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Abstract

This thesis work revolves around preparing a hydrogel-based
biomaterial that can facilitate the skin cells sealing around percutaneous
osseointegrated prosthesis. Osseointgerated prosthesis mostly made of
the titanium metal due to its inertness and biocompatibility suffers from
limitation of integrating with the skin cells due to foreign body reaction
and lesser hemidesmosomal junction formation between the cells and
the implant, commonly called epithelial down growth. Due to this a gap
is left between the implant and skin leading to the loosening of the
implant and paving the way to pathogen attack which further worsen
the situation and ultimately the implant needs a revision surgery or
replacement. To seal this gap the traditional suturing and stapling
methods are also not effective due to its location. A new approach of
using some type of hydrogel-based adhesive can be good alternative.
Hydrogel based bandages and scaffolds have already been in use for
injury repair and sealing of wounds. The hydrogels commonly in use
are synthetic polymer based like the cyanoacrylate though these possess
very good mechanical properties still this produce toxic compound
upon their degradation, so using some bio-polymer like protein or a
carbohydrate is a practical solution. However, the naturally crosslinked
polymers are not that good biomaterials. Some crosslinker like the
catechol group containing polyphenols (Dopamine and Quercetin) have
been tried human hair keratin was chosen. Due to its cheap availability
form different waste sources and good biocompatibility Keratin also
belong to the epithelial. Keratin was extracted and characterized then a
hydrogel was prepared using a combination of both physical (freeze
thaw) and chemical crosslinking mechanism (Michael addition using
polyphenols i.e., quercetin and dopamine). Hydrogel was then analyzed
and tested for its structure swelling capabilities and cytocompatibility
and for its ability to hold the cells.
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Chapter 1

Introduction

1.1 Percutaneous Devices

Percutaneous artificial medical devices are the structure made of
some biocompatible material like metal and alloys, these are placed
inside the body through a surgically created integumental (skin) defect.
These provide a direct connection of the body’s internal structure to
outside and thus are helpful in diagnosis, monitoring, treatment [1].
These constitute a broad class of structures like needle type glucose
sensors which provide a real time monitoring of the blood glucose
concentration, through a subcutaneous needle placed Transdermally
and it can give in real time the glucose concentration. Structure as the
catheters are used for draining fluids form the body most common of
these is the urinary catheres help patients with urethral blockage or
injury to pass urine for the blader with help of a tube directly inserted
into urethra, surgical operations that need to access small blood vessel
like cardiac surgeries also use surgical catheters [2]. Osseointegrated
prosthetic limbs and dental implants represent a very special class of
percutaneous devices and are permanent placed through skin. As all
these structures remain in prolonged contact with body these need to
be very compatible to the body, thus these are fabricated with some
biodegradable and compatible materials like silicones, metals, and their

alloys.

Ventricular
assist & P ©
device -- -
Insulin pumps - Ty ﬁ
Dental 7 |
implants -
- Limb prosthesis
Percutaneous devices 8 »
(} Bone integrated devices
Z
Catheter GH]:’O
Feeding Hearing
tubes Tracheal aids

Surgical staples tubes

Figure 1.1: Different types of percutaneous devices [3].
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1.2 Osseointegrated prosthesis

It is yet another class of the percutaneous device permanently
disrupting the skin barrier. Here the implant generally made of some
metal or alloy like Ti (due to its inertness and biocompatibility) is
directly fixed into the bone [4], while its abutment is protruding through
the skin to external fixtures that can attach to a prosthetic limb (Figure:
1.2.) The concept of osseointegration was first introduced by Per-Ingvar
Branemark (1969) and defined by him as “A direct structural and
functional connection between ordered living bone and the surface
of the load” [5]. He also was the first to demonstrate successful
osseointegrated dental implants. Since then, several implant and
prosthesis to promote osseointegration have been developed. Most
common are the intraosseous transcutaneous amputation prosthesis
(ITAP), these have come up as an alternative to the socket-based
prosthesis for the limb amputees (where a limb or its part is removed
due to injury, trauma, war, etc.) and offers numerous advantages over
the later as enhanced osseo-perception, improved limb movements,

better mechanical load transfer, etc [6].

Abutment

Abutment
Screw

Skin

Bone

Figure 1.2: Components of an osseointegrated prosthesis — implant

abutment and abutment screw [7].
1.3 Epithelial marsupialization around percutaneous implants

It is the downgrowth of the epithelial cells along the surface of the
implant without actual physiological connection to it, due to its foreign

nature and non-remodelling structure. It leads to the creation of the
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moist gaps at the interface between the skin and implant, thus serving
as a site for the bacterial/fungal proliferation. This causes infection and
implant loosening and ultimately failure of these permanent
percutaneous devices necessitating replacement or removal [8]. Such
revision surgeries cause less successful and add additional burden on
patient economically. As an example, around one million dental
implants fail worldwide, also catheters, which are left in place

permanently in some cases, demonstrate 80,000 infections per year [9].

1.4 Natural Percutaneous Structures

Arising from base of the epidermal Truly percutaneous
invaginations

i j S

Tooth

Natural
percutaneous
structures

Figure 1.3: Percutaneous structures in nature[10].

Animal and human body have a number of structures which arising
from body’s internal to outside either by breaking the epithelial barrier
also called the true percutaneous like the babirusa tusk, tooth, antlers,
etc. as shown in Figure 1.3. Other category are the ones that arise from
the base of the epidermal invaginations like horns, hoofs, nails, feathers,
etc. All these structures however, are tightly sealed with the surrounding
skin cells due to presence of a junctional epithelial covering these
structures as in tooth that during its development, it secretes a junctional
epithelial layer which mediates the formation of the hemidesmosomes

that, mediate the cell to the matrix interaction thus binding the



surrounding skin. Most of the modern-day approaches to deal with
epithelial downgrowth is to alter the implant surface physiochemical
properties and topography, which can lead to enhanced
hemidesmosome formation. One way is to coat the implant surface with

some biomimicking material [11].

1.5 Problems with currently used methods to seal skin with

implants

Commonly used method to seal the skin tissue around the
abutment portion of the implant is suturing the skin to the periosteum
of the bone (which is the thin layer of soft connective tissue over bone)
to create a cuff which prevents the bacterial entry into the site.
Sometimes a healing cap or abutment can be placed over the actual
abutment part of the implant [ 12]. However, these methods are slow and
healing takes lot of time and the chances of infection in this time frame
is very high. Also, the invasive nature of suturing again makes it a less
humane and unpreferable option for many, especially patients who are

already immune deficient [13].

1.6 Hydrogel based bioadhesives to seal soft tissues around

metallic prosthesis

Hydrogel based adhesives are the promising solution to wound
healing, and as tissue sealant, due to their ability to stick to biological
tissues. These have already been in use as a skin wound sealing, surgical
incision closure and internal damage [14]. Hydrogels are the only
practical solution while dealing with the fragile tissues or some
inaccessible body part where, suturing, or other methods are not
effective. A good adhesive could even eliminate the need for sutures
completely reducing the scar formation after healing is done. Xinchen
Du et. al. prepared one such hydrogel adhesive patch using a

combination of chitosan, Poly (ethylene glycol), Diacrylate (PEGDA)
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and Tannic Acid crosslinked by UV-light which reported to possess
better wet adhesion due to mussel mimicking catechol [15] besides their
topical applications. Injectable hydrogel adhesives have shown ability
to stop the bleeding due to vessel rupture. Yi Hong et. al reported use
of methacrylate gelatin-based hydrogel for sealing the arterial damage,
intracavitary haemorrhage or injuries involving essential tissues/organs
[16]. Their ability to bind to different synthetic materials such as
implantable metals like Ti, Stainless steel, etc. has been found useful to
implant fixation in the body. Catechol adhesion mechanism mimicking
the mussel foot protein adhesive has inspired many such hydrogels to
promote the implant healing. Mihaela Mateescu et. al. prepared an
alginate hydrogel modified with catecholate providing a very good
adhesion to Ti metal and to pig’s gingiva layer [17]. Coating orthopedic
implant surface with antimicrobial and osteoconductive has been
reported to prevent bacterial biofilm formation and improving the

osteogenesis by increasing the mesenchymal cell proliferation [18]

