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Recently, human hair-derived keratin protein has been recognized as biomaterial with high potential due
to its excellent bioactivity and biocompatibility. Here, we designed human hair-derived keratin-based in
situ cross-linkable hydrogels that can serve as a dynamic matrix for the enhanced wound healing. We
demonstrated that our developed the keratin-based hydrogels accelerated re-epithelization and wound
healing process in a full-thickness animal. Also, we investigated the molecular mechanism underlying
the enhanced wound healing. In conclusion, our study proposes that human hair-derived keratin-based
hydrogels with excellent bioactivity have great potential for use as a wound healing material, along with
its other biomedical applications.

© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Polymeric hydrogels, which is hydrophilic three-dimensional
(3D) network, have attracted substantial attention for wound
management because the hydrophilic matrices provide a moist
environments, absorb wound exudates, and protect the wound
sites against external infection [1,2]. In particular, in situ cross-
linkable hydrogels are widely utilized as dynamic matrices for
facilitating wound healing because of good tissue integration with
irregular defect sites and patient compliance [3-9]. While various
kinds of synthetic and natural polymers have been used to create
the hydrogel materials, there is a growing interest in the
development of advanced hydrogel materials for enhanced wound
healing processes in vivo.
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A wound is caused by the disruption of the integrity of skin
tissues, resulting in damage or loss in some or all of the skin layers.
Wound healing is a complex biological process mediated by
various cellular and matrix components to reestablish the integrity
of the damaged tissue or to replace lost tissue [10,11]. Over the past
several decades, various biological and synthetic biomaterials have
been developed to accelerate the wound healing process. Of the
various biological and synthetic biomaterials, collagen, a major
protein in the matrix component of dermis, has been widely used
for wound care in multiple physical formats, such as membrane,
scaffold and hydrogel [12,13]. In the wound healing process, it was
reported that collagen showed hemostatic function and chemo-
tactic function for fibroblast and macrophages and provided
matrix for the ingrowth of tissue [14]. Although collagen in
biomaterials used for wound healing is derived from various
animals such as cow, pig and rat, the exogenous collagen is thought
to have a similar biological function in wound healing to
endogenous collagen with regard to the evolutionarily conserved
peptide sequence between animal-derived collagen and human
collagen. However, exogenous xenogenic collagen has been known
to trigger local immune response including allergic reaction via the
reactivity of circulating antibodies against alpha 1 and alpha 2
polypeptides of collagen, which may cause improper or impaired
wound healing [15,16]. Such an immune reaction is known to also
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be closely related to proteolysis of collagen molecule, and various
chemical treatments, such as succinylation, methylation and
acetylation, have been applied to modify the collagen molecule
in order to suppress its antigenicity and to control the rate of
proteolysis [17].

In recent years, keratin, extracted from human hair, has
received great attention as an alternative biomaterial due to its
human source-derived excellent biocompatibility, potential for
autologous transplantation and abundant availability, and has
been applied for the management of skin wounds. Keratins are
natural proteins classified as intermediate filaments generally
found in epithelial cells in skin and hair, and are mainly composed
of alpha-keratins, type I (acidic) keratin and type II (basic) keratin,
to form a left-handed heterodimer helix by interacting with each
other. The molecular weight of alpha-keratin monomers is known
to be 40-50 kDa (type I) and 50-60 kDa (type II) [18]. Many reports
have demonstrated that keratin treatment on the wound sites of an
animal model accelerated re-epithelialization and subsequently
more rapid wound healing. In addition, a highly accelerated wound
healing effect was reported in a patient with recessive dystrophic
epidermolysis bullosa by the treatment with Kkeratin-based
biomaterials [19,20]. These findings have significant implications
for potential applications of keratin as biomaterials in wound
healing. However, despite the well-proved effects of keratin in
wound healing, most animal studies with keratin-based bioma-
terials in wound healing have used keratin extracted from sheep
wool, and as such there is no underlying direct biological evidence
for the biological function of hair keratin in skin regeneration.
Furthermore, keratin is a highly hydrophobic protein composed of
lots of hydrophobic amino acids including aromatic amino acids,
proline, etc., which may indicate the poor solubility of keratin and
limit its application in the fabrication of various types of
biomaterials [21].

Therefore, in this study, for translational biomedical application
of human hair keratin-based biomaterials in wound healing, in situ
cross-linkable keratin hydrogels was designed and the cellular
interaction of hair-derived keratin with human skin keratinocyte
was studied by evaluating morphological change, proliferation,
gene and molecular expression profiles related to epithelial-
mesenchyme transition (EMT) and migration upon Kkeratin
treatment. In addition, the wound healing characteristics of the
in situ forming hydrogel were evaluated using a mouse model with
full-thickness skin defect.

