A&B. The
result from Figure 6.7A suggests that KNP could effectively reduce INS aggregation
(~1412 nm). The average particle size of ALG-KNP-INS and KNP-INS decreased to
about 173 nm and 150 nm, respectively. Conversely, ALG-only coating exhibited less
effect, with the average particle size of ALG-INS at about 1035 nm. Additionally,
ALG-KNP-INS had the lowest PDI (~0.32) than others. It indicates the significant
effect of ALG-KNP coating on improving the size distribution of INS. The PDI of
KNP-INS, ALG-INS and INS was about 0.56, 0.89 and 0.72, respectively,
demonstrating inferior size distribution. By further analyzing size distribution
(Figure 6.7B), ALG-KNP-INS was confirmed with a more uniform size distribution
than others. From the dissolution pictures depicted in Figure 6.7B, the transparent
suspension of KNP was observed, indicating its stabilizing effect on particles with
improved re-dispersibility and uniformity. Considering the above, ALG-KNP-INS
presented good re-dispersibility and size distribution, attributes deemed crucial for

nanoparticle application in food and pharmaceutical industries 3.

A
[_]Average particle size m Polydispersity index
2000 1.2

R
45 1ALG-KNP-INS
15001 il 1.0 5 40 CALG-KNP-INS
= " & KNP-INS
& 1000 = r08E ¢ ALG-INS
n > <
2 800 1 , e INS
£ 600 n 065 G
2 400 1 2 g \
& 043 E
2 ;
S 150 a f
< 100 0.2 )
504 0 - e S i
. 100 1000 10000

(=]

o
-
-
o

0
ALG-KNP-INS ALG-INS  KNP-INS INS i
Size (nm)

Figure 6.7. (A) Average particle size and polydispersity index and (B) size distribution of ALG-KNP-INS,
ALG-INS, KNP-INS and INS. ALG-KNP-INS and ALG-INS were prepared via gelation, where the
concentrations of ALG and CaCl2 were 1 mg/mL and 4 mM, respectively. The data are presented as the

mean values + SD, n=3.
6.3.2.2 Analysis of chemical functionality

The differences in chemical functionality of various nanoparticles were analyzed
using FTIR. The result is shown in Figure 6.8. Here ALG-only presented
characteristic peaks at around 830, 1040, 1100, 1430 and 1620 cm. They were

155



CHAPTER 6

consistent with the multiple vibration peaks of polysaccharides (900 to 1350 cm-!)
reported in literature “0l. The peaks at about 1040 and 1100 cm! were attributed to
the C-O stretching vibrations and C-O-C stretching vibrations 41, and those at 1430
and 1620 cm! were ascribed to be carboxylate peaks (COO-) 14042],

—— ALG-INS —— ALG-KNP-INS KNP-INS —— ALG ——INS

Amide II: AmideI: C=0
-N, C-0

400 900 1400 1900 2400 2900 3400 3900
Wavenumber (cm-)

Figure 6.8. FTIR spectrum of ALG-KNP-INS, ALG-INS, KNP-INS and INS.

INS-only were observed with characteristic peaks located at about 1260, 1550, 1658
and 3300 cm!. The peak at around 1260 cm was about the amide [II area involving
C-N and C-O, while those at 1550 and 1658 cm! related to amide II and amide I,
respectively, involving C-N, N-H bending and C=0O 4345, The strong absorption at
about 3300 cm! represented O-H stretching vibrations, indicating the formation of
hydrogen bonds “6l. As Figure 6.8 depicted, the spectrum of ALG-KNP-INS
presented the characteristic peaks of both ALG-only and INS-only. The combination
of FTIR analysis and formation visualization (Figure 6.6) suggest the successful
coating of ALG on KNP-INS.

6.3.2.3 Analysis of microstructure

The microstructure of INS, ALG-INS, KNP-INS and ALG-KNP-INS is depicted in
Figure 6.9A-D. The result suggests that INS aggregated and formed large clusters
(Figure 6.9A), a phenomenon to be associated with self-association into hexamers
Bsl. The ALG-only coating was less effective in reducing insulin aggregation, since
ALG-INS presented as large particles (Figure 6.9B). Nevertheless, KNP-INS
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significantly enhanced the dispersity of insulin with reduced aggregation (Figure
6.9C). The particle size of KNP-INS decreased to about 150 nm in round shape. When
focusing on ALG-KNP-INS (Figure 6.9D), the nanoparticles were uniformly
dispersed without apparent clusters. The combination of ALG and KNP did not
result in particle re-aggregation, suggesting the positive effect of KNP stabilization
on particle dispersity. Moreover, ALG-KNP-INS displayed a regular spherical shape
with a size below 200 nm. The findings of particle microstructure were consistent

with the size analysis result (Figure 6.7).

(B ALG-KNP-INS

Figure 6.9. TEM images of (A) INS, (B) ALG-INS, (C) KNP-INS and (D)ALG-KNP-INS.
6.3.3 Study on the environmental and physiological stability
6.3.3.1 Analysis of thermal stability

Many food products are subjected to thermal treatments during processing, such as
sterilization, pasteurization and utilization. Thus, inspecting the heating effect on
the complex stability is essential [+71. Here the stability of nanoparticles was assessed

by analyzing the changes in particle size, PDI and insulin stability with heating at
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80 °C.

The result of particle size and PDI is depicted in Figure 6.10A. The results suggest
that the average particle size of both ALG-KNP-INS and KNP-INS were less affected
by heating, remaining below 200 nm. The particle size of ALG-INS fluctuated at
around 1000 nm but with a tendency to reduce aggregation by prolonging heating
time. INS exhibited thermal aggregation behavior, with particle size > 2000 nm
under heating. The inter-molecule hydrophobic interactions possibly led to non-
specific aggregation of the denatured polypeptide chains, which unfolded under
heating [48]. Additionally, heating > 10 min effectively decreased the PDI of KNP-INS
from about 0.56 to 0.21, implying a more condensed size distribution. Heating < 20
min maintained the PDI of ALG-KNP-INS at about 0.33, while time expansion over

30 min induced growing PDI to about 0.48, signifying a broadened size distribution.
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Figure 6.10. (A) Average particle size and polydispersity index and (B) insulin stability of ALG-KNP-INS,
ALG-INS, KNP-INS and INS during 80 °C heating treatment. The data are presented as the mean values
+SD, n=3.