Skin cells

Hemidesmosomes

B ioadhcsivc

7 Skmcells 7 7 R
attachment

Epithelial marsupilization

Figure 1.4: Interaction of the titanium prosthesis with the skin cells (A)
Epithelial downgrowth (B) Adhesive hydrogel material to hold the cells

in place by formation of hemidesmosomes.


https://www.nature.com/articles/s41467-019-10004-7#auth-Yi-Hong

1.7 Objectives

Extraction and characterization of the keratin from human
hair

Formation of hydrogel from the hair keratin and
polyphenols (Dopamine and Quercetin)

Rheological, injectability — and  tissue  adhesive
characterization of the hydrogel along  with

cytocompatibility testing

1.8 Organization of the thesis

This thesis is divided into 5 chapters

1.Chapterl:

Introduction of percutaneous implant and their

complication

2. Chapter 2: Materials and methods used to carry out this research work

3. Chapter 3: Results and Discussions

4. Chapter 4: Summary

5. Chapter 5: References



Chapter 2
Literature Review

2.1 Introduction to hydrogels

Hydrogels are porous structures which are insoluble in nature.
Hydrogel can be formed from synthetic material or from naturally
occurring polymer. Due to their excellent porous property and
biocompatibility, it makes them the choice of material for medical
application. Additionally, it’s biodegradability, hydrophilicity,
viscoelasticity, softness properties are more suited which can mimic the
environment of living tissue [19]. Hydrogels have a more fragile
structure, and this depends on the composition and crosslinker used.
The more commonly used synthetic polymer to form a hydrogel are
polyethylene glycol, polyacrylamide (PAA) which show a great
mechanical property like swelling, high strength, and reforming ability.
Some of the commercially available synthetic hydrogels are listed in
the table 1. But major limitations of synthetically derived hydrogel
which hinder their use in the medical application are its
biocompatibility issue and release of toxic by-product upon degradation
in the host system. Accordingly, there have been efforts to develop
hydrogel derived from natural polymer such as protein and
polysaccharide-based hydrogels [20]. Natural polymer-based hydrogels
are nontoxic in nature and mimic the host system which are major
characteristics to use in any type of material. Protein like silk, elastin,
gelatin, Bovine Serum Albumin (BSA) etc. and polysaccharides such
as chitosan and alginate are commonly used hydrogels listed in the
literature. To enhance the mechanical strength of naturally derived
hydrogel, hybrid hydrogel is formed by combination of both synthetic
and natural polymers and generally conjugation or polymerization

approaches are used to synthesize the hybrid hydrogel [21].



Table 1: Polymeric hydrogels and their applications.
S. Polymer Medical application References
No.
1. Dextran Targeted drug delivery to | [22]
colon tissue
2. PHEMA Poly (2- Ocular contact lens [23]
hydroxyethyl synthesis loaded with
methacrylate) drug for ocular delivery
3. Chitosan Wound dressing, tissue | [24],[25]
engineering, drug
delivery
4. Alginate emulsions stabilizers, [26]
suspenders, tablet
binders, delivery of drug
in cancer patients
5. Alginate-Gelatin Use as Bio ink for 3D | [27]
hydrogel s printing scaffolds
6. Chitosan/PVA Fabrication of an [24]
hydrogel antimicrobial hydrogel
nano fiber mat for wound
dressing
7. Hyaluronic acid, For in situ repair and [28]
Glycol chitosan stability to the damaged
heart tissue post
infraction




2.2 Hydrogel based bioadhesives

Hydrogels are very good bioadhesive candidates due to
numerous reactive functional groups on the polymers constituting them
[29], which can bind to different tissues by the covalent and non-
covalent interactions. Combined with their swelling ability and the
hydrated porous nature makes them mimic the biological living tissues
with good elasticity, also their porous structure has been used for
loading drug [30] and cells [31] for regenerative and antimicrobial
therapies. Injectable hydrogels are especially useful as bioadhesive for
using in vessel rupture of the cavity damage where normal access is
very difficult [32]. Yet another benefit of hydrogels is their tuneable
mechanical properties depending upon the polymer crosslinking,
chemical composition, crosslinking density, or surface modifications.
This allows for customization based on specific tissue types and desired

bonding strength.

2.3 Hydrogel based bioadhesives for soft and hard tissue

integration

Hydrogels have been recognized as promising materials for
tissue engineering and regenerative medicine because of their unique
properties, including biocompatibility, biodegradability, and water
retention capabilities. The extracellular matrix (ECM) of natural tissues
can be mimicked by hydrogels, which can make it easier to integrate
the hydrogel with the host tissue, different uses of bioadhesives are

given in figure 2.1.
(a). Hydrogels for Soft Tissue Integration:

Soft tissue includes skin, cartilage and organs which are composed
of complex extracellular matrix that provide the structural organization,
biochemical instruction for cell communication and mechanical
support. Hydrogel can be synthesized by incorporating various

biomolecules such as peptides, peptidoglycan, and growth factor, into
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the hydrogel matrix to mimic the ECMs to provide the native
environment for the cell adhesion [33]. Some of the hydrogel composed
of polyethylene glycol (PEG) and chondroitin sulfate have been
developed for cartilage tissue engineering. One of the major structural
proteins of ECM is chondroitin sulfate and found to be involved in
enhancing the chondrogenesis of encapsulated stem cells [34]
Moreover, collagen and hyaluronic based hydrogel have been used for

the regeneration of skin due to their native behaviour.

Hydrogels can be functionalized with adhesive peptides such as RGD
(Arg-Gly-Asp) and YIGSR (Tyr-Ile-Gly-Ser-Arg) to promote cell
adhesion and spreading in addition to ECM mimicking. Adhesive
peptides can be incorporated into the hydrogel matrix or immobilized
on the hydrogel's surface using a variety of chemical and physical

methods [35].
(b). Hydrogels for Hard Tissue Integration:

Hard tissues possess multifaceted structures of hierarchy that
provide mechanical support and mineralized matrix for cell attachment
and mineralization. By incorporating minerals such as calcium
phosphate and hydroxyapatite into the hydrogel matrix, hydrogels can

be designed to mimic the micro- and nanostructure of hard tissues [36]

For bone tissue engineering, gelatin and hydroxyapatite hydrogels have
been used. The hydroxyapatite replicates the mineralized matrix of
bone, while the gelatin serves as a biocompatible and biodegradable
matrix for cell adhesion and growth. Similarly, poly (lactic-co-glycolic
acid) (PLGA) and calcium phosphate hydrogels have been used for
tooth regeneration [37]. Cell proliferation ability of Hydrogels can be
enhanced with bioactive molecules such as growth factors and bone
morphogenetic proteins (BMPs) to promote osteogenesis and
mineralization in addition to mineral mimicking. Various chemical and
physical strategies can be used to incorporate these bioactive molecules
into the hydrogel matrix or immobilize them on the hydrogel's surface

[38].
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(c). Hydrogels for Soft and Hard Tissue Integration:

Hydrogels can also be designed to integrate with both soft and hard
tissues, such as in the case of cartilage-bone interface regeneration.
Hydrogels composed of poly (vinyl alcohol) (PVA) and hydroxyapatite
have been developed to promote the integration of cartilage and bone
tissues. The PVA mimics the soft tissue matrix of cartilage, while the
hydroxyapatite mimics the mineralized matrix of bone [39]. The
hydrogel can be loaded with growth factors and chondrocytes to

promote cartilage regeneration, while also promoting soft tissue healing

around it.
Bone healing
B
\ §
'
— .
Skin and Implant skin sealing
organ wound
closure
// \
<~ .
Injectable wound
Blood vessel dressing

rupture repair

Figure 2.1: Medical applications of bioadhesive/tissue glue [40].
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2.4 Commercial bioadhesives

According to bioadhesive market report of Market and Market
report 2021, Bioadhesives and sealants had a market value of USD 6
billion in 2020 and is expected to reach USD 9.7 billion by 2025. These
are sold under different brand names figure 2.2. Cyanoacrylates and the
fibrin glue are most commonly commercially available glues. in fact,
Cyanoacrylate adhesive was the first FDA approved bioadhesive in
1998 for human application. There are a range of commercially
available cyanoacrylate adhesives used in orthopedic, neurosurgery,
plastic surgery, dermatology, urology, and vascular and cardiac surgery
[ 41]. However due to its exothermic polymerisation and also toxic
degradation product release it has been replaced by some natural
polymer based adhesives [42]. Fibrin glue made from human or animal
plasma is better alternative as it is degraded easily with body’s
proteolytic enzymes, it has a combination of fibrin and thrombin that
are directly injected at the site of application and allowed to settle.
However, its limitations arises due to its brittle nature in aqueous
environment and loss of adhesion strength due to the interference by
the interfacial water layer [43]. Other polymers used for bioadhesive
synthesis include Polyethylene Glycol (PEG), Poly(acrylic acid)
(PAA), Poly(N-isopropylacrylamide) (PNIPAAm), etc table 2.