Materials and methods
Extraction of human hair keratin

Human hair samples (50 g) were washed and rinsed thoroughly
with 70% (v/v) ethanol and distilled water. Washed hair samples
were then soaked in the mixture of chloroform and methanol (2:1;
v/v) for 24 h to de-lipidize, after which they were air-dried. Human
hair keratins were extracted according to a method published
previously [22]. Briefly, delipidized hair was treated with 2% (v/v)
peracetic acid (Sigma) at 37°C for 24 h, and after washing with
phosphate buffered saline (PBS), the hairs (20 g) were treated with
400 mL of Shindai solution containing 5% (v/v) 2-mercaptoethanol,
5M urea, 2.6 M thiourea, 25 mM Tris pH 8.5 for 72 h while stirring
at 300 rpm. The resulting mixture was centrifuged at 4,500 ¢g for
20 min, and the supernatant was filtered through the filter paper
with pore size 2.5 um. The obtained solution was dialyzed using
12-14kDa cutoff dialysis membrane (Spectra/Por®) against
distilled water until 2-mercaptoethanol was not detected in
dialysate using 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) meth-
od (Ellman’s reagent) [23]. The resulting solution was then
lyophilized to obtain keratin powder.

Fabrication of keratin-based in situ forming hydrogel

To improve water solubility of the keratin and induce in situ
hydro-gelation, the extracted human hair keratin was chemically
functionalized with poly(ethylene glycol) (PEG; Mn=4000) and
tyramine (TA). Briefly, horseradish peroxidase (HRP)-reactive
keratin-PEG-TA polymer was synthesized through a two-step
reaction: (1) terminal hydroxyl groups of PEG were conjugated
with p-nitrophenylchloroformate (PNC) in the presence of triethyl-
amine and 4-dimethylaminopyridine, and ethylenediamine and TA
were then added to this PEG-diPNC solution as described in our
previous reports [24,25]; (2) the amine-terminated PEG-TA was
conjugated to carboxyl group of keratin via EDC/NHC coupling
chemistry. The reaction was carried out for 24h at room
temperature, and the resulting solution was filtered, dialyzed
using 12-14 kDa cutoff dialysis membrane (Spectra/Por®) against
distilled water for 3 days, and lyophilized. The chemical structure
of keratin-PEG-TA polymer was characterized using 'H NMR
(OXFORD instrument, AS400, UK), and keratin/PEG composition in
keratin-PEG-TA polymer was determined using TGA (TA instru-
ment, TGA Q50, USA), and the keratin to PEG ratio was 3:2 (w/w).
The TA contents (degree of substitution, DS) of the polymer were
measured quantitatively at 275 nm using a UV visible spectropho-
tometer (V-750 UV/vis/NIR, Jasco, Japan).

In situ forming keratin-based hydrogels were fabricated by
simply mixing the modified keratin polymer with HRP and H50.
The polymer was first dissolved in PBS (10 mM, pH 7.4) to a final
concentration of 5wt.%, and it was divided into two aliquots
containing either HRP (0.2 mg/mL) or H,0, (0.35wt.%) (volume
ratio of keratin-PEG-TA: HRP/H,0, =9:1). The mechanical stiffness
(G; elastic modulus, G”; viscous modulus) of hydrogels was
confirmed using a rheometer (strain=0.01%, frequency=0.1 Hz).

Cell culture, cell viability assay and morphological observation

In this study, human keratinocyte cell line (HaCat cell line) was
used to evaluate cellular interaction of human hair keratin, and
HaCat cells were cultured in normal culture medium, high glucose-
Dulbecco Modified Eagle Medium (DMEM; Gibco) supplemented
with 10% FBS and 1% penicillin-streptomycin, in a humidified
atmosphere of 5% CO, at 37°C, and the medium was refreshed
three times per week.

HaCat cells were seeded on a cell culture plate at a seeding
density of 1 x10* cells/cm?, and, after 24 h of culture, HaCat cells
were cultured in normal culture medium with or without 0.5(w/
v)% keratin in a humidified atmosphere of 5% CO, at 37 °C, and the
medium was refreshed every two days. After keratin treatment, the
calcein-AM/ethidium homodimer Live/Dead assay (Invitrogen)
was used to verify cell viability according to the manufacturer’s
instructions, and the HaCat morphology was observed using
inverted fluorescent microscopy (Olympus IX71) and scanning
electron microscope (SEM) (Hitachi S-2300, Hitachi Co. Ltd.).
Briefly, HaCat cells were fixed with 4% paraformaldehyde (PFA) for
10 min, washed three times with PBS, and were then frozen and
desiccated thoroughly. The samples were then mounted on a metal
stub and coated with platinum using a sputter-coater (IB-3, Giko
Engineering Co) operated at 15 kV for 5 min, and the images were
captured.