The insulin stability result is illustrated in Figure 6.10B. The result shows that INS
experienced minimal impact on insulin stability during 20 min heating, with insulin
percentage exceeding 94%. However, degradation occurred abruptly when heating
extended beyond 30 min, reaching about 67% at 60 min. The substantial stability
within the initial 20 min was likely attributed to the hexameric state of insulin, which
offered stability 9. After heating for 30 min, insulin hexamers dissociated, leading
to reduced thermal stability. Compared to INS, KNP-INS had lower insulin stability
within the initial 20 min of heating, followed by a gradual decline to approximately
76% at 60 min. The insulin loaded by KNP primarily existed in monomers and

presented as smaller particles, making them more susceptible to heating. ALG-INS
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and ALG-KNP-INS exhibited insignificant differences in insulin stability (> 90%)
within 20 min heating compared to INS. Nevertheless, the insulin stability of ALG-
INS and ALG-KNP-INS obviously exceeded that of INS with further heating from
30 to 60 min, remaining over 83%. It implies the effect of ALG-coating on protecting

insulin from heating.

Considering the above, it is evident that ALG coating has the potential to hinder the
thermal aggregation of particles and safeguard insulin against thermal degradation.
KNP contributes to stabilizing particle size, while its impact on preventing insulin
degradation is comparatively less pronounced. Significantly, ALG-KNP-INS
exhibits enhanced thermal stability at 80 °C, suggesting its suitability for thermal

treatments during processing, such as pasteurization.
6.3.3.2 Analysis of storage stability

According to the Food and Drug Administration’s recommendations, insulin should
be stored in the fridge at 2-8 °C for long-term storage until expiration date (50. Here,
the effect of ALG-KNP coating on stabilizing insulin at 4 °C was investigated within

4 weeks of storage. The results are shown in Figure 6.11A&B.
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Figure 6.11. (A) Average particle size and polydispersity index, and (B) insulin stability of ALG-KNP-INS,
ALG-INS, KNP-INS and INS during 4-weeks storage at 4 °C.

As Figure 11A illustrates, ALG-KNP-INS showed good size stability during 4-week
storage, the average particle size of which remained at about 200 nm. KNP-INS
exhibited size stability during the first week with an average particle size of around
150 nm. Subsequently, their average particle went up and reached about 1200 nm at
the end of 4 weeks. INS tended to aggregate during 2-week storage and then

dissociate. Insulin hexamers were likely dissociated into subunits, such as dimers
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and monomers. ALG-INS showed an increase in particle size in the first week and
then dropped to about 1000 nm when stored over 2 weeks, indicating an inferior size

stability.

The insulin stability result (Figure 6.11B) indicates no noticeable decrease in insulin
amount for ALG-KNP-INS during 2-week storage. In contrast, KNP-INS and ALG-
INS slightly lost approximately 7% of insulin. The insulin amount of INS dropped
below 90% after 1 week, and about 13% was lost after 2 weeks. Notably, the insulin
amount in ALG-KNP-INS remained at about 90% when storing for 3 weeks. With
further storage > 3 weeks, insulin exhibited a decrease in stability in all formulations.
After storage for 4 weeks, the insulin amount in ALG-KNP-INS decreased to about
77%, whereas that of ALG-INS and KNP-INS were about 67% and 69% respectively.
INS presented less than other groups, dropping to about 66%.

Thus the double coating of ALG-KNP had a superior effect on improving particle
size stability and insulin stability during storage for 4 weeks at 4 °C. Both single
coatings of ALG and KNP had limited impact on stabilizing particle size and

preserving insulin during long-term storage.
6.3.3.3 Analysis of stability in the GI tract without enzymes

Insulin is highly susceptible to harsh environments during the GI tract, including
extreme pH and enzymes 8. Here the potential of ALG-KNP coating for oral
delivery was explored. The simulated GI tract without enzymes was applied to
investigate the influence of both physiological temperature (37 °C) and pH variation
(1.2-6.8) on the stability of nanoparticles. Considering the inferior performance of
ALG-INS discussed above (e.g. large particle size and poor re-dispersity), this part
mainly investigated the stability of KNP-INS and ALG-KNP-INS.

The changes in particle size are shown in Figure 6.12A&B. The result depicted in
Figure 6.12B illustrates that ALG-KNP-INS could not be well dissolved in simulated
gastric fluid and exhibited as turbid clusters. Nevertheless, the clusters were
efficiently redispersed upon transitioning to the simulated intestinal phase, forming
a clear solution. Thus, the exact particle sizes were determined upon transitioning
to the intestinal phase, taking INS and KNP-INS as controls (Figure 6.12A). As
indicated, ALG-KNP-INS redispersed and decreased into small particles ranging
from about 198 nm to 249 nm. It is noteworthy that ALG has been reported to exhibit

pH sensitivity, remaining stable in acidic conditions and redissolving in alkaline
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environments 51, KNP-INS retained small (120-132 nm) during the first 90 min but
then reached about 211 nm at 120 min, possibly caused by aggregation with
prolonged incubation. The particle size of INS tended to increase from 318 nm to 501
nm when incubated in the intestinal phase. There should be a transition between
monomers, dimers and hexamers. Additionally, the PDI of ALG-KNP-INS increased
beyond the original value discussed in section 6.3.2.1, indicating a worsened size
distribution. Li et al. have developed microbeads combining ALG and chitosan,
which can protect insulin from the GI environment and realize controlled release 521,

Hence their protective effect on insulin needs to be explored.
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Figure 6.12. (A) Average particle size and polydispersity index of ALG-KNP-INS, KNP-INS and INS in
the intestinal phase (120 min) switched from the gastric phase (90 min), (B) appearance of ALG-KNP-INS
dispersed in various fluids, where the intestinal phase was switched from the gastric phase and (C) insulin
stability of ALG-KNP-INS, KNP-INS and INS during the GI tract without enzymes.

