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Abstract

Keratins extracted from human hair have emerged as a promising biomaterial for various biomedi-
cal applications, partly due to their wide availability, low cost, minimal immune response, and the
potential to engineer autologous tissue constructs. However, the fabrication of keratin-based scaf-
folds typically relies on limited crosslinking mechanisms, such as via physical interactions or
disulfide bond formation, which are time-consuming and result in relatively poor mechanical
strength and stability. Here, we report the preparation of photocrosslinkable keratin-polyethylene
glycol (PEG) hydrogels via the thiol-norbornene “click” reaction, which can be formed within one
minute upon irradiation of visible light. The resulting keratin-PEG hydrogels showed highly tunable
mechanical properties of up to 45 kPa in compressive modulus, and long-term stability in buffer
solutions and cell culture media. These keratin-based hydrogels were tested as cell culture sub-
strates in both two-dimensional surface seeding and three-dimensional cell encapsulation,
demonstrating excellent cytocompatibility to support the attachment, spreading, and proliferation
of fibroblast cells. Moreover, the photocrosslinking mechanism makes keratin-based hydrogel suit-
able for various microfabrication techniques, such as micropatterning and wet spinning, to
fabricate cell-laden tissue constructs with different architectures. We believe that the unique fea-
tures of this photocrosslinkable human hair keratin hydrogel promise new opportunities for their

future biomedical applications.
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1 | INTRODUCTION

Protein-based biomaterials, such as those based on silk fibroin,>? colla-
gen®* and elastin,® have been extensively studied to fabricate tissue
engineered scaffolds. In general, protein-based biomaterials demon-
strate excellent biocompatibility and biodegradability via enzymatic or
hydrolytic pathways. They also possess inherent bioactivities due to
the presence of functional domains or peptide motifs along their back-
bones. However, widespread clinical applications of protein-based
hydrogels are limited partially by challenges toward large-scale avail-
ability at low costs. Synthetic or recombinant peptide oligomers or pro-
teins are still relatively expensive to use as scaffold materials.®
Conversely, despite certain successes, proteins extracted from animal
sources are associated with potential safety concerns, including possi-
ble disease transmission or severe immune responses arising from
exogenous proteins after implantation into human body.

Keratins are a class of proteins with variable compositions that
widely exist in different epithelial tissues.”® As one of the most impor-
tant structural proteins, keratins assemble into filaments to protect epi-
thelial cells, and also are the major component of hard protective
tissues, such as hair, nail, and even horns in some animals. The dynamic
breakage and formation of disulfide bonds between cysteine residues
in keratins is the most significant process for the hierarchical assembly
of the protein molecules.® It has been long known that soluble keratins
can be extracted from different sources, such as wool, feather, human
hair, and so on, by chemical treatments to partially break the disulfide
bonds.? The resulting proteins can form porous scaffolds including cast
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films, sponges, and hydrogels, which have been used in

1920 4nd tissue engineering applications, such as

various drug delivery
to reconstruct ocular surface,***? to treat cardiac dysfunction,?* and to
repair nerve defects.222® However, most of previously reported keratin
scaffolds rely on network formation via physical interactions and/or
spontaneous formation of new disulfide bonds. 32 This can be a slow
process and thus largely limit the encapsulation of cells within keratin-
based scaffolds. Moreover, the resulting network structures are typi-
cally not well defined, and suffer from weak mechanical strength and
poor stability, thus limiting their applications in the biomedical field.
Therefore, there is an unmet need to engineer keratin-based bio-
materials that would benefit from an alternative crosslinking mecha-
nism to form organized networks. Among the various crosslinking
mechanisms reported to date, photoinitiated crosslinking has several
important advantages, including tunable physical properties, rapid reac-
tion kinetics, and precise spatial and temporal control to form pat-
terned architectures.?>?® Meanwhile, photoinitiators that can be
activated by visible light instead of UV light are preferred, since the use
of UV light in biomedical applications might cause possible cell and tis-
sue damages.?” Taking advantage of the rich content of cysteine resi-

dues in keratins, we propose to apply a well-documented “click”-type

compounds/materials, regenerative medicine, tissue engineering

reaction between thiol and norbornene groups, which can be viewed
as a special subcategory of the thiol-ene “click” reaction,?®?? to form
chemically crosslinked hydrogel networks, as first demonstrated in pre-
paring synthetic extracellular matrix by Fairbanks and colleagues.>®
Since then, this step-growth photopolymerization technique based on
the thiol-norbornene reaction has found increasing applications in the
field of biomaterials,>”>*~23 because it requires lower free radical con-
centrations that reduce toxicity, and possesses click-type features to
generate crosslinking sites in a well-defined stoichiometric manner.