Cell proliferation assay

Cell proliferation upon keratin treatment was measured using
Cell Counting Kit-8 (Dojindo Laboratories). HaCat cells were
seeded on a cell culture plate at a seeding density of 1 x 104 cells/
cm?, and cultured in normal culture medium with or without 0.5
(w/v)% keratin in a humidified atmosphere of 5% CO, at 37 °C, and
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the medium was refreshed every two days. At specific time points
(1, 2, 4 and 6 days), each well had 10 L of the Cell Counting Kit-8
solution added and then was incubated at 37°C for 2h. Cell
proliferation assays were performed in a 96-well plate reader by
measuring the absorbance at a wavelength of 450 nm.

Immunocytochemical staining & fluorescence labeled keratin
treatment

For immunocytochemical staining, HaCat cells during keratin
treatment were fixed with 4% PFA for 10 min and then washed
three times with PBS. The fixed HaCat cells were permeabilized
with 0.1% triton X-100 (Sigma), and treated with 10% (w/v) normal
goat serum (Invitrogen) in PBS to block non-specific binding of
antibodies, and then incubated overnight at 4°C with primary
antibodies such as rabbit-anti-human E-cadherin antibody (Cell
Signaling Tech), rabbit-anti-human vimentin antibody (abcam),
and mouse-anti-human integrin g1 antibody (Santa cruz). Primary
antibodies were detected with the secondary Alexa fluor 488 goat
anti-rabbit antibody (Thermo scientific) or Alexa fluor 594 goat
anti-mouse antibody (Thermo scientific) for 1 h at room tempera-
ture. The cells were counter-stained with 4’,6-diamidino-2-
phenylindole (DAPI) to visualize the cell nucleus. Fluorescently
labeled cells were imaged using inverted fluorescent microscopy
(Olympus IX71).

In addition, in order to evaluate the cellular interaction of
keratin with HaCat cells, the extracted keratin was labelled with
fluorescence using the Alexa Fluor 488 protein labeling kit
(Thermo Fisher) according to the manufacturer’s instructions.
HaCat cells were incubated for 24 h in normal culture medium with
0.5(w/v)% fluorescence labelled keratin in a humidified atmo-
sphere of 5% CO, at 37 °C. After 24 h incubation, the cells were fixed
with 4% PFA for 10 min and then washed three times with PBS. The
fixed cells were permeabilized with 0.1% triton X-100, and treated
with 10% (w/v) normal goat serum in PBS to block non-specific
binding of antibodies, and then incubated overnight at 4°C with
TRITC conjugated anti-human F-actin (molecular probes). The cells
were counter-stained with DAPI to visualize the cell nucleus.
Fluorescently labeled cells were imaged using inverted fluorescent
microscopy (Olympus IX71) and a confocal microscope (Olympus
BX51).

Cell migration assay

The migration assay was done using Culture-Insert 2 well
migration assay kit (Ibidi) according to the manufacturer’s
instructions. The HaCat cells were seeded within Culture-Insert
2 well on culture plates at a seeding density of 2 x 10% cells/cm?,

Table 1
Primer sequences used in this study.

and cultured to reach confluency within insert wells for 2 days in
normal culture medium, high glucose- DMEM supplemented with
10% FBS and 1% penicillin-streptomycin, in a humidified atmo-
sphere of 5% CO- at 37 °C. After 2 days, one of the cell cultures was
treated with 10 pg/ml of mitomycin C for 2h to inhibit further
proliferation, and then confluent cell layer was washed with PBS
three times. The cells were incubated for 24h in normal culture
medium with or without 0.5(w/v)% keratin in a humidified
atmosphere of 5% CO, at 37°C, and migration activity of HaCat
on space between insert wells was imaged using inverted
fluorescent microscopy (Olympus [X71) and characterized by
immunocytochemical staining using the same procedure de-
scribed previously. The migrated distance was calculated with the
pictures using a sigma-C plot program.

Gene and molecular expression assay

For reverse transcription-polymerase chain reaction (RT-PCR)
analysis, the total RNA from the cultured cells was extracted by
using TRIzol®™ reagent (Invitrogen). RNA samples were quantified
using NanoDrop 1000 Spectrophotometer (Thermo Scientific), and
RNA integrity was checked on 1% agarose gels using a 0.5X TAE
buffer stained with SYBR® Safe DNA Dye (Invitrogen). cDNA was
synthesized from 0.5 jug of total RNA per sample using PreMix kit
(AccuPowerTM CycleScript RT PreMix (dT20), Bioneer) in a total
volume of 20 pL. The reaction process was conducted at 37 °C for
30s, at 48 °C for 4 min, at 55 °C for 30s and at 95 °C for 5 min. The
synthesized cDNA was reacted with the specific primers listed in
Table 1, using the HiPi PCR PreMix Kit (Elpis Biotech) and
subsequently amplified by RT-PCR system (Veriti®, applied
biosystems). After denaturation at 95°C for 5min, the reactions
were conducted at 95 °C for 3 s, 54-58 °C for 305, and 72°C for 30's
for a total of 35 cycles. Amplified products were verified
electrophoretically on 1.5% agarose gels. All reactions were
performed in triplicate experiments. For quantitative analysis,
the intensity of the bands was quantified with Image ] (National
Institutes of Health software) and normalized with respected to
GAPDH.