Table 2: Common commercial bioadhesives - composition and

application.

Commercial/ Composition Tissue usage

brand name

FocalSeal Polyethylene glycol (PEG) Pleural/lung
rupture healing
to prevent air
leakage

DuraSeal Polyethylene glycol (PEG) Cranial suturing
healing
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Coseal

Polyethylene glycol (PEG)

Repairing blood
vessel rupture

Progel

Human serum albumin (HSA)

Pleural/lung
rupture healing
to prevent air

leakage

Tisseel

Fibrinogen and thrombin

close of surgical
wound or

incision

Bio glue

Bovine serum albumin (BSA) and

glutaraldehyde

Maintaining
haemostasis
during

cardiovascular

surgery

Amcrylate

Iso Amyl 2-Cyanoacrylate

Bleeding control

post-surgery

Enbond

n-butyl-2 Cyanoacrylate

Controlling
bleeding in
upper
gastrointestinal
tract
(oesophagus,

stomach, etc)

SurgiSeal

Iso Amyl 2-Cyanoacrylate

To close the

surgical incision

Quickfix-
Skin glue

n-Butyl-2-Cyanoacrylate

Skin wound

closure
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Figure 2.2: Common commercial brands of bioadhesive used in
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2.5 Natural polymer based bioadhesives

A shift towards biological polymers for bioadhesive fabrication is been
observed due to higher biocompatibility. Commonly used biopolymers
are the polysaccharides like Alginate[44], Agarose[45], Chitosan[46],
Dextrans[47], etc. Among protein fibrin has been most successful and
still dominates the bioadhesive market as discussed in section , other
proteins like albumin[48], collagen [49], gelatin [50] etc. other
biopolymers like DNA though lesser used also has been tested for
bioadhesion[51]. Though these natural polymers lack the mechanical
strength of the synthetic ones combining with some crosslinker can

provide better results [52].

2.6 Keratin protein for bioadhesives

Keratin protein is found in skin, hairs, horns, nails and can be easily
extracted in great yield using simple procedures. A huge quantity is
produced as a waste material from the slaughter houses saloons, . use
of keratin could serve a bigger purpose to use the waste to create wealth
for betterment of society. In addition, it can be also derived from the

human sources thus minimizing the allergy chances. Other major
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reasons for increased focus of biomaterial research on keratin is higher
cysteine content which can be easily crosslinked in a numerous way to

produce an array of biomaterials as sponge, sheet, hydrogels [53].

2.7 Keratin availability

Keratin protein is a water insoluble protein belonging to the
intermediate filament protein family and is found in very large amount
in various animal structures like the hoof, nails, hairs, skin, horns, etc.
In fact, it is the third most widely available protein in nature only after
cellulose and chitin. It is easily and cheaply available as a waste from
leather industry, poultry, slaughterhouses in form of hide, feathers,
hairs, etc. The percentage of keratin waste materials produced from
these industries is given in figure 2.3. More than 40 million tons of
keratin waste is produced annually worldwide, 0.2 million tons of hairs,
0.56 tons of wools, textile industry produces 2.5 million tons of keratin
waste, poultry produces around 8 million tons [54]. Such a huge keratin
waste is a very big problem due to its highly stable nature which deters
easy degradation, has very low solubility in water and other solvents.
These features are attributed to its high cysteine amino acid (7-13%)
which forms disulphide bonds [55]. Thus, these persist in environment
content as solid waste and clogs the drains, can be eaten up by the cattle
and cause health hazards, moreover poultry feathers have a lot of
infectious pathogens which can spread diseases like chlorosis and fowl
cholera [56]. General methods for dealing with such a huge waste are
incinerating, dumping, burning, etc. all of which leave some side effects
on the environment. Thus, using keratin will in turn simultaneously
help to reduce these animal wastes. It shows high biocompatibility to
human tissues and being an epidermal protein, it is particularly helpful
for skin-based applications like wound healing, or incision or to stop
bleeding, besides there have also been many reports of using the
patient’s own hair as a source for the keratin (autologous). This further

diminishes any chance of an immunological reaction. Keratin materials
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support cell attachment and proliferation as it is highly rich in cell
binding sequence LDV (Leu-Asp-Val), which easily recognize the
integrins and can interact with the cell. The porous structure also helps

in cell attachment and culturing.
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Figure 2.3: (1) Keratin from different waste material annual production

[54], (2) Different biomaterials usually fabricated using keratin.
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2.8 Keratin protein in animal world

Keratin is term that covers a group of protein rather than being a
single protein found in the epithelial cells of the vertebrates and their
modifications like horns, claws and hooves, hairs , feathers, etc.
generally it has an alpha helical conformation while beta keratin is seen
in Reptiles and Aves (bird) This is quite abundant protein making it 3™
most abundant protein in a mammalian body only after collagen and
chitin. Being a fibrous structural protein, its major function is to
maintains the structural integrity of the cells and tissues and to
protective barrier against physical stress, mechanical damage, and
environmental factors. In the skin, keratin constitute around 70 — 80 %
of its outermost layer or stratum corneum and helps to prevent
dehydration and from harmful UV radiation impacts [57]. External hard
cornified structures likes, nails feathers are excessively rich in keratin
(90 -95%) and responsible for their hardness and protection against
external Such functional diversity in keratin is majorly due to its genetic
diversity, in humans alone there are 54 known functional keratin genes
in humans, also based on presence in the different tissue types could be
further divided into subfamilies. Keratin location in the animal body
also affects its composition particularly the cysteine content. Keratin
with a higher cysteine content (10 — 20 %) also known as Hard keratin
due to their compact, twisted nature produced by disulphide bonds
found in structures as feathers, beaks ,etc. while soft keratin provides
flexibility, elasticity, and tensile strength to the tissues it is present in. It
is less resistant to mechanical stress and wears down more easily than

hard keratin it is common in epithelial cells, hair etc.

2.9 Human keratin protein

Humans have around 54 keratin genes, which are distributed in
epithelial skin, hair, and nail tissues. These genes are located on the
chromosomes-7 and 12. Out of these 28 are of type I and rest are type

II. the subfamilies KRT1-KRT8 for epithelial keratins, KRT9-KRT20
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for hair keratins, and KRT31-KRT40 for keratins expressed in specific
epithelial tissues table 3. Naming of these genes is composed of KRT
(for keratin) and a number indicating specific gene within the keratin

gene family [58].

Table 3: Different keratin types found in different human/ animal
tissues [58].

Keratin type Nature Found in
KRT 1 Type 11 Epithelium
KRT 2 Type I Epithelium
KRT 3 Type 11 Epithelium
KRT 4 Type 11 Epithelium
KRT 5 Type I Epithelium
KRT 6 Type 11 Epithelium
KRT 7 Type 11 Epithelium
KRT 8 Type I Epithelium
KRT 9 Type ] Epithelium
KRT 10 Type I Epithelium
KRT 11 Type ] Epithelium
KRT 12 Type I Epithelium
KRT 13 Type ] Epithelium
KRT 14 Type I Epithelium
KRT 15 Type ] Epithelium
KRT 16 Type I Epithelium
KRT 17 Type ] Epithelium
KRT 18 Type I Epithelium
KRT 19 Type ] Epithelium
KRT 20 Type I Epithelium
KRT 25 Type ] Hair

KRT 26 Type I Hair

KRT 27 Type I Hair

KRT 28 Type ] Hair
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KRT 71 Type I Hair
KRT 72 Type 11 Hair
KRT 73 Type II Hair
KRT 74 Type 11 Hair
KRT 75 Type II Hair
KRT 31 Type I Hair
KRT 32 Type 1 Hair
KRT 33 Type 1 Hair
KRT 34 Type I Hair
KRT 35 Type | Hair
KRT 36 Type | Hair
KRT 37 Type | Hair
KRT 38 Type | Hair
KRT 39 Type | Hair
KRT 40 Type | Hair
KRT 79 Type I Hair
KRT 80 Type I Hair
KRT 81 Type II Hair
KRT 82 Type I Hair
KRT 83 Type II Hair
KRT 84 Type II Hair
KRT 85 Type I Hair
KRT 86 Type II Hair
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2.10 Human hair

The human hair arises from beneath the skin surface forming hair root
and has an external shaft portion. have a bulb at its base it is connected
to blood vessels hair papilla and nerve ending for sensations purposes.
It is the bulb portion of the hair root from where new cells are constantly
made. These cells stick together and harden to give rise to strand of hair.
Family consists of 17 members (table 3). They can be divided into two
groups: acidic (or type I) group and basic (or type II) group. The acidic
keratin group contains 11 members while basic ones form the 6

members.