The results of insulin stability are shown in Figure 6.12C. The result suggests that
INS and KNP-INS exhibited a slight loss of insulin in the gastric phase, which was
about 2.8% and 2.2%, respectively. Nevertheless, the intestinal environment did not

significantly affect their insulin amount, remaining above 97% after the GI tract.
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ALG-KNP-INS presented more robust insulin protection, where no insulin was
found lost obviously after the GI tract. They were able to form clusters during the
gastric phase and redisperse into nanoparticles below 250 nm when switching into
the intestinal phase. Hence, ALG coating was validated with the potential to protect

insulin in the non-enzyme GI tract.
6.3.3.4 Analysis of the insulin stability in the GI tract with enzymes

The ability of ALG-KNP-INS against enzymatic degradation in the GI tract was
investigated, including treating with pepsin in the gastric phase (90 min) and
pancreatin in the intestinal phase (120 min). The undegraded insulin in digesta was
analyzed by SDS-PAGE (Figure 6.13A-C). The characteristic band of insulin was
observed at around 5733.49 Da. Its variations in each sample indicate the stability of

insulin over predetermined digestion times.

Figure 6.13. SDS-PAGE analysis of the digesta of INS (A), KNP-INS (B), and ALG-KNP-INS (C). The
digesta was collected from the intestinal phase (30-120 min) that was switched from the gastric phase.

“Blank” represents the trial with enzymes only.

As Figure 6.13A depicts, insulin was completely degraded by pepsin and pancreatin
after 30 min during the intestinal phase, without showing the characteristic bands
of insulin at around 5733.49 Da. The result depicted in Figure 6.13B demonstrates
that the gel of KNP-INS presented characteristic bands of insulin. With time, those
bands gradually get lighter. The remaining band at the end of the intestinal phase
(120 min) is considered to be insulin although it can not be ignored that keratin
peptides may also be present at this molecular weight range. Further studies
regarding insulin qualification and quantification will be needed in the future. What
is worth noting is that new bands, appeared on the top of the gel which might relate
to the interactions between KNP-INS and enzymes. The results indicate the potential
of KNP to protect insulin from enzymatic degradation to some extent. Similarly,

clearer bands representing insulin were observed in the gel of ALG-KNP-INS
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(Figure 6.13C), which remained undegraded after 120 min intestinal phase. At the
top of the gel, again darker and clearer new bands were also observed. The
observation at 90 min, which does not exhibit clear bands at ca. 6 kDa, is unexplained
as the same material/sample at 120 min do exhibit bands in this region. Generally,
the results indicate the potential effect of ALG-KNP coating on protecting insulin

from enzymatic degradation in the GI tract.
6.4 Conclusion

This study developed a stability-enhanced nano-delivery system by incorporating
ALG and KNP. The resultant nanoparticles (ALG-KNP-INS) from the gelation
technique exhibited favorable particle size and spherical shapes. Here KNP was
found to play a crucial role in reducing and stabilizing particle size, along with anti-
digestion potential. Besides the improved size stability, ALG-KNP coating
demonstrated potential enhancement in insulin stability under various
environmental conditions (heating and storage). The size sensitivity of ALG-KNP
coating made it resistant to harsh pH and enzymatic degradation in the GI tract.
Incorporating KNP and ALG makes them a promising coating, protecting
biomolecules from diverse attacks. A future study on insulin release and permeation
across mucus and epithelium should be conducted. Our findings underscore the
potential of ALG-KNP coating for enhancing nanoparticle performance, e.g.
spherical shape, re-dispersibility and stability, and safeguarding biomolecules from
various challenges. This study provides an insight into viable alternative to nano-

delivery systems in diverse areas, e.g. food, nutraceutical and pharmaceutical areas.
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Figure S6.1. The insulin loading efficiency of various nanoparticles. The IAI and IAKI represent ALG-INS
and ALG-KNP-INS fabricated via inverse gelation respectively; GAI and GAKI represent ALG-INS and
ALG-KNP-INS fabricated via gelation respectively; KI represents KNP-INS fabricated via partial
hydrolysis and pH shifting.

Figure 56.2. TEM of various samples. The GAI and IAI represent ALG-INS fabricated via gelation inverse

gelation respectively; K=I represents KNP=INS fabricated via covalent crosslinking.
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CHAPTER 7

7.1 Introduction

With the increasing demand for meat and eggs, chicken feathers are produced in a
vast output annually. Chicken feathers contain over 90% of keratin, serving as a
huge protein resource reservoir. Feather keratin presents biological potential owing
to its appealing biological properties, e.g. biodegradability, biocompatibility, low-
toxicity, wound healing, antibacterial ability, intrinsic stability and cell attachment
and proliferation 4. However, traditional techniques for feather utilization exhibit
shortcomings such as time consumption, low productivity and chemical pollution,
thus leading to underutilization and environmental pollution. Additionally,
previous literature has reported the biological potential of feather keratin
hydrolysate, e.g. antimicrobial and antioxidant ability .. However, there are a few
investigations delving into the bioactivity of feather keratin hydrolysates. Most
keratin-based products demonstrate low added economic and functional values, e.g.
feeds and fertilizers. Moreover, researchers have emphasized the potential of keratin
nanoparticles (KNPs) for enhancing biomolecule bioaccessibility in biomedical areas
2 6. However, the intrinsic stability owing to abundant disulfide bonds results in
poor performance of KNPs, e.g. low water solubility and easy aggregation. This
thesis will devise more efficient and sustainable strategies for keratin extraction and
upcycled utilization from feather waste. Allied to it, the transformation of high-value
products from feather waste will primarily focus on bioactive keratin peptides (KEPs)

and nanoparticles.