For real time-qPCR, total RNA was extracted from cells using
PureLinkTM RNA Mini Kit (Ambion). Neural gene expression was
assessed through quantitative real-time polymerase chain reaction
(gqPCR) analysis using the Corbett RG6000 real time qPCR system
(Quiagen). Amplifications were carried out in a final reaction
volume of 20 L with Power SYBR®™ Green PCR Master Mix
(Applied Biosystems), 10 ng cDNA template, and 5 pmol primers.
The sequences of the qPCR primers used were listed in Table 1.
After denaturation at 50°C for 2min and 95°C for 10 min, the
reactions were conducted at 95 °C for 155, at 60°C for 30, and at

Primers for Forward (5 — 3) Reverse (5’ — 3')

RT-PCR

integrin oV GTTGGGAGATTAGACAGAGGA CAAAACAGCCAGTAGCAACAA
integrin o5 CATTTCCGAGTCTGGGCCAA TGGAGGCTTGAGCTGAGCTT
integrin p1 TGTTCAGTGCAGAGCCTTCA CCGGCTGGCCAAAGAGATGT
integrin p 6 CCGGCTGGCCAAAGAGATGT AGTTAATGGCAAAATGTGCT
GAPDH GAAGGTGAAGGTCGGAGT GAGATGGTGATGGGATTTC
Primers for realtime-qPCR Forward (5’ — 3) Reverse (5’ — 3)

integrin oV AATCTTCCAATTGAGGATATCAC AAAACAGCCACTAGCAACAAT
integrin 5 GGAGCCAGAGTGTGGAAACA GAAACTTTGCAAACTCCCTC
integrin p6 TCAGCGTGACTGTGAATATCC GTGACATTTGGAGCTGTTCAC
fibronectin CCCACCGTCTCAACATGCTTAG CTCGGCTTCCTCCATAACAAGTAC
Snail ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA
vimentin AAAGTGTGGCTGCCAAGAACCT ATTTCACGCATCTGGCGTTCCA
GAPDH GGCATCGACTGTGGTCATGA TGCACCACCAACTGCTTAGC
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72 °C for 40 s for a total of 45 cycles, and relative quantification was
then calculated. To confirm the amplification of specific tran-
scripts, melting curve profiles were produced at the end of each
PCR by cooling the sample to 40°C and then heating it slowly to
95 °C while continuously measuring the fluorescence. A standard
curve based on cycle threshold values was used to evaluate gene
expression. In brief, 1:5 dilutions of known concentrations of cDNA
in triplicate were used to generate curves extending from 50 pg to
80ng of cDNA. Standard curves were generated for each gene
including GAPDH as a control (housekeeping) gene. The relative
amount of gene expression for each sample was normalized with
respect to the control gene.

Wound healing animal test

To confirm the effect of keratin-based hydrogels on in vivo
wound healing, we used male mice, C57BL/6] (Charles River Corp.
Inc., Barcelona Spain) weighing 20-25 g. Fifteen healthy mice were
obtained from an approved supplier, DBL. Co. Ltd., Korea. The mice
were acclimated to the animal laboratory for one week. All
experiments were conducted according to the Institutional Animal
Care and Use Committee directives of Kwangwoon University.
C57BL/6] mice were randomly divided into three groups. Groups 1
and 2 served as normal and negative control, and Group 3 was
treated with keratin-based hydrogels. Five mice were used in each
group, and the mice in each group were kept in individual cages.
Wounds on mouse dorsal of Group 2 and 3 were created as
previously described [26-28]. Briefly, mouse dorsal was clipped
using a clipper to remove hair after anesthesia with isoflurane and
the skin was disinfected with povidone-iodine followed by a rinse
with 70% (vol/vol) ethanol. Skin folded with fingers after
disinfection was punched using an 8-mm-diameter sterile biopsy
punch to create two symmetrical full-thickness excisional wounds
on either side of the midline. After creating the wounds, the area
around each wound was carefully splinted using a 2-mm thick
silicon donut-like splinting ring (12-mm-inner and 20-mm-outter
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diameter) to center the wound within the splint and to prevent
self-contraction of the skin. For in vivo wound healing study, the
keratin hydrogels were formed in situ on the exposed wound site
using a dual syringe kit in which two different aliquots were
separately loaded [29]. The polymers and other solutions were
filtered using a syringe filter with a pore size of 0.2 um for
sterilization. Keratin-based hydrogels (100 L) were placed into
wound beds for Group 3 and the wounds were dressed and
changed every other day with a transparent oxygen permeable
wound dressing (Tegaderm film, 3 M). The mice of Group 2, the
negative control, were treated with PBS in the same way. Wound
closures in each mouse were observed using a stereo microscope
(§ZX16, Olympus) every other day and histological changes after 21
days were examined after staining with hematoxylin and eosin
(H&E) to evaluate the wound healing effect of keratin-based
hydrogel.