2.11 Human hair keratin based bioadhesive

Human hair have a high keratin percentage combined with the ease of
keratin extraction and least chances of the immune reaction which if
any could further be reduced by using the autologous human keratin
source human hair keratin has shown good results when the
biomaterials derived for then many previous reported have used it as,
Tamer et al. [59] Prepared a liver tissue haemostat sealant for the rat
liver injury and found it to be performing better when compared to.
Keratin could also be used in combination with other proteins like
fibrins to enhance their injectability Hyeeon et. al. developed a
conjugated keratin fibrin hydrogel that showed improved injectability
and sped up the oral wound healing process [60]. Similarly, S.
Thirupathi Kumara Raja et. al. by a combination of the gelatin and
keratin and when used for the incision wound closure on the mouse

model showed better results as healing [61].
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Chapter 3
Materials and Methods

3.1 Materials

Human hair was obtained from IIT Indore male saloon,
Acrylamide, Bis-acrylamide, Tetramethylethylenediamine (TEMED),
Ammonium persulfate (APS), Glycine, Protein ladder, Urea, Sodium
dodecyl sulphate (SDS), p-Mercaptoethanol, Tris-base, Sodium
sulphide, Sodium hydroxide, Bradford reagent, Methanol, Potassium
phosphate dibasic , potassium phosphate monobasic, Ellman’s reagent,
Tris base, Sodium chloride, Sodium hydrogen phosphate, Disodium
hydrogen phosphate, Quercetin dihydrate, Paraformaldehyde, DMEM
were purchased from the Hi-Media pvt. Ltd. (India); Dopamine
hydrochloride and Dialysis membrane (cellulose tubing membrane
MWC.O.- 14 kDa), Polycaprolactone (PCL) were purchased from
Sigma Aldrich (United States). Comassine brilliant blue was purchased
from SRL chemicals pvt. Ltd. (India), Whatman 1 filter paper was
purchased from Cytiva (United States), Commercially pure titanium

sheets (grade 2) were purchased from Metline Industries, Mumbai.

3.2 Methods

3.2.1 Extraction of human hair keratin

Hair samples were collected from the salon at IIT Indore
campus, without any consideration for factors such as age, race, or
ethnicity. The collected hair underwent a thorough cleaning process,
which involved washing it with tap water to remove external dust,
followed by three rounds of shampooing. Subsequently, the hair was
dried and immersed in a delipidizing solution consisting of a mixture of
chloroform and methanol in a ratio of 2:1. This delipidizing process
aimed to eliminate any external oils and fats from the hair and lasted

for 24 hours at room temperature. Afterward, the hair was rinsed with
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water to remove any excess solvent and dried in an oven set at 60°C for
a duration of 12 hours. The dried hair samples were cut into smaller
pieces, approximately 1 cm in length, to facilitate the extraction of
keratin. Two different chemical methods were employed for keratin
extraction: oxidation-based and reduction-based strategies. In reduction
method, the hair keratin was extracted using a solution consisting of 7M
Urea, 0.208 M SDS, and 6% (v/v) B-Mercaptoethanol. This extraction
process was carried out at 60°C for 6 hours [62]. Alternatively, a
solution containing 0.125 M Na2S was used for keratin extraction, and
the process was conducted for 4 hours at 40°C using a magnetic stirrer
to ensure uniform mixing [63]. Once the hair completely dissolved in
the extraction solution, the hair remnants were removed, and the
solution was filtered using Whatman filter paper to eliminate fine solid
impurities, such as small hair pieces. The resulting supernatant was then
subjected to centrifugation at 700 rpm for 15 minutes at 4°C to remove
residual impurities. The supernatant, containing the extracted keratin,
was collected, and transferred to a dialysis membrane tube with a
molecular weight cut-off (MW.C. O- 14 kDa). The dialysis process was
performed at 4°C with continuous stirring using a magnetic stirrer, and
distilled water was regularly changed to remove excess salts from the
solution. This dialysis procedure lasted for 2-3 days. After dialysis, the
hair keratin solution was freeze-dried (lyophilized) and stored at -20°C
for further use. The quantification of keratin was performed using the
Bradford assay, measuring the absorbance at 595 nm. A schematic
representation of the hair keratin extraction process is depicted in figure

3.1.
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Delipidized hair

Keratin extraction
Solution*

Filtration and
centrifugation

Solution Dialysed
for 5 days

Protein solution
Lyophilised

Figure 3.1: Keratin extraction mechanism from human hair [figure

made from Biorender]

23



3.2.2 Sodium Dodecyl Sulphate - Polyacrylamide Gel
Electrophoresis (SDS -PAGE)

SDS-PAGE was used to determine the molecular weight of hair
keratin using the Bio-Rad Mini-PROTEAN Tetra Vertical
Electrophoresis Cell. To determine the molecular weight of extracted
keratin, a 12% SDS PAGE gel was prepared. After adding 4X loading
buffer to the samples, they were heated to 95 °C for 10 minutes before
being loaded into wells of the 12% resolving gels. It was initially run at
70 V for stacking the protein bands to the same level, then at 90 V for
resolving. The movement of the tracking dye tracked the sample
migration in the gel. Following electrophoresis, the gels were stained
for overnight in staining solution. After staining, gel was transfer into

the destaining solution for 10 to 12 hours for visualization of bands.

3.2.3 CD spectroscopy

The secondary structure of the extracted keratin was analyzed
using the JASCO -2200 spectropolarimeter at 25°C using franco
multipurpose cuvette. The samples were prepared by dissolving the
lyophilized keratin protein in milli-Q water to get final concentration of
keratin at 0.1 mg/ml. The CD spectrum (0) of keratin solution was
recorded from 190 to 260 nm at the scan rate of 50 nm/min. All the
parameters such as band width, response, and data pitch were used in
standard settings. The molar ellipticity [¥]. was calculated using the

formula mentioned below:
[P =[6/100]xCxL

Where, 0 is observed ellipticity, C is the concentration of sample in g/ml

and ¢ is the cell path length in cm [64].
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3.2.4 FTIR Spectroscopy

FTIR spectra of the extracted keratin sample was recorded using
the Agilent Technologies Cary 630 FTIR spectrometer equipped with
diamond crystal. It was operated in the attenuated total reflection (ATR)

I at a

mode. All samples were scanned between 4000-500 cm™
resolution of 4 cm™'. All the readings were reported as an average of 62

scan and at room temperature.

3.2.5 Free thiol group content in extracted protein

The level of free thiol groups in a protein sample containing
keratin was determined using Ellman's reagent, also known as 5,5'-
dithiobis (2-nitrobenzoic acid) (DTNB). The Ellman's reagent was
prepared by dissolving 0.3 mg/ml of DTNB in a phosphate buffer with
(0.5 M) and a pH of 8. A standard solution was prepared using a cysteine
solution. The extracted hair keratin (1 mg/ml) was added to the Ellman's
solution. The reaction between the protein sample and the reagent was
allowed to proceed for 2 hours at room temperature (RT), and the
absorbance of the resulting solution was measured at a wavelength of

420 nm [65].