In this study, we present the preparation and characterization of
keratin-based hydrogels that can be photocrosslinked by using visible
light. The crosslinking reaction took place between the free thiol groups
on keratins and the norbornene functional groups on a four-armed poly-
ethylene glycol (PEG) linker (PEG-4Nor).323 A visible light photoinitiator
Eosin Y was used to initiate the rapid polymerization to result in hydro-
gels within one minute under physiological conditions.?”” We expect that
by changing the concentrations of prepolymers and Eosin Y, as well as
light irradiation time, physical properties of the resulting keratin-PEG
hydrogels can be readily tuned. In vitro studies were performed to show
that the keratin hydrogels can support the attachment, spreading, and
proliferation of NIH/3T3 fibroblasts in both two-dimensional (2D) and
three-dimensional (3D) environments. Moreover, the photocrosslinking
mechanism also allows microfabrication of keratin hydrogels using
micropatterning with a photomask®*3> and wet spinning®¢®” techniques.
To our knowledge, there is no previous report on visible light crosslink-
able, microfabricated keratin hydrogels. The development of such a sys-
tem might provide a promising alternative strategy toward the
preparation of a new class of human protein-based hydrogel.

2 | MATERIALS AND METHODS

2.1 | Keratin extraction from human hair

Extraction and purification of keratin samples from human hair was
performed following the previously described procedures.'>*® Briefly,
randomized human hair obtained from salons in Singapore were
washed to remove contaminations, delipidized by a mixture of chloro-
form and methanol (v/v = 2/1), and cut into sections of less than 1 cm
length. The pretreated hair sample (50 g) was then immersed in 1 L
0.125 M sodium sulfide solution (pH 10 — 13.5) at 40°C for 2 hr. The
resulting mixture was filtered through a filter paper, dialyzed against
deionized water for 3 days, and lyophilized to afford a brown powder.
The typical yield of this procedure was 20-30% by mass.

2.2 | Synthesis of reduced human hair keratin

(keratin-SH)

Lyophilized keratin (500 mg) was dissolved in 10 mL deionized water at

room temperature, followed by the addition of 200 mg 1,4-dithiothreitol
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(DTT, 97%, Sigma-Aldrich). The resulting mixture was stirred at room
temperature overnight to break the disulfide bonds to enrich for free
thiol groups. After that, the solution was purified using centrifugal filter
units (Amicon Ultra-15 with Ultracel-3k membrane, MWCO 3000) by
spinning at 4000g for 30 min. The concentrated protein solution in the
filter was diluted to 15 mL with degassed deionized water, and then
spinning for another 30 min at 4000g. The purification was repeated for
five cycles to fully remove the excess DTT, which is crucial since DTT
also contains thiol groups. The purified protein solution was neutralized
using 0.01 M NaOH solution and then lyophilized to afford Keratin-SH
as a brown foam. The typical yield of this procedure was 70-80% by
mass. Free thiol content in the pristine extracted keratin and the
reduced Keratin-SH samples were measured by the Ellman’s assay

(Thermo Scientific) following the instructions.?

2.3 | Synthesis of the PEG-4Nor

The PEG-4Nor linker was prepared from four-armed PEG precursor
(MW ~10 k with a pentaerythritol core, JenKem Tech, 95%) following
the previously reported procedure.®? The degree of norbornene func-
tionalization was determined to be >93% based on Proton nuclear

magnetic resonance (*H NMR) data.