There are three major objectives in this thesis: 1) devising more sustainable strategies
for efficiently extracting/utilizing keratin; 2) delving into the potential bioactivities
(antimicrobial and cell-penetrating ability) of keratin hydrolysates enriched with
high value; 3) developing an optimal route for fabricating keratin-based
nanoparticles with enhanced performance. In this regard, a strategy combining
ultrasound and Cys-reduction for extracting keratin was optimized in Chapter 2. In
Chapter 3, the strategy combining instant catapult steam explosion (ICSE) and
enzymatic hydrolysis was proposed for preparing antimicrobial KEPs. Chapter 4
delved into the cell-penetrating potential of KEPs for non-covalently delivering
biomolecules. In Chapters 5 and 6, the novel routes for fabricating KNPs and
stability-enhanced nanoparticles incorporating KNP and sodium alginate (ALG)
were developed. In Chapter 7, the main findings (Figure 7.1) are summarized and

suggestions for further research and development will be discussed.
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7.2 Effect of Cys-reduction assisted with ultrasound on extracting keratin

The current keratin extraction techniques face drawbacks such as time consumption,
chemical pollution, keratin over-degradation, etc., thus limiting the wide utilization
of feather waste 7). Hence we proposed an alternative strategy enhancing efficiency
and minimizing chemical pollution for extracting high-quality keratin in Chapter 2.
Here, ultrasound was employed to assist in Cys-reduction, leveraging the effects of
mechanical vibration, acoustic cavitation and the strong reducibility of Cys. As
observed, ultrasound played a positive effect on feather deconstruction. The raw
feather structure was physically deconstructed by moderate ultrasonic treatment,
with the protein backbone remaining intact. Nevertheless, long-time (= 6h)
ultrasonic treatment led to severe keratin degradation, resulting in a greater amount
of small peptides and free amino acids as well as reduced thermal stability.
Conversely, solely improving ultrasonic power presented a less negative impact.
Aimed at a relatively high yield with minimal time consumption, the process of Cys-
reduction assisted with ultrasound was optimized. The result indicates that 64% of
keratin could be extracted under 130 W, 2.7 h and 15% of Cys concentration. The
resulting keratin exhibited improved solubility in aqueous solutions without

damage to amino acid composition and thermal stability.
7.2.1 Design of Cys-reduction assisted with ultrasound

Keratin is a promising candidate for biomaterials due to their merits of cost-
effectivity, renewability and ready availability. Despite decades of progress in
upcycling keratinous materials, keratin biomaterials still only represent a small
fraction of the expansive biomaterials market (. One of the key reasons for this is
the limitations in extraction use and application. Here we designed a strategy for
keratin extraction by focusing on two aspects: process applicability and keratin
quality. For process applicability enhancement, the optimization of chemical
pollution and processing time were considered. Cys presents a potential eco-
friendly alternative to reductive chemicals (e.g. mercaptoethanol and sodium
dodecyl sulfate), which can be commercially produced via fermentation. The
mechanical vibration and acoustic cavitation enable ultrasound to shorten
processing time. Previously use of only ionic liquids and Cys-reduction techniques
were reported to take about>10 h and 6-12 h, respectively 7910 In contrast, the Cys-

reduction assisted with ultrasound was more timesaving (2.7 h) in this thesis.
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Applying keratin-based biomaterials like biofilms, scaffolds, sponges and fibers
often requires a more intact keratin structure. Thus, it is advisable to avoid the
potential damage to the keratin backbone when devising a new strategy.
Additionally, an improved solubility and dispersibility of keratin in aqueous
solutions will benefit broadening its application. Thus, an aided technique that is
beneficial for reducing inter- and intra-particle forces can be applied. In this thesis,
ultrasound exhibited enhancement in improving keratin solubility without causing

damage to its chemical structure.

However, our strategy did not significantly improve keratin yield (64%) than the
yield reported in literature [ 19, e.g. 64-71% of Cys-reduction-alone. One of the
reasons could be the buoyancy of feathers floating on the buffer surface. It could be
solved by adding an agitation in the ultrasonic device in the future. The other reason
is likely the co-production of free amino acids and soluble peptides facilitated by

ultrasound.

Nevertheless, the process demonstrated an advantage in enhancing the solubility of
keratin in aqueous solutions, a property often constrained by robust
inter/intramolecular forces. Beyond the above, no adverse effects on amino acid
composition and thermal stability were observed. Given the benefits of timesaving,
less chemical pollution and high-quality keratin, Cys-reduction assisted with
ultrasound demonstrates its applicability for extracting solubility-enhanced keratin
from chicken feathers, as well as other keratinous waste (e.g. wool and horns). It also
provides insights into extracting protein from other resources with enhanced

solubility using ultrasound.

7.3 Application of enzymatic hydrolysis assisted by ICSE yielding

antimicrobial peptides

Earlier studies have highlighted the antimicrobial potential of feather keratin and its
hydrolysates [5 1. However, there are few studies on preparing KEPs and their
antimicrobial ability. Thus, Chapter 3 aims to develop an efficient and sustainable
strategy for producing antimicrobial KEPs. Here, the technique of enzymatic
hydrolysis via various enzymes assisted with ICSE was employed. As indicated, the
ICSE treatment at 1.5 MPa for 120 s was efficient in feather deconstruction, breaking
disulfide bonds and polypeptide chains without severe degradation. Based on this

condition, the enzymatic hydrolysis via keratinase was more effective in

175



CHAPTER 7

deconstructing feathers than conventional enzymes, e.g. protamex, alcalase, papain
and trypsin. About 90% of ICSE feathers were deconstructed into soluble peptides
within 3 h, far more efficient than keratinase hydrolysis only as well 5. Furthermore,
the feather hydrolysate via keratinase was found with anti-E.coli ability, as opposed
to other conventional enzymes. Consistent with most research [2 13], the most
effective peptides exist within 3 kDa with a high hydrophobic proportion containing
rich key amino acids such as Cys, Gly and Leu. The research elucidated the positive
effect of ICSE-assisted enzymatic hydrolysis in deconstructing feather waste. The
anti-E.coli ability of feather KEPs by keratinase cleavage holds potential in

converting feather waste into value-added antimicrobial products.
7.3.1 Design of enzymatic hydrolysis assisted with ICSE

Besides the demand for keratin as biomaterials, keratin hydrolysates exhibit
potential for entirely different applications in biotechnological or food-related areas,
such as valuable nutrients 7. Typically, the bioactive KEPs hold promise for
function-fortified applications with economic value added. In this regard, a more
efficient and targeted strategy will be needed. Here the strategy design took similar
process considerations into account as mentioned in section 7.2.1: processing time
and chemical pollution. The ICSE technique and enzymatic hydrolysis were
combined. ICSE can efficiently (in a few minutes) result in physical tearing and
dissociation of feathers, rendering them more accessible to enzymatic hydrolysis [5.
Enzymatic hydrolysis can prevent severe damage to the backbone and functional
properties of KEPs [14. This combination significantly shorted processing time and

required no chemicals, while the enzymatic hydrolysis alone could last over 20 h [5.