3.2.6 Hydrogel preparation using the Human Hair Keratin

Hydrogels were prepared using a combination of chemical and
physical crosslinking methods. In the chemical crosslinking approach,
different concentrations of polyphenol crosslinkers, specifically
Dopamine and Quercetin, were utilized. Varying mass ratios (m/m) of
the protein to polyphenol were employed to observe the impact of
concentration on gel crosslinking, as detailed in Table 2. The total
volume of all solutions was maintained at a constant 2 ml. To accelerate
the gelation process, physical crosslinking was employed through the

freeze-thaw method. This involved placing the keratin-polyphenol
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solution in a -20°C refrigerator for an extended period until it
completely froze, followed by thawing at 4°C for 20 minutes. The
gelation was assessed using tests such as tube inversion or tube tilt to

determine the formation of a gel-like consistency.

Table 4: : Different weight ratios of hair keratin protein: polyphenol

used to prepare hydrogels.

Extracted keratin : Polyphenols ratio Total volume (ml)
1 1 2
2 1 2
5 1 2
10 1 2

3.3 Hydrogel characterization

3.3.1 Swelling behaviour of hydrogels

The measurement of water content in the hydrogel was conducted
using the following procedure. Initially, the prepared hydrogels were
left at room temperature for an extended period of 4 hours to allow any
excess water to evaporate. If necessary, a kim wipe was used to wipe
away any remaining moisture, resulting in the hydrogel reaching its
fully hydrated equilibrium state. The weight of the hydrogel was then
measured at this point. Subsequently, all the water trapped within the
porous matrix structure of the hydrogel was extracted by subjecting it
to lyophilization for 12 hours [66]. This process transformed the
hydrogel into a porous scaffold or aerogel, and its weight at this stage
was referred to as the dry weight of the hydrogel. Water content was

measured using below equation 1.
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Water content (%) = (yx;x) *100

x mass of dried scaffold
¥ mass of hydrogel

...eq. 1

3.3.2 Microstructure of the hydrogels
The surface morphology of the hydrogels, including the

crosslinking density of protein filaments, microporous structure, and
pore sizes, was examined using Scanning Electron Microscopy (SEM).
To begin with, the hydrogels underwent the same lyophilization process
described in section 3.3.1. Subsequently, the lyophilized hydrogels
were coated with a thin layer of gold using the EMS150T ES turbo-
pumped sputter coating machine for a duration of 1 minute. This gold
coating served to enhance the conductivity of the samples. The
microstructure of the hydrogel was then observed using a JEOL - JSM-
7610F Plus SEM machine at two different magnifications (300X and
500X).

3.3.3 Rheological features of hydrogels

Rheological measurements of the hair keratin dopamine and hair
keratin quercetin hydrogels were carried out using an Anton Paar
Physica MCR 301 Rheometer. The rheometer was set up in a parallel
plate arrangement, with a plate diameter of 25 mm. A small piece of the
hydrogel sample was cut and placed on the lower plate of the rheometer,
and the upper plate was brought closer to maintain a 1 mm gap between
the plates. Prior to taking measurements, the rheometer was calibrated
for 5 minutes in the same arrangement. To determine the linear
viscoelastic region (LVER) of the hydrogels, an amplitude sweep
experiment was performed. This involved applying a constant angular
frequency of 10 rad/s while varying the stress from 1 to 1000 Hz. The
LVER was identified based on the behaviour observed during this

experiment. Subsequently, a frequency sweep was carried out within
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the previously determined LVER, using a controlled strain rate of 1%.
The angular frequency was varied from 10 to 100 rad/s during this
measurement. To investigate the flow rate and viscosity changes of the
hydrogels, as well as their thixotropic nature, a thixotropic analysis was
performed. This analysis aimed to study the variations in viscosity
under different shear strain rates ranging from 1 to 100 rads/s. The
thixotropic properties, specifically the reversible sol-gel behaviour in
response to applied stress, were examined through cyclic strain
experiments. These experiments were conducted at a constant
frequency of 10 rad/s [67], while the applied strains were varied from 1
to 100%. Each deformation was applied for a duration of 3 minutes,
followed by a 3-minute relaxation period. This cycle was repeated four
times. After the fourth cycle, the recovery percentage was calculated to
determine the extent of recovery or restoration of the original state of
the hydrogels. This measurement provided insights into the thixotropic
behaviour and the ability of the hydrogels to revert back to their initial

state after undergoing stress-induced changes.

3.3.4 Injectability of the hydrogels

To demonstrate the viscoelasticity and thixotropy of the hydrogels,
an injectability test was performed. The hydrogels were loaded into a
10 ml syringe (without a needle) and injected into a beaker that was
half-filled with water. This was achieved by slowly pressing the handle
of the syringe to dispense the hydrogel material. To visually distinguish
between the hydrogel’s, different coloured dyes were added to each.
Congo Red dye was used for the hair keratin-dopamine gel, resulting in
a red color, while Trypan Blue dye was used for the hair keratin-
quercetin gel, giving it a blue color. This coloration helped differentiate
between the two hydrogel formulations during the injectability test.
Furthermore, the ability of the hydrogels to be extruded into fine fibres,
a property important for their application in 3D bioprinting as ink, was

assessed. This was achieved by using the same syringe setup to draw an
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arbitrary shape on a glass plate, allowing the hydrogel to be dispensed
in a controlled manner to form the desired pattern or structure [67]. By
performing these injectability and fibre extrusion tests, the viscoelastic
and thixotropic properties of the hydrogels could be observed and
evaluated, demonstrating their potential application in various

biomedical fields.
3.3.6 Adhesive properties of hydrogels

The adhesion behaviour of the hydrogel was qualitatively
demonstrated through a series of basic tests. Firstly, the hydrogels were
affixed to a titanium (T1) sheet and then inverted to observe their ability
to stick to the titanium implant surface. To assess adhesion to the skin
matrix, a substitute for the skin was used in the form of a
polycaprolactone (PCL) membrane. This membrane was electro spun
using e-Spin technology. The hydrogel was applied to the PCL
membrane to examine its adhesion behaviour to a skin-like surface [68].
To analyze the simultaneous binding of the hydrogel to both the skin
substitute and the implant, a sandwich structure was created. The
hydrogel was placed between the Ti sheet and the PCL membrane, and
Ti sheets of varying weights (2g, 3.7g, and 6.3g) were used to quantify
the strength of adhesion. By lifting the Ti sheets, the force required to
detach the hydrogel from the combined skin and implant model was
measured. Through these tests, the qualitative adhesion behaviour of
the hydrogel was evaluated in terms of its affinity towards the titanium
implant, its adhesion to a skin substitute, and its ability to

simultaneously bind to both the skin matrix and the implant surface.
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Chapter 4

Results and Discussions

4.1 Keratin extraction

Keratin was extracted from human hair under relatively milder
conditions unlike the harsh treatment needed for animal sources like
hoofs, horns, etc. Keratin from hair is a significant source along with
other sources of keratin and extracting keratin from human hair protects
the native structure of keratin. Keratin was extracted from human hair
based on reduction method. Among different methods used for keratin
extraction such as steam explosion [69], thermal hydrolysis [70]
microwave irradiation [71], enzymatic treatment [72], chemical
hydrolysis using some chemical agents is the most common method due
to ease and simple instrumentation [73]. Method used for extraction of
keratin based on chemical hydrolysis are of two types: reduction and
oxidation-based method. Reduction based method breaks the disulphide
bond in protein to form a free sulfhydryl group generating reduced form
of keratin. The optimum pH range required for extraction was 6-8, as
keratin neither extracted at acidic pH and nor at alkaline pH. Commonly
used method, reduction-based method also called Shindai solution, a
well-established method by Nakamura et al. [74], sodium sulphide
method [75], thioglycolic acid method [76].

In this thesis, extraction of keratin was done using two different
methods. First one is sodium sulphide method, utilizes 0.125M sodium
sulphide which acts as reducing agent. The second method for keratin
extraction involves the use of urea (to break noncovalent bonds), SDS
(for disruption of strong intermolecular interaction), and f-
mercaptoethanol (to cleave the disulphide bond in keratin) at 60 C. The
solution is expected to be stable for a period when stored at ambient
temperature of -20 C. Further the concentration of hair keratin extracted
can be estimated by Bradford assay and the obtained concentration of
keratin was 21.8 mg/ml from by the urea-based method and 14 mg/ml
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by the sodium sulphide method. The calculated efficiency of these two
methods was found to be 21.68 % and 12 % respectively shown in

figure 4.1.
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Figure 4.1: Yield efficiency of keratin extraction methods: (a) 7 M Urea
+0.208 M SDS + (6 % v/v) B-mercaptoethanol (6 h) (b) 0.125 M NaxS
(4 h).