2.4 | Preparation of visible light crosslinkable keratin-
PEG hydrogels

Keratin-SH and PEG-4Nor were dissolved in deionized water at differ-
ent total concentrations (10-20% [w/V]) to prepare the prepolymer sol-
utions. Both Keratin-SH and PEG-4Nor could fully dissolve at this
concentration range, and the resulting mixed solution was clear. The
ratio of thiol groups and norbornene groups was fixed to the stoichio-
metric ratio, which corresponds to a mass ratio of Keratin-SH/PEG-
4Nor to be 1:1.3. To these solutions, 2',4',5',7' -tetrabromofluorescein
(Eosin Y, Sigma-Aldrich, 99%) disodium salt was added at desired con-
centrations (0.06 or 0.6 mM) as the photoinitiator. Photocrosslinked
Keratin-PEG hydrogels were formed by pipetting the prepolymer solu-
tion into a polydimethylsiloxane (PDMS) mold, which was covered with
a glass slide and then exposed to visible light at an intensity of 70 000
Lux using a dual-fiber optical microscope illuminator (AmScope).

2.5 | Swelling ratio measurements

Swelling ratios of different keratin-PEG hydrogels were measured fol-
lowing previously reported procedures.®?8 To prepare the samples for
swelling ratio tests, 100 puL prepolymer solution was pipetted into a
PDMS mold with a diameter of 8 mm and a depth of 2 mm. The solu-
tion was then covered with a glass coverslip and irradiated by visible
light for 5 min. After that, the formed hydrogels were removed from
the mold and the coverslip, soaked in phosphate buffered saline (PBS,
Life Technologies) and incubated at 37 °C for 24 hr to reach the equi-
librium swelling state. After wiping off the excess liquid, the swollen
hydrogel samples were weighed to record the equilibrium swelling
mass (Wyet). The hydrogel samples were then lyophilized to record

their dry masses (Wg,). The swelling ratio of was calculated according
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to the equation: (Wyyet~Wary)/Wary, X 100%. All the tests were per-
formed using at least three samples for each hydrogel formulation.

2.6 | In vitro degradation tests

Keratin-PEG hydrogel samples for degradation tests were prepared simi-
larly as described for swelling ratio measurements. Visible light cross-
linked hydrogels were lyophilized to record their initial dry weights. Next,
the dried samples were allowed to equilibrate in PBS and then incubated
at 37°C with in PBS or Proteinase K solution in PBS (0.5 U/mL) with
mild shaking. At different time points, hydrogel samples were lyophilized
to record the dry weights. The percentage of remaining mass was the
ratio between the final dry weight divided by the initial dry weight.

2.7 | Mechanical characterization

Keratin-PEG hydrogel samples for mechanical tests were prepared sim-
ilarly as described for swelling ratio measurements. Tensile and com-
pressive tests of the keratin-PEG hydrogels were performed using an
Instron mechanical tester (model 5542) with a 10-N load cell. Dimen-
sions of PMDS molds for hydrogel sample fabrication were 20 X 5 X
1 mm? (cuboid-shaped) or 8 mm in diameter X 2 mm in thickness
(cylindrical) for tensile tests and compressive tests, respectively. Hydro-
gels were incubated in PBS for 24 hr at 37 °C prior to mechanical test-
ing to reach the equilibrium swelling state, and were then taken out of
PBS right before the tests to ensure that the equilibrium swelling state
of hydrogel samples did not change. Dimensions of the samples were
measured with a digital caliper prior to the tests. For both tests, the
strain rate was set as 1 mm/min. The tensile and compressive moduli
were determined as the slope of the stress-strain curve in the linear

region corresponding to 0-10% strain.

2.8 | In vitro cell culture experiments

2.8.1 | Cell culture
NIH/3T3 fibroblast cells were cultured in a 5% CO, humidified incuba-

tor at 37°C in Dulbecco’s modified eagle medium (Invitrogen) supple-
mented with 10% fetal bovine serum and 100 U/mL penicillin-
streptomycin. Cells were passaged roughly two times per week and

media was changed every other day.