Furthermore, it is essential to take the KEP structure into consideration. It means
that the potential damages of the process on KEP bioactivity should be avoided, such
as amino acid composition, functional groups, molecular weight, etc. Antimicrobial
peptides (AMPs) have been reported to be composed of 11-50 amino acids [15. To
circumvent possible damage, the ICSE conditions were optimized in our study. The
conditions of 1.5 MPa and 120 s were determined to be optimal for minimizing the

excessive production of free amino acids and small peptides <2 kDa.

Nevertheless, there are still two remaining issues in the current study. First, ICSE
treatment showed alow recovery yield of chicken feathers ( ~ 56%). The main reason

was likely due to the cylinder of ICSE equipment being opened on a flat surface for
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discharging pressure instantaneously, which made it hard to collect small particles
and liquid. Similarly, a mass loss of wool was also found when treated with a steam
explosion ['6l. A high yield will require more precise equipment with a complete
recycling process. Second, despite the improved efficiency of enzymatic hydrolysis,
a high quantity of peptides without anti-E.coli ability was produced by ICSE
treatment. This led to a higher minimal inhabitation concentration of feather
hydrolysate (30 mg/mL) compared to other hydrolysates reported previously (e.g.
0.5 mg/mL) (12 131, This discrepancy stems from the constraints of the ICSE process.
Despite optimizing ICSE conditions, the steam explosion is an uncontrollable and
disordered process without targeted deconstruction. The most bioactive part could
be fractionated and purified for more accurate and targeted applications, e.g.

biomedicine.

It is noteworthy that gaining a deep understanding of the structure and degradation
process of keratin will be imperative for an applicable strategy. An initial
degradation of disulfide bonds is a crucial step for keratin deconstruction, making
it vulnerable to enzymatic or chemical hydrolysis. An example of enzymatic
degradation for producing amino acids from keratinous materials is illustrated in
Figure 7.2. Here four enzymes were combined sequentially to break down disulfide
bonds, interior and exterior of keratin, and oligopeptides. In this regard, it is
advisable to employ a combination of various techniques, including physical,
chemical and biological methods, for the sequential deconstruction of keratinous
materials. Nevertheless, it should be noted that the potential drawbacks from the
preceding technique may affect the subsequent technique efficacy and product
quality, such as severe degradation and decreased enzymatic activity caused by the

presence of reducing agents, etc.
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Figure 7.2. Sequential enzymatic keratin degradation process by disulfide reductases, endo-keratinases,

exo-keratinases and oligo-keratinases [71.

7.3.2 Valorization of antimicrobial keratin peptides

AMPs derived from natural protein materials show prospect for substituting
traditional antibiotics nowadays ['8. They avoid disrupting microecological balance
and inducing bacterial resistance, which is a big concern to human health. In this
thesis, the high hydrophobic ratio and special composition of amino acids (e.g. rich
Cys) potentially contributed to anti-E.coli ability of KEPs. The mechanism probably
involves two aspects. First, the hydrophobic residues inserted into the bacterial cell
membrane and destabilized the water inlet. Second, the disulfide bridge with the
cell membrane based on the (-sheet structures stabilized by Cys likely aided KEPs
in traversing the membrane. It led to the formation of separation channels and

disorganization of lipid bilayers [19-21],

The antimicrobial KEPs demonstrate promise for diverse applications. For instance,
they could be formulated into nano hydrogel, wound dressings and biofilms
fortified with antimicrobial ability. Hydrogel and wound dressings, with merits of
bacteria inhibition, will offer potential in personal care products and
pharmaceuticals, such as skincare and wound recovery. The KEPs biofilms will
present an alternative to traditional plastic films, such as in food packaging
applications. They will offer protection against microbial contamination, thereby
extending the shelf life of food products. Additionally, their biodegradability helps

mitigate plastic pollution concerns. Nevertheless, product performance, such as
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mechanical properties and efficacy, should be considered. The performance
enhancement can be achieved by incorporating other biopolymers (e.g.

polysaccharides) and optimizing process conditions (e.g. KEP concentrations).

Furthermore, the antimicrobial KEPs perhaps possess cell-penetrating ability for
delivering biomolecules. The AMPs and cell-penetrating peptides (CPPs) often share
common physicochemical characteristics, such as hydrophobicity, amphipathicity,
etc. 22 2. Considering this, the potential of KEPs as CPPs was investigated in the
next chapter (Chapter 4).

7.4 The cell-penetrating ability of keratin peptides

Keratin has been found with cell adhesion and proliferation capacity, and KNPs
could penetrate into kidney and liver cells 2+ 25. Nevertheless, there is a limited
number of studies on the cell-penetrating capability of KEPs as carriers. Chapter 4
demonstrates that KEPs promoted insulin labeled with fluorescein into Caco2 cells
based on non-covalent bonding, exhibiting potential cell-penetrating ability. The
cellular uptake mechanism was energy-dependent, mainly involving
macropinocytosis. The results of fractionation and sequencing indicate that the most
effective peptides consisted of 8-19 amino acids, characterized by hydrophobic, PP
Il amphipathic and Cys-rich properties. The secondary and tertiary structure and
intra/intermolecular forces probably also contributed to their cell-penetrating ability,
e.g. high ratio of B-sheet to a-helix, disulfide bonds and hydrophobic residues. The
[-sheet structure and disulfide scaffold with an "inside-out" feature tend to expose
hydrophobic residues, potentially increasing interaction with the cell membrane 26
771 Conversely, small particle size and electrostatic interactions had less effect on the

cell-penetrating ability of KEPs.
7.4.1 Valorization of cell-penetrating keratin peptides