4.2 Sodium Dodecyl Sulphate - Polyacrylamide Gel
Electrophoresis (SDS PAGE)

SDS- PAGE of extracted keratin figure 4.2 showed two distinct
bands of around 60 kDa and 40 kDa size using 12% polyacrylamide
gel, which is in accordance with already reported data was showed in
figure 4.2(1). Human hair is rich in keratin protein (approximately 95%)
and most of it is in the cortex layer of hair follicle that forms the middle
portion of hair cross-section. This keratin exhibits the helical secondary
structure with two different alpha helices coiled to form a coiled coil
dimer, one of these helices belong to type I (acidic, M.W- 40 kDa)
keratin and other type II (basic, M.W- 60 kDa). Out of the total 17 types
of keratins found in hair, 11 are type I while 6 are type II, and only
compatible helixes pair with each other and it is shown in figure 4.3.

These dimers then act as a repeating unit to form a tetramer, octamer
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etc. in alternating manner till a 10 nm thick fibre is achieved, also called
intermediate filament [77]. The other layers of hair cross-section
include an outermost cuticle made of flat, dead overlapping cells giving
a scaly appearance under microscope, while innermost layer is simply
composed of hollow spaces along with some packed cells. There is yet
another minor class of proteins in the hair shaft called as y-keratin or
the keratin associated protein (KAP), these represent numerous short
proteins of M.W- 10 kDa to 40 kDa range. Their main function is to
create an interfilamentous matrix holding on the different keratin

filaments by disulphide bonds [ 78].

Ladder Protein

B ¢ 60 kDa
D G () kDa

- KAPs
>~ (40-10 kDa)

R $

Figure 4.2: (i) SDS-PAGE showing two distinct bands of appropriate
size for extracted keratin. Additionally, few bands of keratin associated

proteins (KAPs) required for helical folding of keratin are visible.
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Figure 4.3 Hair structure in a cross section though its shaft showing
different layers - cuticle, cortex, and medulla from outside to inside
[77].
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4.3 Circular dichroism (CD) Spectrum of Keratin

CD is a spectroscopy technique that measures the absorption
difference between left and right circularly plan polarized light. It’s a
technique to elucidate the secondary structure of protein due to presence
of several chiral centres/asymmetric centres in the amino acid side
groups and the central carbon atoms in all the amino acids except for
glycine. These chiral centres differentially absorb a circularly polarised
light (i.e., unequal absorption of left-handed and right-handed circularly
polarized light). Depending on the absorbed wavelength and the distinct
peaks implies the kind of secondary structure (a-helix, B-sheet, or
random coil etc.) present in the protein by comparing with the
standards. Briefly, a-helical proteins have negative bands at 222 nm and
208 nm and a positive band at 193 nm. Proteins with well-defined
antiparallel B-pleated sheets (B-helices) have negative bands at 220 nm
and positive bands at 190 nm, while disordered proteins (random coil)
have very low ellipticity above 210 nm and negative bands near 195 nm
[79]. In case of human hair keratin (as shown in figure 4.4), the CD
spectrum showed two negative bands at 220 nm and 210 nm also a
positive band was seen around 190 nm. Indicating that hair keratin
adopts predominantly a-helical conformation. Hair keratin is composed
of the helical keratin protein discussed in section 2.5. This is in
conformation with the available data reporting the keratin to be
primarily a helical protein. Hence, CD confirms that the extracted

keratin contains ordered structure and is not in denatured form.
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Figure 4.4: CD spectrum of the human hair keratin, two negative peaks

observed at 210 nm and 219 nm followed by a positive peak at 195nm.
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4.4 Fourier-transform infrared spectroscopy (FTIR) spectrum

of protein

FTIR spectroscopy was also used to investigate the secondary
structure of keratin. FTIR, is an IR spectroscopy method and used to
analyse the functional groups and molecules by their vibrations
(stretching and bending) upon absorbing the IR light (wavelength range
700-4000 nm). FTIR produces different characteristic peaks for
different types of molecules like protein which have amide bond as the
most characteristic bonds. Proteins show different amide peaks as the
amide I, amide II, amide III, and amide A their corresponding
wavenumber range given below in table 5. Some of the characteristic
peaks obtained in FTIR was highly sensitive to secondary structure of
hair keratin such as amide I peak due to the NH bonding. Consequently,
the secondary structure of hair keratin was examined in powder form.
Similar to CD, FTIR exhibits characteristic bands for a-helix, -sheet,
B-turn, and random coil conformations in the amide I (1700-1600 cm™")
and amide II (1560-1500 cm™') region. Among these regions, amide I
(due to the C=0 stretch vibrations of the peptide linkage) is more
sensitive to protein secondary structures. It is well established that a-
helical conformation has an amide I and II (mainly from in-plane N-H
bending and from the C-N stretching vibration) bands between 1657
and 1650 cm™! and between 1550 and 1540 cm™', respectively, while
the B-sheet has an amide I and II bands between 1635 and 1615 cm™
and between 1535 and 1520 cm™!, respectively. Amide III has band
between 1300-1230 cm™ (N-H bending and C-N stretching), another
important band for protein characterization [80] The FTIR spectrum of
hair keratin in lyophilized keratin is shown in figure 4.5. The extracted
keratin shows an amide I and II bands at 1643 and 1528 cm',
respectively, which are characteristic of a-helical conformation. The
FTIR result thus clearly suggests that keratin adopts predominantly a-

helical conformation.
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Figure 4.5: FTIR spectrum of extracted hair keratin. Amide I and II are

found to be a characteristics peaks for hair keratin.

Table 5: Characteristic peaks for a — helical protein conformation

studied by FTIR [80].

FTIR peak Wavenumber (cm'!) Bond vibration
Amide 1657- 1650 cm’! C = O stretching
Amide I1 1540 -1550 cm™! N-H bending, C-N

stretching
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4.5 Ellman’s test

Sulthydryl groups in proteins play a crucial role in protein
conformation and binding due to its high ability to form disulphide
bonds. Since the keratin protein has high cysteine content
(approximately 10%), it is an important functional group for
crosslinking of the keratin to form the hydrogel . Commonly used
methods for the detection and quantification of the free -SH groups are
using (5,5-dithio-bis-(2-nitrobenzoic acid) (DNTB) also called
Ellman’s reagent. It is a colorimetric assay where DTNB reacts with the
conjugate base (R—S-) of a free sulfthydryl, oxidizing the S-H group,
and reduced to a yellow coloured compound 2-nitro-5-thiobenzoic acid
(TNB). TNB shows strong absorption at 412 nm, and the mechanism is
illustrated in figure 4.6. Hence, its molar concentration can be analysed
using absorbance formula A= e.c.l, where &- molar extinction
coefficient of the TNB which is 14000 m™ cm™ [81]. Concentration of
TNB is proportional to the number of S-H groups oxidised. Here the
concentration of total thiol group present in the extracted hair keratin

from urea-based method was 0.27 mM.
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Figure 4.6: Schematic representation of the Ellman’s reaction for

detection of free thiol groups.
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4.6 Hydrogel preparation

Hydrogel from human hair keratin was prepared using a
combination of two mechanisms — chemical crosslinking and the
physical crosslinking, Michael addition crosslinking using polyphenols
(Dopamine, Quercetin with a number of catechol groups) and the other
is the physical crosslinking of the protein directly by freezing it
completely to facilitate the disulphide bond formation between the
chains. The polyphenols quercetin and the dopamine have the catechol
groups which upon autoxidation gets converted to the quinone form
which is a strong electrophile and thus attack numerous nucleophilic
groups present in the protein such as the amine (-NHz), sulfhydryl
groups (-SH) [82]. Since the keratin is extremely rich in the -SH groups,
the contribution by them is much more. Upon using Different mass
ratios of protein to polyphenol (m/m), hydrogels we got had different
consistencies and could be visually distinguished as seen in figure 4.7.
It was observed that with a very high polyphenol concentration (1:1),
very low crosslinking was achieved and a gel with uneven consistency
produced, because of the excess of the polyphenols that exceeded the
amount of the free thiol groups in proteins so inspite of crosslinking the
polyphenols bounded to the individual thiol groups leading to more of
precipitation. With further increase in the protein content compared
with the crosslinkers the gel consistency was continued to improved.
And very good solid like gels were observed at the mass ratio of 10:1.
However, the covalent crosslinking alone was showing a delayed
gelation (around 1-4 days) to fasten the gelation physical crosslinking
by the freeze thaw mechanism was used. Free thawing represents a
standard protein crosslinking mechanism, upon freezing the solution of
protein with crosslinker all the solvent molecules get crystallized this
minimizing in the volume and hence the protein functional groups are
able to come close to other and also to the crosslinker which then easily
help in bond formation [83]. Hydrogel preparation was checked by tilt

test or the tube inversion test. Mechanisms for chemical crosslinking by
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2:1 5:1 10:1