2.8.2 | Surface seeding of NIH/3T3 fibroblasts (2D culture)

For 2D cell culture studies, keratin-PEG hydrogels (10% [w/v] with
0.06 mM Eosin Y) were cast onto 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA, Sigma-Aldrich) treated glass by exposure to visible light for
60 s. The samples were sterilized with UV light for further 30 min prior
to in vitro tests. The glass slides with hydrogels were transferred into a
24-well plate, seeded with NIH/3T3 cells (20 x 102 cells per sample),
and incubated for up to 7 days with media changed every 3 days.

2.8.3 | Cell encapsulation of NIH/3T3 fibroblasts (3D
culture)

For 3D cell culture studies, cells were collected from the culture flask

and resuspended in keratin-PEG prepolymer solution (10% [w/v] with
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0.06 mM Eosin Y) at a concentration of 1 X 10° cells/mL. Cell-laden
keratin-PEG hydrogels were prepared by exposure to visible light for

60 s covered by TMSPMA treated glass. The hydrogels were then
washed thoroughly with media containing Pen/Strep at the concentra-
tion of 500 U/mL for sterilization and incubated for up to 7 days with
media changed every 3 days.

2.8.4 | Cell viability assay

Cell viability was measured with a Live/Dead assay Kit (ThermoFisher)
following the manufacturer's manuals. Briefly, the cells were stained
with calcein AM (0.5 pL/mL) for live cells and ethidium homodimer-1
(EthD-1, 2 uL/mL) for dead cells in PBS. The cells were incubated at
37°C for 20 min, and thoroughly washed with PBS for three times.
The stained cells were then observed using an inverted fluorescence
microscope (Nikon TE 2000-U, Nikon instruments Inc.). The numbers
of live and dead cells were counted using the ImageJ software from at
least four images taken from different regions of three samples pre-

pared for each experimental condition.

2.8.5 | Cell adhesion and spreading

Alexa-Fluor 594-conjugated phalloidin (Theremofisher), and 4,6-diami-
dino-2-phenylindole (DAPI, Sigma-Aldrich) were used to stain the cells
for studying cellular attachment and spreading. Briefly, cell-seeded
hydrogels were fixed in 4% (v/v) paraformaldehyde for 30 min, followed
by treatment with a 0.1% (w/v) Triton X-100 solution in PBS for 20 min
to increase permeability, and with a 1% (w/v) bovine serum albumin
(BSA) solution in PBS for 1 hr to block nonspecific binding sites. The
samples were then incubated in a 1:40 dilution of Alexa-Fluor 594-phal-
loidin in 0.1% (w/v) BSA for 45 min at room temperature to stain the
actin cytoskeleton, and then incubated in a 0.1% (w/v) DAPI solution in
PBS for 10 min at 37 °C to stain the cell nuclei. After each staining step,
the samples were thoroughly washed with PBS before visualizing with
the Nikon TE 2000-U microscope. The Image) software was used to

count the DAPI stained nuclei and assess the average areas of the cells.

2.8.6 | Cell metabolic activity assay

Metabolic activity of cells seeded on or encapsulated in hydrogels was
evaluated with the PrestoBlue™ reagent (Invitrogen) following the man-
ufacturer’s instructions. The reagent was added at 1X concentration
into the culture media and further incubated at 37 °C for 2 hr. Next, 200
uL of the media were transferred to a 96-well plate to measure absorb-
ance at 570 and 600 nm. Blank media without cells were used as con-
trol. Corrected absorbance values were recorded and normalized to the

value at day 1. At least three samples were tested at each time point.

2.9 | Microfabrication of cell-laden keratin-PEG
hydrogels

2.9.1 | Micropatterning using a photomask

Preparation of micropatterned cell-laden keratin-PEG hydrogels was
similar to the 3D cell culture experiments, except that a photomask
was applied on the TMSPMA-coated cover glass. Light exposure time
was found to influence the resolution of hydrogel blocks, which was

optimized to 40 s for a 10% (w/v) prepolymer solution with 0.6 mM
Eosin Y and 1 X 10° cells/mL. After light crosslinking, the hydrogel
was washed with media and incubated for up to 7 days with media
changed every 3 days.