Statistical analysis

The results were presented as reflect the mean value + standard
deviation. ANOVA was performed to determine the statistical
significance between the experimental groups, followed by
student t-test to define the statistical difference between specific
experimental variables with p <0.05.

Results
Synthesis of in situ forming keratin hydrogels

The keratin was functionalized to generate injectable/sprayable
hydrogel dressings that are formed in situ through HRP-catalyzed
crosslinking reaction for wound healing application (Fig. 1A). To
prepare HRP-reactive keratin derivative, NH,-PEG-TA conjugate
was first synthesized as described previously, and then NH,-PEG-
TA conjugates were grafted to carboxyl group of keratin using EDC/
NHS coupling chemistry [24,25]. 'TH NMR spectra of NH,-PEG-TA

Keratin-PEG-Tyramine

80 1
60 1

40

Enzyme-Crosslinkable Hair Keratin-based
In Situ-Forming Hydrogel

D 1000

PEG
Keratin-PEG-TA
Keratin

150 300 450 600 0 300 600 900 1200

Temperature (°C) Time (sec)

Fig. 1. Schematic illustration of the fabrication of keratin-based hydrogel and characterization of keratin-based hydrogel. (A) Schematic illustration of the development of
enzyme crosslinkable keratin-based in situ forming hydrogel and its wound healing effect. (B) 'H NMR spectra and (C) TGA curves of keratin, NH,-PEG-TA, and keratin-PEG-TA
conjugates. (D) Elastic modulus (G’) and viscous modulus (G”) of keratin-based hydrogels in presence of HRP (0.01 mg/mL) and H,0, (0.0175 wt.%).
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and keratin-PEG-TA showed characteristic peaks (ethylene group
protons of PEG; & 3.5-3.8, aromatic protons of TA; & 6.8 and 7.2),
indicating the successful grafting of PEG-TA to keratin backbone
(Fig. 1B). The DS of TA in the polymer backbone was 477 pmol/g of
polymer. In addition, it was confirmed by TGA that the weight ratio
of keratin and PEG in keratin-PEG-TA was 3:2 (w/w) (Fig. 1C).
Further, to test hydrogel formation and mechanical stiffness of
keratin-based hydrogel, the elastic modulus (G’) and viscous
modulus (G”) were analyzed by a rheometer. As shown in Fig. 1D, in
the presence of HRP (0.01 mg/mL) and H,0, (0.0175 wt.%), the sol-
gel transition (cross point of G’ and G” curves) rapidly occurred
within 10's, and the G’ reached 290 Pa. The hydrogel networks were
formed via enzymatic cross-linking reaction of tyramine moieties
in the polymer backbone through either C—C bonds between
ortho-carbons of the aromatic ring or through C—O bonds
between ortho-carbons and phenolic oxygen, as we previously
reported [21]. After confirming in situ hydrogel fabrication, in vitro
characterization of the effect of keratin on EMT and cell migration
and the wound-healing efficacy of the keratin-based hydrogels
were evaluated with a modified full thickness mouse excisional
wound splinting model as previously described [27].

Keratin Induced Morphological Change of Human Keratinocyte
HacCat cells were treated with 0.5(w/v)% keratin extracted from

human hair, and, after 1 and 3 days of culture, cell viability was
evaluated by live/dead staining. As shown in Fig. 2A, there was no

A
C)

significant difference in cell viability between untreated HaCat
cells and keratin-treated HaCat cells, and the HaCat cells exposed
to 0.5(w/v)% keratin showed slightly decreased cell proliferation
activity in comparison with untreated HaCat cell culture (Fig. 2B).
In addition, the morphological change was obvious when HaCat
cells were treated with 0.5(w/v)% keratin. The microscopic
observation of untreated HaCat cells showed a denser and more
organized cellular pattern in comparison with the keratin-treated
HaCat cells, which gradually lost their regular morphology,
organization pattern, and cell density. (Fig. 2C). Such morphologi-
cal change was also found in live and dead staining, and also the
morphological change of HaCat cells exposed to keratin to
fibroblastic spindle shape was clearly observed in SEM analysis.