The cell membrane remains one of the most formidable barriers hindering the entry
of bioactive molecules entry into cells, particularly for mid- or large-size and
hydrophilic molecules. The CPPs are an efficient approach to induce a cellular
uptake process. They can address challenges of poor permeation and bioavailability
of biomolecules through covalent or non-covalent interactions (8. This thesis
validated the cell-penetrating ability of KEPs, which can potentially transport

biomolecules into cells through non-covalent bonding.
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It exhibits merits in two aspects. First, naturally derived CPPs offer advantages over
artificial CPPs, including cost-efficiency, biocompatibility, biodegradability and
fewer residual chemicals. Second, non-covalent bonding is often advantageous over
covalent bonding, due to its fabrication efficiency, simplicity, avoidance of chemical
usage, etc. The cell-penetrating complexes can be conveniently formed by simply
mixing KEPs and biomolecules through intermolecular interactions involving
electrostatic, hydrophobic, coordination and other specific interactions. In contrast,
covalent bonding may encounter problems like complexity, low connection
efficiency, reduced expression efficiency and activity of biomolecules and generation

of heterogeneous products.

However, using KEPs as CPPs presents its own set of challenges. The KEPs
identified in this research consist of 24 peptides, suggesting that the complex
exhibits potent penetrating activity only at higher concentrations, typically deemed
unacceptable in clinical trials. Additionally, uncertainties persist regarding the
bioavailability of biomolecules, e.g. physiological stability and targeting selectivity.
The non-covalent approach may face challenges in maintaining sufficient stability
under physiological conditions. The loaded biomolecules may be concentration-
dependent and prone to be exchanged with other molecules (e.g. albumin and
immunoglobulin) .30, Thus, further fractionation and purification of KEPs, along
with the investigation into kinetic stability under physiological conditions, will be

needed.

The KEPs hold the potential for enhancing a variety of drug and nutrient delivery
systems. They can be made into diverse formulations, such as nanoparticles,
nanofibers, emulsions, hydrogels and films. The incorporation of KEPs enables the
enhancement of biomolecule bioaccessibility. Nevertheless, besides addressing the
product performance aspects as mentioned in section 7.3.2, it is also crucial to
propose various efforts and strategies to overcome the limitations in their targeted
bioapplication, such as in-vivo stability, selectivity and efficiency. For example,
strategies for stability enhancement, e.g. terminal modification and conjunctions to
polymers, are executable. It is noteworthy that the potential cover and damage to
bioactive sites should be avoided during modification. For example, polymer
conjunction may cover the bioactive sites of KEPs, thus reducing their cell-

penetrating ability.
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7.5 Fabrication of keratin nanoparticles via partial hydrolysis and pH-

shifting methods

Keratin is a potential protein substitute due to its intrinsic stability properties, cell
adhesion and penetrating ability, etc. Nevertheless, the poor solubility and
dispersibility in aqueous solution restrict its wide application as carriers, owing to
the rich inter-and intra-molecule forces. Thus, chapter 5 aims to develop an effective
strategy for formulating self-assembly KNPs with improved solubility and
dispersibility. Here enzymatic hydrolysis was found to be effective in breaking the
robust molecule interactions of raw keratin. The degree of hydrolysis (DH) at 5%
produced small nanoparticles ( ~ 123 nm) with improved water solubility ( ~ 94.5%).
The resultant KNPs exhibited stability against enzymatic degradation during the
gastrointestinal (GI) tract. Moreover, our results reveal the reversible “open-close”
structure of KNPs upon pH shifting from 2.0 to 7.0. Based on this property, KNPs
exhibited good capacity in encapsulating insulin and resveratrol. Nevertheless,
higher DH (= 10%) resulted in more {3-sheets and exposed hydrophobic residues of
KNPs, producing more aggregation and denser clusters. Their structural
transformation in response to pH shifting was inferior, accompanied by lower

loading efficiency of biomolecules.
7.5.1 Design of partial enzymatic hydrolysis and pH shifting

Enzymatic hydrolysis is an eco-friendly method requiring limited chemicals and
potentially lower energy than chemical and hydrothermal hydrolysis ["l. Partial
hydrolysis by enzymes can disrupt various protein molecule interactions while
preventing damage to its backbone and functional groups. This thesis demonstrates
the positive effect of partial hydrolysis on fabricating self-assembled nanoparticles.
Nevertheless, it is advisable to avoid a high degree of hydrolysis (> 10%) to prevent
aggregation, reduced stability and loading efficiency.

Besides, the pH-shifting technique offers advantages such as low cost, simple
operation, absence of organic solvents and functional properties. It has been favored
for constructing nanocarriers utilizing egg white protein and soy protein [B1.
However, there are fewer reports about the effect of pH shifting on keratin structures
so far. This thesis innovatively found the applicability of pH shifting into
biomolecule-loaded KNPs. The combination of partial enzymatic hydrolysis and pH

shifting offers a novel and efficient strategy for fabricating KNPs. In fact, it also
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provides new insights into the utilization of other protein resources.

However, several aspects still need attention. First, this strategy does not apply to
acid-sensitive biomolecules. The unstable biomolecules will undergo degradation
under acidic conditions when preparing biomolecule-loaded KNPs. Second, caution
should be exercised in their application in acidic environments, as the unfolding of
KNPs may diminish their protection of biomolecules. For example, the leaked
biomolecules resulting from KNPs unfolding will be accessible to pepsin and
degraded in the gastric fluid. In this regard, a protective coating can be constructed
on KNPs in future studies to prevent KNPs from unfolding and biomolecule leakage.
In the next chapter (Chapter 6), a coating formed by ALG was studied. Moreover,
biomolecule-loaded KNPs could be a viable formulation when controlled release in
an acidic environment is required. Future studies on biomolecule release and

fortification under specific targeted environments can be conducted.

In addition to biomolecule encapsulation, KNPs also demonstrate potential for other
applications. For example, the favorable solubility and stability resulting from
partial hydrolysis enable KNPs to serve as emulsifiers, stabilizers and surfactants.

KNPs are competitive candidates for applications in food, cosmetics and biomedical
fields.