Figure 4.7: Hydrogels prepared with weight ratios (w/w) of the keratin protein: polyphenol (A) Hair

Keratin: Dopamine (B) Hair Keratin: Quercetin.

catechol and physical freeze thaw method is shown in figure 4.8 and

4.9 respectively.
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Figure 4.8: Mechanism of hydrogel preparation (Michael addition

reaction). Polyphenols (dopamine and quercetin) comes in contact with
keratin, it undergoes a series of oxidation reactions. The reactive
catechol group present in polyphenols can react with amino acid
residues, primarily cysteine, on the keratin protein. This reaction leads
to the formation of covalent bonds between polyphenols and keratin,

resulting in the crosslinking of the protein structure.
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Figure 4.9: Polymer crosslinking/ gelation by freeze thaw method -
upon freezing, solvent molecules undergo volume reduction and
crystallization bringing the protein / crosslinker reactive groups closer

to facilitate covalent bond formation.
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4.7 Hydrogel characterization

4.7.1 Swelling ratio

The swelling ratio in hydrogels is a measure of how much a
hydrogel can absorb and retain water or other solvents. It is a ratio that
quantifies the change in volume of the hydrogel when it is exposed to a
solvent compared to its original dry state [84]. Water content or
swelling ratio of hair keratin dopamine and the hair keratin Quercetin
hydrogel was found to be (27.4 + 0.3) X and (28.31 + 0.8) X
respectively, X here represents the multiple times of weight of hydrogel
scaffold which is water entrapped (i.e., 1 g of the dopamine hydrogel
and quercetin hydrogel can hold up to 27g and 28 g of water
respectively). It is inversely proportional to the polymer density and the
degree of crosslinking; a higher swelling ratio is representative of more
pores and less polymer density and vice versa. It is shown that higher
water content for the hair keratin dopamine hydrogel represents a higher
crosslinking of the protein polymers in the dopamine as compared with
the quercetin, this result was later confirmed also using the SEM
analysis. Figure 4.10 illustrated the hydrogel and its corresponding
scaffold post lyophilization, and the formula used to calculate swelling

ratio is given as equation 2.

. . xX—y
sweling ratio = T

Where, x -weight of the hydrogel, y — weight of scaffold ....eq. 2
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Figure 4.10: Hydrogel and its corresponding freeze dried scaffold - (A)

Hair keratin dopamine (B) Hair keratin quercetin.

4.7.2 Microstructure of hydrogel

SEM microscopy was used to analyse the surface and interior
morphologies of the hydrogels. Lyophilized hydrogels exhibited
irregular porous structure, as shown in figures 4.11. The SEM images
provided a glimpse into the interior structure of the hair keratin
dopamine and quercetin hydrogels. The hydrogels displayed a three-
dimensional (3D) network structure, often resembling interconnected
pores or channels. These pores are crucial for promoting the diffusion
of nutrients, oxygen, carbon dioxide, and metabolites within the
hydrogel matrix. The presence of such interconnected porosity
facilitates cell growth and metabolic activity, making keratin hydrogels
suitable for 3D cell culture applications [85]. In our study both the
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hydrogels showed the porous structure and analysed with the Image-J
Software Tool. The pore size varied depending on the concentration of
polyphenols and number of crosslinker presents Also, the dopamine
seems to possess greater density of the polymers which might be due to
the polymerization of dopamine into the polydopamine which leads to
higher crosslinking. The size and distribution of these pores within the
hydrogel matrix can vary depending on the preparation method and the
concentration of keratin used. Higher keratin concentrations often result
in a denser network structure with smaller pores, whereas lower
concentrations may yield a more open and porous structure. Fine-tuning
the concentration and processing parameters allows for tailoring the

microstructure of the hydrogels to suit specific applications.

Figure 4.11: Surface morphology of the lyophilized scaffolds (A)

Keratin Dopamine and (B) Keratin Quercetin.
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4.7.3 Rheological analysis of hydrogels

Rheology is a valuable technique for characterizing the
viscoelastic properties and shear thinning behaviour of hydrogels, as
well as other thixotropic materials such as sauces, ketchup, cement, and
toothpaste. It provides insights into the material's response to applied
stress, including its sol-gel transition and flow behaviour. When stress
is applied to a hydrogel, it undergoes a Sol-Gel transition, changing
from a gel-like state to a flowing state . This transition is observed when
the applied stress exceeds a certain threshold, beyond which the
hydrogel starts to flow. The point at which this transition occurs is often
referred to as the linear viscoelastic region (LVER). The LVER
represents the stress range in which the hydrogel maintains its gel-like
consistency. In rheology, two key parameters are often measured: the
storage modulus (G') and the loss modulus (G"). These moduli represent
the solid-like and liquid-like behaviours of the hydrogel, respectively.
The storage modulus, G', quantifies the material's ability to store elastic
energy when subjected to stress. It reflects the solid portion of the
hydrogel and indicates its structural integrity. The loss modulus, G",
measures the energy dissipation or viscosity of the material. It
represents the liquid-like behaviour of the hydrogel and indicates its
ability to flow under stress [86]. Both the Hair Keratin-Dopamine and
quercetin hydrogels exhibit an initial storage modulus that is higher
than the loss modulus shown in figure 4.12 (1) and 4.13 (1)
respectively. This indicates a predominance of solid-like behaviour in
the hydrogels. As stress is applied, the storage and loss moduli remain
relatively constant up to a certain point known as the yield point.
Beyond this point, with increasing stress, the fluid consistency of the
hydrogel becomes more prominent. Upon comparing the amplitude
sweep graphs figure 4.12 (2) and 4.13 (2), it was evident that the hair
keratin-Dopamine hydrogel exhibited a much higher storage modulus
(G") and greater elasticity compared to the quercetin hydrogel. This can
be attributed to the stronger crosslinking observed in the dopamine-

based hydrogel, which forms polydopamine and provides better
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crosslinking with the hair keratin compared to the quercetin hydrogel
[87]. Figure 4.12 (3) and 4.13 (3) illustrate the shear thinning behaviour
or injectability of the hydrogels, their viscoelastic changes with shear
rate were examined. It was observed that both the Hair Keratin-
Dopamine and quercetin hydrogels displayed an exponential decrease
in viscosity as the shear rate increased. Additionally, considering the
higher initial viscosity of the dopamine gels, it suggests that they
possess greater injectability compared to the quercetin hydrogels. The
higher initial viscosity indicates that the dopamine hydrogels are more
resistant to flow under low shear conditions, making them more suitable
for applications where controlled injectability is desired. Furthermore,
both hydrogels demonstrated good recovery of the storage modulus
after undergoing shear stress. The Hair Keratin-Dopamine hydrogel
exhibited a recovery percentage of 90% in figure 4.12 (4) while the
quercetin hydrogel showed a recovery percentage of 95% shown in
figure 4.13 (4). This indicates that both hydrogels have the ability to
regain their original gel-like consistency after experiencing shear
forces, highlighting their resilience and ability to maintain their

structural integrity.
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Figure 4.12: Rheological analysis of the hair keratin dopamine hydrogel
(1) Amplitude sweep curve at 10 rad s -1, (2) Frequency sweep graph
at 1 % strain (3) Shear thinning behaviour of hydrogel studied through

viscosity creep test (4) Cyclic strain recovery.
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Figure 4.13: Rheological analysis of the hair keratin quercetin hydrogel
(1) Amplitude sweep curve at 10 rad s -1, (2) Frequency sweep graph
at 1 % strain (3) Shear thinning behaviour of hydrogel studied through

viscosity creep (4) Cyclic strain recovery.