Keratin induced epithelial-mesenchyme transition of human
keratinocyte

In order to visualize the interaction of keratin with HaCat cells,
the extracted keratin was conjugated with a fluorescent dye, Alex
Fluor 488, and HaCat cells were treated with Alex Fluor 488-
conjuagated keratin. The fluorescence microscopic and confocal
images showed fluorescent Kkeratins attached on HaCat cells
stained for phalloidin after 24h of incubation (Fig. 3A). The
keratin-mediated morphological change was further characterized
by assessing EMT related molecular expressions such as vimentin,
E-cadherin and integrin 1. The untreated HaCat cells with a dense
and well-organized cellular pattern did not express vimentin, but
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Fig. 2. Live and dead assay, cell proliferation assay and morphological observation for keratin-treated keratinocyte (HaCat). (A) live and dead assay of non-treated
keratinocytes and keratin treated keratinocytes: non treated keratinocyte after 1 day (a) and 3 days (c) of culture, keratin treated keratinocyte after 1 day (b) and 3 days (d) of
culture. (B) cell proliferation activity of non-treated keratinocytes and keratin-treated keratinocytes. (C) light microscopic and SEM observation of non-treated keratinocytes
and keratin-treated keratinocytes after 3 days of culture: light microscopic image (a) and SEM images (b and d) of non-treated keratinocytes, light microscopic image (d) and

SEM images (e and f) of non-treated keratinocytes. (n=6, *: p<0.05).
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Fig. 3. Fluorescence microscopic and confocal microscopic observation of Alex Fluor 488-conjuagated keratin treated keratinocytes and immunocytochemical staining of EGF
or keratin treated keratinocytes. (A) Fluorescence microscopic images (a and b) and confocal microscopic image (c) of keratinocytes treated with Alex Fluor 488-conjuagated
keratin (green) after 24 h of culture and stained with TRITC-conjugated anti-human F-actin antibody (red). (B) Immunocytochemical staining of EGF or keratin treated
keratinocytes: immunocytochemical stained images of vimentin (green) and integrin p1 (red) in non-treated keratinocytes (a), EGF-treated keratinocytes (b), and keratin-
treated keratinocytes (c), and immunocytochemical stained images of E-cadherin (green) and integrin p1 (red) in in non-treated keratinocytes (d), EGF-treated keratinocytes
(e), and keratin-treated keratinocytes (f) after 2 days of culture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

epithelial growth factor (EGF) or keratin treated HaCat cells
showed a loosely organized pattern and a morphological change to
fibroblastic spindle shape expressing vimentin strongly (Fig. 3B). In
addition, as shown in immunostained images (Fig. 3B), control
HacCat cells clearly showed the molecular expression of E-cadherin
on the peripheral surface of cells, but EGF or keratin treated HaCat
cells were found to lose the molecular expression of E-cadherin.
There was no distinct difference in the molecular expression of
integrin p1 between untreated and treated HaCat cells.

Keratin induced EMT-derived migration of human keratinocyte

EMT-related migration was also assessed using Culture-Insert
2 well migration assay, and the migration of HaCat Cells into the
space between confluent cell colonies was evaluated. As shown in
Fig. 4A, the cell population that migrated into space between
confluent cell colonies did not show a distinct difference between
untreated and keratin treated HaCat cells, but the migrated cell
population in keratin treated HaCat cell culture showed a much
stronger expression of vimentin and fibroblastic spindle shape. In
contrast, the morphological change and molecular expression
of vimentin were not found in the cell population of untreated
HacCat cells in the space between confluent cell colonies (Fig. 4B).
In order to prove EMT-related migration and to remove the

possibility of proliferation, prior to Kkeratin treatment and
migration assay, HaCat cells losing proliferation capacity were
prepared through mitomycin C treatment. Microscopic observa-
tion showed much higher cell population migrated into the space
between confluent cell colonies in keratin treated HaCat cells in
comparison with untreated HaCat cells (Fig. 4C). Such migrated
cells in keratin treated HaCat cells showed the well-developed
expression of vimentin and morphological change to fibroblast
spindle shape (Fig. 4D). In addition, the mean of migrated
distance was around 96 + 23 pm and 174 + 40 pm in mitomycin C
treated HaCat cells and mitomycin C- and keratin-treated HaCat
cells (Fig. 4E)