7.6 Keratin-based nanoparticles along with alginate coating

Protein-based nanoparticles are increasingly favored for orally delivering
biomolecules. They offer enhanced water solubility, reduced aggregation and
protection against harsh pH and enzymes. However, some face challenges in
stability across different environments, leading to premature degradation and
limited bioavailability. Chapter 6 aims to address these issues by developing a
stability-enhanced nano-delivery system based on KNPs from Chapter 5. Here, a
protective coating of ALG was applied to safeguard KNPs from potential
deconstruction under pH variations in the GI tract. The results indicate that the
insulin (INS)-loaded double-coating nanoparticles (ALG-KNP-INS) via gelation
technique displayed a small particle size of about 173 nm with improved
dispersibility. They demonstrated enhanced stability in particle size and insulin
under various environmental conditions (e.g. heating at 80 °C and long-term storage
at 4 °C). Allied with this, KNP effectively reduced and stabilized particle size while

exhibiting less pronounced insulin protection. While ALG improved insulin
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protection, as opposed to the size aspect. Moreover, ALG-KNP-INS presented size
sensitivity during the GI tract, showing aggregation in the gastric phase and re-
dispersion in the intestinal phase with an average size below 250 nm. This
potentially bolstered the safeguarding of insulin against enzymatic degradation.
Therefore, the synergetic effect of KNP and ALG addressed the poor performance
of insulin involving low solubility and instability under various environmental and

physiological conditions.
7.6.1 Application of KNPs and ALG coating

The results regarding insulin-loaded KNPs (KNP-INS) indicated that KNPs played
a crucial role in reducing and stabilizing particle size, alongside protecting partial
insulin from enzymatic degradation. Despite the unfolding of KNPs in the gastric
fluid, the potential release of insulin did not lead to complete degradation. KNPs
might impede the access of pepsin to insulin. When switching to the intestinal phase,
the refolding of KNPs further protected insulin from pancreatin degradation,
whereas the escaped insulin from KNP entrapment underwent degradation. The
ALG coating on KNP-INS potentially improved KNP-INS stability in the GI tract,
coupled with the size changes under pH variations. In the gastric phase, the ALG-
KNP-INS aggregated and shrunk into clusters, making KNP-INS inaccessible to
pepsin. The potential variations of KNP-INS and ALG-KNP-INS are depicted in
Figure 7.3.
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Figure 7.3. Potential variations of KNP-INS and ALG-KNP-INS in the GI tract. The GI tract includes the
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF).
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Nevertheless, our method failed to quantify the insulin changes in the GI tract with
enzymes. The enzymes might interact with nanoparticles, thus leading to difficulty
in detecting insulin. In fact, we also observed a band beyond 30 kDa presenting in
the gel with SDS-PAGE. In the future, separation and method optimization can be
conducted for insulin quantification. Additionally, given that insulin is a property
of peptides here, our study only explored the potential reactions of ALG-KNP-INS
with major proteases using simplified GI fluids. The human GI tract is significantly
more intricate, housing diverse enzymes and microorganisms, thus potentially may
lead to slightly difference. Future research will require more realistic simulations of
GI environments to delve deeper into such in-vitro studies. Moreover, our research
did not involve the investigation into the reactivity of ALG-KNP-INS when
encountering mucus, epithelial cells, blood environments, etc. Along with the
mucoadhesion of ALG and cell adhesion/permeability of KNP, ALG-KNP-INS
probably possesses high insulin bioavailability.

Despite the limitations abovementioned, the findings in this thesis provide insights
into the potential of ALG-KNP coating for stability-enhanced delivery systems. It
will be possible to encapsulate both hydrophilic and hydrophobic biomolecules (e.g.
peptides and polyphenols) with enhanced solubility and dispersibility. Nevertheless,
it is recommended to investigate the capacity of loaded biomolecules to penetrate
mucus and epithelial cells when applying into oral route, as well as their release
kinetics in physiological environments. Overall, the ALG-KNP coating is a potential
formulation for biomolecule encapsulation and delivery in diverse fields, such as

food, nutraceuticals and pharmaceuticals.
7.7 Outlook

According to the UN Food and Agriculture Organization (FAO), annual global
poultry production is projected to exceed 24.8 billion animals by 2030 and 37.0
billion by 2050 B2 3. Consequently, keratinous waste production will increase
substantially as a byproduct each year. Alongside keratinous waste from leather
factories, wool, textiles and slaughterhouses, these byproducts pose significant
threats to environmental and human health (water, air, and soil). It is estimated that
over 65 million tons of keratinous waste are landfilled (-$400/t biomass) annually
worldwide, resulting in a loss exceeding $26 billion. Valorizing biomass waste for

various purposes, such as bulk chemicals and cattle feed, can add value ranging
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from approximately $1000 to $70-200/t biomass, respectively 132 34. Using keratin-
based materials in food, cosmetics and biomedical fields can generate significant
economic value from keratinous waste. Given the above, innovations aimed at
environmentally friendly biomass valorization offer substantial economic benefits,

environmental sustainability and potential human health advantages.

This thesis proposed two strategies, Cys-reduction assisted with ultrasound and
ICSE-keratinolysis, aimed at recycling keratin and preparing keratin hydrolysate,
respectively. They demonstrate improved sustainability, efficiency and simplicity,
resulting in solubility-enhanced keratin and antimicrobial KEPs. The strategies
found their potential in extended applications with promising economic values.
They also provide insights for utilizing other keratinous waste, as well as other
protein resources. Additionally, developing techniques for preparing KNP-based
nanocarriers further expanded their potential in nano-delivery systems, including
but not limited to oral delivery systems. The merits such as enhanced solubility,
dispersibility and stability bring more possibilities for keratin utilization in foods,
cosmetics, biomedical materials, etc. The findings in this thesis will propel the

advancement of keratin towards becoming a mainstream biomaterial.