4.7.4 FTIR of Keratin polyphenol hydrogels

For conforming the presence of the polyphenols in our hydrogels and
its binding to protein polymers. FTIR peaks obtained with the
lyophilised keratin was analysed and compared with that obtained with
hair keratin alone and for the polyphenols alone. The strong -OH peak
observed at the 3250 — 3600 cm! that represents the abundant -OH
functional groups present in the catechol groups also the aromatic ring
peaks which are observed in that region gives the idea of the presence
of the catechol groups in the hydrogels. Their binding to free thiol

groups of keratin protein by the Michael addition reaction was
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confirmed by the peak representing the C-S bond peak (700 nm) was

indicated in figure 4.14 (1), (2).
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keratin dopamine, (2) Hair keratin quercetin.
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4.7.5 Adhesion behaviour of the hydrogels

The adhesiveness of hydrogels refers to their ability to effectively
bind to different surfaces. Hydrogels with strong adhesion properties
are required as tissue adhesives and glues. They are commonly
employed in painless wound closure, as scaffolding material, and in
reducing operating time and the need for donor tissue in organ
transplants. Their binding to various inorganic and organic surfaces is
facilitated by different types of bonds such as electrostatic interactions,
hydrophobic interactions, Van der Waals forces, hydrogen bonding, or
metal coordination [88]. Commonly used tissue glues include synthetic
cyanoacrylates and fibrin glue. However, these suffer limitations as
these release toxic degradation products and also lose their adhesion in
the presence of water due to interference from the interfacial water
layer, significantly reducing their adhesive strength [89]. To address
these limitations, our hydrogels incorporate polyphenols with catechol
groups. This incorporation aims to mimic the adhesion properties
observed in mussels. Mussels are aquatic invertebrates that produce
adhesive proteins from their byssal gland [90]. These proteins have a
high dopa content, which is produced through the modification of the
tyrosine amino acid by the tyrosinase enzyme. By introducing catechol
groups into our hydrogels, we aim to replicate the adhesive properties
found in mussel proteins. The hydrogels made from hair keratin
(dopamine and quercetin) demonstrated binding capability to Ti sheets.
This interaction was facilitated by the hydrogel's catechol-containing
catechol groups, which bound to the hydroxyl (OH) groups on the
titanium oxide surface in figure 4.15 (al, a2). Furthermore, these
hydrogels successfully adhered to PCL membranes and exhibited
weightlifting capability by securely holding titanium sheet weights in
figure 4.15 (b1, b2), figure 4.16. To fully assess the adhesive strength,
additional testing using lap shear and other standard mechanical tests
still needs to be conducted. These tests will provide a comprehensive
evaluation of the adhesive strength of the hair keratin hydrogels and

further validate their performance.
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Figure 4.15: Adhesion of hydrogels to metallic titanium and skin tissue

mimic (polycaprolactone membrane)

(a) Adhesion of the hydrogels to the titanium sheets. al - hair keratin
dopamine hydrogel. a2 - hair keratin quercetin hydrogel, bonding
between the titanium oxide layer over the Titanium metal to the catechol

groups of the hydrogels.

(b) Adhesion to PCL membrane. bl & b2 - adhesion between the PCL
membrane to hair keratin quercetin hydrogel and to hair keratin
dopamine hydrogel respectively. b3) Electro spun PCL membrane

mimic like a natural skin.
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Figure 4.16: Semi-quantitative assessment of the adhesion strength of
the hydrogels to titanium of different weights from PCL membrane

(skin mimic).

4.7.6 Injectability of hydrogels

To assess the injectability of our hydrogels and their clinical
relevance for injection or use as bio-ink in 3D bioprinting, various
parameters including viscosity, storage modulus, and loss modulus

were quantified using a rheometer were further checked by the
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injectability testing. Common methods for injectability testing include
force sensor or a material testing machine to measure injection force,
allowing us to compare quantitatively the injectability of various
hydrogels of differing material formulations [91]. In the absence of
sophisticated machines, we employed a simpler approach to assess
injectability. We manually applied mechanical pressure by gently
pushing the syringe with our hand and gradually increasing the pressure
until the hydrogels started to flow. The results obtained from this
manual injectability testing were supported by the rheology data. As
given in the figure 4.17, the injectability of the Hair Keratin-Quercetin
hydrogels was lower compared to the Hair Keratin-Dopamine hydrogel.
This observation is consistent with the rheology data, which showed a
higher storage modulus (G') for the hair keratin dopamine hydrogel
compared to the hair keratin quercetin hydrogels. The enhanced
injectability of the hair keratin quercetin hydrogel can be attributed to
the polymerization of dopamine, resulting in higher crosslinking and,
consequently, higher viscosity and consistency of the hydrogel.
Similarly, when attempting to draw an arbitrary shape using the
hydrogel injection, the hair keratin dopamine hydrogel exhibited better
performance with no breakage, while the hair keratin quercetin
hydrogels experienced breakage under similar conditions. These results
further highlight the superior injectability and structural integrity of the

dopamine-based hydrogel compared to the quercetin gels.
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Figure 4.17: Injectability of hydrogels into aqueous media and dry
surfaces. The test assesses the flow behaviour and thixotropic nature of

the hydrogel under wet and dry conditions.
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Chapter 5

Conclusion and future aspects

5.1 Conclusions

Medical devices are in increasing demand due to the increased life
expectancy and advancement in medical techniques. Several devices
such as stents, catheters, glucose sensors, needles, tracheal of food tubes
and implants are available for assisting in human body functioning or
monitoring purpose. These devices can replace or assist damaged body
parts. One of the metallic implants, an osseointegrated percutaneous
implant, creates a permanent barrier in skin and integrates to the bone.
Such devices need proper integration of implant to bone along with the
skin as well. Complication is associated with osseointegrated
percutaneous implants such as epithelial downgrowth, immune
response to the implanted foreign material, permigration (porous
material) and mechanical avulsion (mechanical induced failure of
implant). To address these problems various approaches have been
studied. The conventional approach to seal the gap between the implant
and skin is to suture, which affects the implant stability because this
suture material is made of synthetic polymer. The use of traditional
methods for wound closure like sutures, staples and flaps have certain
disadvantages, particularly for delicate and vulnerable tissues. Tissue
adhesives have been identified as a promising alternative for these
purposes. They can also be used in combination with sutures in a highly
wet environment when the tissue glue by itself cannot hold tissues
together. To tackle the problem of wet adhesion, dopamine-based
adhesives in recent years have attracted extensive interests as a
promising material to improve wet adhesive performance. Tissue
adhesives also have applications in hard tissue gluing, drug or cell
delivery systems and cell culture. Their potential for the improvement

of cell adhesion onto the surfaces is undeniable. Various types of
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adhesives are commercially available in the market such as
cyanoacrylate, which are not compatible to the host system and induce
immune reactions and have low mechanical strength. In this thesis, hair
keratin-based hydrogel is prepared from extracted keratin from human
hair. Keratin was extracted using two different methods, sodium sulfide
and urea-based method. Generally, hydrogel is formed with some
crosslinking agents such as polyphenols (Dopamine and quercetin).
Further extracted keratin was characterized by SDS-PAGE, FTIR and
CD. This keratin was then utilized to fabricate a hydrogel using the
catechol containing polyphenols. A significant visual variation in the
hydrogel texture and morphology was observed upon increasing the
mass ratio (m/m) of the protein:polyphenol which was due to the change
in crosslinking density of the protein. Different combinations of
hydrogels were prepared and characterized and analyzed for the
rheological behavior, injectability and adhesion test. The developed
hydrogel showed good shear thinning, injectability and self-healable
behaviour. The keratin-based hydrogel as bioadhesive glue was fully
biocompatible in nature. Overall, the developed injectable,
biocompatible, dynamic hair keratin hydrogel with good adhesion
strength could be effectively used as an emergent biomaterial for future

biomedical application.
5.2 Future aspects

. Characterization and optimization of the adhesive strength of

the quercetin and dopamine prepared hydrogels with hair keratin.

. To analyze the cytocompatibility of hydrogels with human skin

derived fibroblasts and epidermal keratinocytes.

. To assess skin compatibility of the developed bioadhesive in

vivo or ex vivo skin model.
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