Keratin-mediated EMT and the following migration of HaCat
cells were further characterized by assessing gene and molecular
expression profile. RT-PCR analysis showed highly upregulated
expressions of migration-related genes such as integrin oV,
integrin o5, integrin p1, and integrin 6 in keratin treated HaCat
cells (Fig. 5A), and quantitative real-time PCR also showed highly
upregulated mRNA expressions of integrin oV, integrin g5, integrin
6, fibronectin, Snail and vimentin in EGF or keratin treated HaCat
cells in comparison with untreated HaCat cells (Fig. 5B). Western
blot analysis also indicated keratin treatment induced molecular
expressions of integrin p1 and vimentin in EGF or keratin treated
HaCat cells in comparison with untreated HaCat cells (Fig. 5C).
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mitomycin C- treated and keratin-treated keratinocytes after 24 h of migration assay (n =10, *: p < 0.05). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Keratin-based hydrogel treatment accelerated wound healing process

In animal test, each wound was observed for 21 days after post
treatment, and wound closures in each group at day 21 were
observed using a stereo microscope. As shown in Fig. 6A, skin
aspect was fully recovered without any sign of scab and
contraction of the skin in keratin-based hydrogel treated mice
(Fig. 6A(d)), while scab in the skin was found to still be present on
the wound bed in negative control group at day 21 (Fig. 6A(b)). To
confirm the wound healing effect, the tissue slides were stained
with H&E, and the wound healing efficacy was calculated by
evaluating the rate of skin re-epithelialization, remodeling, and
repair in each slide (Fig. 6B). The rates of re-epithelialization,
remodeling, and repair in keratin-based hydrogel treated group
were 2-fold higher than those of the negative control group, which
were calculated as 50, 37.5 and 12.5% in the negative control group,
and as 20, 50 and 30% in the keratin-based hydrogel treated group.
As shown in Fig. 6B, the histological images of skin from mice
treated with keratin-based hydrogel showed the re-epithelializa-
tion of skin with thick epidermis and the proliferation of dermal
fibroblast with adnexa in dermis (Fig. 6B(d)), wound remodeling
with skin adnexa and the proliferation of dermal fibroblast with
skin adnexa and dense dermal fiber (Fig. 6B(e)), and complete
wound repair with skin adnexa, regeneration of muscle tissue, and
increased hair follicles (Fig. 6B(f)). On the other hand, the
histological images of negative control represent the re-epitheli-
alization of epidermis with slightly thin epidermis (Fig. 6B(a)),

wound remodeling with less proliferation of dermal fibroblast and
deposition of collagen than that of keratin-based hydrogel group
(Fig. 6B(b)) in comparison with the skins of keratin-based hydrogel
treated mice, and wound repair with skin adnexa, but with no
muscle tissue found in the skin (Fig. 6B(c)). The overall rate of the
wound healing process in the keratin-based hydrogel treated
group was significantly high in comparison with the negative
control group. These results indicate that the remodeling of tissues
through rapid re-epithelialization is faster in the keratin-based
hydrogel treated group than in the negative control group, and
eventually the rate of tissue repair was also significantly increased
in the keratin-based hydrogel treated group.

Discussion

The keratin-based hydrogel was fabricated by the conjugation
of TA-conjugated PEG to keratin molecule via a slight modification
of a previously reported method [25]. The sol-gel transition was
processed within 10sec, and the hydrogel formation could be
formed rapidly in the presence of HRP and H,0, (Fig. 1A).

Wound healing is a complex biological process, and includes
dermal contraction and keratinocyte migration to restore the skin’s
integrity. Epithelial-mesenchyme transition, migration of kerati-
nocyte and reepithelization into the wound site are essential to
restore the epidermis and barrier function at the early stage of the
wound healing process after skin injury [30]. This keratinocyte
migration is known to be regulated by cell to soluble growth factor
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interaction and cell to extracellular matrix (ECM) interaction, and
much is known about the cellular interaction of keratinocyte, as
keratinocytes sense and interact with various ECM components,
such as type I collagen, type III collagen, type IV collagen,
fibronectin, laminin, etc., using specific integrin receptors [31].
This knowledge has led researchers to use ECM component,
particularly collagen, as biomaterials to enhance the wound
healing process. However, although many clinical studies have
reported highly accelerated wound healing after treatment of
various keratin-based biomaterials, less is known about how hair-
derived keratins interact with cells and enhance the wound
healing process.