As an exceptional biomaterial capable of converting waste into valuable resources,
keratin warrants more attention and continued development. In the future, further
research on the biological effects of keratin-based materials can be conducted at the
cellular and molecular levels. A deeper understanding and clarification will facilitate
the broad and precise application of keratin, potentially advancing it into the

mainstream in the commercial market.
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Chicken feathers, as a globally abundant animal byproduct, represent a vast protein
reservoir with significant biological potential. As discussed in Chapter 1, keratin and
its hydrolysates exhibit appealing merits, such as biocompatibility, biodegradability,
cell adhesion and proliferation, antimicrobial and antioxidant ability, etc. However,
keratin only holds a small fraction of the commercial market compared to other
biomaterials. The limitations regarding its inherent stability and method of
extraction result in resource waste and environmental problems. Developing
enhanced techniques becomes the priority for promoting feather waste conversion.
In this thesis, we propose two sustainable and efficient strategies for keratin
extraction and keratin hydrolysates preparation respectively (Figure 8.1, Chapters
2&3). Additionally, to reach more economic benefits, we propose the conversion to
bioactive keratin peptides (KEPs) and nanoparticles (KNPs), leveraging their
biological properties. The antimicrobial and cell-penetrating KEPs are obtained from
feather keratinolysis (Figure 8.1, Chapters 3&4). To overcome the common problems
such as low water solubility and aggregation, a novel route for preparing KNPs with
enhanced performance was developed (Figure 8.1, Chapter 5). Then, the stability of
KNPs was further enhanced with a sodium alginate (ALG) coating (Figure 8.1,
Chapter 6).
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Figure 8.1. Overview of the thesis

In Chapter 2, a strategy of keratin recycling from chicken feathers combining
ultrasound and Cys-reduction was investigated. The results indicate that ultrasound
played a role in facilitating the feather deconstruction. However, a time of treatment
> 6h led to a large amount of small peptides and amino acids, as well as decreased
yield and thermal stability of keratin. Conversely, solely by increasing ultrasonic

power barely showed a significant impact. The recycled keratin under optimal
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conditions (130 W, 2.7 h, and 15% Cys concentration) demonstrated improved
solubility in aqueous solutions without damage to its chemical structure, thermal
stability and amino acid composition. The study suggests the potential of ultrasound
in recycling keratin from feather waste. The strategy combining ultrasound and Cys-

reduction presents a time-saving alternative technique requiring no toxic reagent.

Besides recycling keratin, we also proposed a strategy for preparing feather
hydrolysates (Chapter 3). Here the combination of instant catapult steam explosion
(ICSE) and enzymatic hydrolysis was investigated. The results demonstrate that the
ICSE treatment at 1.5 MPa for 120 s could deconstruct feathers without a large
generation of small peptides and amino acids. Based on this, 90% of feathers were
further deconstructed into soluble peptides by keratinases within 3 h, indicating a
higher efficiency than other proteases, e.g. pepsin and trypsin. Additionally, the
feather hydrolysate from keratinolysis exhibited anti-E. coli ability. The most active
peptides were found to be below 3 kDa, exhibiting a high hydrophobic ratio and rich
in specific amino acids such as Cys, Gly and Leu which potentially contributed to
their antimicrobial ability. The findings indicates that ICSE-keratinolysis is an

efficient strategy for valorizing feathers into antimicrobial KEPs.

Considering the findings in Chapter 3 regarding the antimicrobial ability of KEPs,
we proposed a hypothesis that KEPs might possess cell-penetrating ability.
Therefore, Chapter 4 delved into the cell-penetrating ability of KEPs with different
molecular weights (Mw). The results demonstrate that the KEP < 3 kDa exhibited
the highest cell-penetrating ability at 2 mg/mL, allowing efficient delivery of insulin
into Caco2 cells without covalent bonding. The cellular uptake mechanism was
energy-dependent, mainly involving macropinocytosis. The most effective
components involved specific hydrophobic, PP Il amphipathic and Cys-rich
peptides, e.g. RVVIEPSPVVYV, PPPVVVTEP and CLPCRPCGPTPL. Additionally, the
physicochemical characterization highlighted the potential contribution of rich
hydrophobic residues and disulfide bonds, as opposed to small particle size and
electrostatic interactions. These findings unveil the cell-penetrating ability of KEPs,

suggesting the potential for non-covalently delivering biomolecules.

To overcome the challenges of KNPs regarding poor water solubility and
aggregation, Chapter 5 explored the preparation of performance-enhanced KNPs
via partial hydrolysis and pH-shifting. The results show that the partial hydrolysis
at a 5% degree of hydrolysis (DH) produced self-assembled spherical KNPs. The
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KNPs exhibited small particle sizes of about 123 nm, along with great water
solubility and stability against enzymatic degradation. Furthermore, we found that
KNPs exhibited a reversible “open-close” structure between pH-shifting from 2.0 to
7.0. This was beneficial for fabricating insulin- and resveratrol-loaded nanoparticles.
However, the KNPs at DH > 10% presented more aggregation and denser clusters.
They were also observed with inferior structural transformation reacting to pH-
shifting and lower efficiency for loading biomolecules. The study indicates that
partial hydrolysis (5% DH) combined with pH shifting is applicable for preparing
biomolecule-loaded KNPs. Nevertheless, the application of KNPs in acidic

environments should be avoided to prevent the deconstruction of KNPs.

Chapter 6 aims to address the remaining instability of KNPs under acidic conditions
from Chapter 5, which may broaden their utilization in oral delivery systems. A
coating of sodium alginate (ALG) was constructed on insulin (INS)-loaded KNPs for
enhanced stability. The results indicate that double-coating nanoparticles (ALG-
KNP-INS) via a gelation technique displayed small particle sizes of about 173 nm
with spherical shapes alongside good re-dispersibility. Compared to the control
groups, they presented enhanced stability under both heating treatment (80 °C) and
storage at 4 °C for 4 weeks. Moreover, ALG-KNP-INS exhibited size changes
responding to pH variations in the gastrointestinal tract, potentially protecting
insulin against enzymatic degradation. The study highlights the positive effect of
ALG-KNP coating on enhancing nanoparticle performance, such as size distribution,
re-dispersibility and stability. The ALG-KNP coating is a potential formulation for
enhancing the utilization of various biomolecules in diverse fields, including but not

limited to oral delivery systems.

In Chapter 7, the thesis concludes with a summary of main results. The implications

of our findings are discussed, and recommendations for future research are given.
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