In this study, microscopic and electron microscopic observation
showed that keratin treatment induced morphological change of
keratinocyte to an elongated spindle shape, which is consistent
with the report that migrating keratinocyte was found to become
elongated at the initiation of migration in wound healing [32]. This
morphological change was accompanied by a change of gene and
molecular expressions in keratinocytes upon keratin treatment.
Immunocytochemical staining showed the loss of E-cadherin, a
key cell-cell adhesion molecule to regulate intercellular junction
organization [33], expressions at the cell periphery of keratino-
cytes escaped from cell colonies with organized pattern, and
fibroblastic spindle shaped cells showed highly upregulated
expression of vimentin upon keratin treatment (Fig. 3C). With
the loss of E-cadherin expression, vimentin expression is a marker
of the epithelial to mesenchymal transition (EMT), the process by
which epithelial cells lose their polarity and cell to cell adhesions
to neighboring cells and differentiate into mesenchymal cells, and
the level of vimentin expression was found to be correlated with
mesenchymal cell morphology and motility.[34] The keratin-
induced EMT process was also characterized by slightly decreased

proliferation activity of keratinocytes in cell proliferation assay
(Fig. 3B), which is consistent with the proliferation arrest during
EMT process of keratinocyte.[35] As also shown in Figs. 3 and 5, the
increased gene and molecular expressions of Snail, known as a
transcription factor to control EMT by suppressing E-cadherin
expression [36], and the mesenchymal markers such as fibronectin
and vimentin [37] proved keratin-treated keratinocyte was
undergoing an EMT process.

EMT is known to be commonly associated with increased cell
migration [38]. In this study, migration assay was done using
keratinocyte losing proliferation activity via mitomycin C treat-
ment in order to distinguish between proliferation and migration.
The migration assay showed the increased migration activity of
keratin-treated keratinocytes, and the migrated Kkeratinocyte
showed fibroblastic spindle morphology and vimentin expression,
which indicated that the migrated keratinocyte underwent an EMT
process (Fig. 4). With various gene and molecular expressions
indicating EMT such as vimentin, fibronectin and snail (Figs. 4
and 5), mRNA expressions of several integrin classes participating
in keratinocyte migration such as integrin oV, integrin a5, integrin
1, and integrin 6 were found to be highly upregulated in keratin-
treated keratinocytes (Fig. 5). Integrin oVp6 is known to be
expressed in various epithelial cells and to mediate dynamic
processes including cell migration of keratinocyte in wound
healing [39], and also keratinocyte migration on fibronectin was
proved to be controlled by integrin «581 [40]. Taken together with
all these findings, our results show that hair-derived Kkeratin
protein induced EMT and the subsequent migration of keratino-
cytes.

Based on these findings for cellular interaction of keratin in
terms of keratinocyte migration, for the efficient application of
keratin protein as biomaterials for wound healing, keratin based in
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Fig. 6. Wound healing effect of keratin-based hydrogels in the full thickness mouse excisional wound splinting model. (A) Stereo microscopic images of wound sites of non-
treated mouse (negative control: a and b), keratin-based hydrogel-treated mouse (c and d), and natural skin of mouse (e) at day 0 and day 21 in post wounding. (B) Histological
images of hematoxylin and eosin (H&E) staining of non-treated skin (negative control, (a-c)), keratin-based hydrogels treated skin (d-f), and natural skin (g-i). Representative
images of H&E stained histological sections at day 21 after post-wounding show that keratin-based hydrogel treatment promoted wound healing with complete skin
appendage regeneration in comparison with negative control. Scale bars represent 500 pm.

situ forming hydrogel was applied to in vivo animal models. To
evaluate the effect of keratin-based hydrogel on wound healing, a
full thickness wound area in mouse was fully covered with keratin-
based hydrogels. As shown in Fig. 6, the animal study with the full
thickness mouse model showed keratin-based hydrogel highly
accelerated re-epithelialization, remodeling, and repair, which are
known as the classic wound healing phases [41]. The accelerated
wound healing process might be closely related to the positive
function of human hair-derived keratin in EMT and the migration
of keratinocytes. In addition, the released content of H,O, in
keratin-based hydrogel was approximately 500 M in 24h
incubation (data not shown), and the H,0, released from
keratin-based hydrogel might positively influence the accelerated
wound healing together with keratin. It is well known that reactive
oxygen species such as H,0, are generated in wound healing and
increase tissue vascularization by inducing the expression of the
angiogenic form of vascular VEGF [42]. However, the biological
function of the released H,0, in our keratin-based hydrogel needs
to be studied further for a better understanding of the wound
healing process.

Conclusion

In this study, in situ cross-linkalble keratin-based hydrogels
were developed using keratin extracted from human hair. In vitro
studies demonstrated that EMT and EMT-related migration of
keratinocytes could be induced by keratin treatment. Based on the
finding of such cellular interaction of keratin, keratin-based in situ

forming hydrogel was developed and applied to in vivo wound
models, demonstrating that wound healing process was also
accelerated by the treatment with keratin-based hydrogel. Taken
together, our study suggests that human hair-derived Kkeratin-
based hydrogels can be assumed to be a suitable biomaterial for
skin and tissue regeneration.
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