2.9.2 | Wet spinning

For wet spinning experiments, a solution containing 10% (w/v) keratin-
PEG prepolymer, 1% (w/v) alginate, 0.6 mM Eosin Y, and 1 x 10°
cells/mL was prepared and transferred to a syringe. The solution was
injected by a syringe pump into 1% (w/v) CaCl, solution to generate
the fibers, which were collected and exposed to visible light for 300 s
to achieve chemical crosslinking. The fibers were then immersed in
20 mM EDTA for 5 min to remove calcium and alginate before washed
by media and transferred in media to incubate for up to 7 days with

media changed every 3 days.

2.10 | Statistical analysis

Data analysis were performed by using one-way ANOVA followed by
Bonferroni's post hoc test in the GraphPad Prism 6.0c software, and
presented as mean = standard deviation of measurements with
*p <.05, **p <.01, ***p <.001, and ****p < .0001.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of visible light crosslinkable keratin-
PEG hydrogels

Extraction of keratin from human hair using sodium sulfide is the process
to break the intermolecular disulfide bonds to make individual protein
molecules soluble. During the extraction step, intramolecular disulfide
bonds might also be cleaved, thus generating free thiol groups in kera-
tins. However, after the purification step by dialysis and lyophilizing, ker-
atin samples obtained from our extraction procedure showed a very low
free thiol content (<0.01 mmol/g) according to the Ellman’s assay
results, which is similar to previously reported data.2® This indicated that
the majority of cysteine residues formed intramolecular disulfide bonds.
To take advantage of the high reactivity of free thiol groups for the
design of photocrosslinkable keratin hydrogels, these intramolecular
disulfide bonds should be broken to release the free thiol groups.

We used DTT, a common reductive reagent known to break disul-
fide bonds in proteins,39 to further react with the extracted keratins to
synthesize reduced Keratin-SH at room temperature (Figure 1a). The
free thiol content of the reduced Keratin-SH samples was determined
by the Ellman’s assay as ~0.55 mmol/g, which was significantly higher
than the pristine keratin samples. It should also be noted that attempts
to purify Keratin-SH by dialysis against deionized water failed to gener-
ate samples with similar thiol content, probably due to the slow oxida-
tion by oxygen during dialysis that brings back the disulfide linkages
between cysteine residues. Fourier-transform infrared spectroscopy
(FTIR) was used to identify the difference between pristine keratin and
the reduced Keratin-SH. As shown in Figure 1b, after the reduction an

additional weak absorption peak appeared at around 2550 cm %,
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FIGURE 1 (a) Human keratin extracted from hair was treated with excess amount of DTT at room temperature to break the disulfide
bonds and introduce reactive thiol groups. (b) Comparison between the FTIR spectra of Keratin and reduced Keratin-SH showed an addi-
tional peak at about 2550 cm ™%, which can be assigned to the thiol groups. Inset shows the zoom-in view of the regions in blue box. (c)
Keratin-SH reacted with a 4-arm PEG crosslinker bearing four norbornene groups at the presence of Eosin Y as the photoinitiator on visible
light activation to form crosslinked hydrogels. (d) Photographs of the prepolymer solution and a visible light crosslinked keratin-PEG hydro-

gel. Scale bar: 1 cm

which can be attributed to the free thiol groups based on a previous
report.40

After the successful synthesis of Keratin-SH, we further investi-
gated the experimental conditions to form keratin-based photocros-
slinkable hydrogels. We selected a four-armed PEG derivative with
four norbornene groups at the chain ends as the linker for the cross-
linking reaction.®2%% Recently, the addition reaction between thiol
groups and norbornene groups via the free radical mechanism has
attracted increasing attention in the field of biomaterials.*%3! Different
from the chain photopolymerization of methacrylate monomers that
results in heterogeneous crosslinking sites via dynamic chain forma-
tion,2>*! the thiol-norbornene reaction took place at a 1:1 stoichiomet-
ric ratio to form well-defined thiol-ether linkages (Figure 1c). As a
result, the network formation is via a tunable step-growth gelation pro-
cess.%0 Under photo-activation, the reaction kinetics between thiyl rad-
icals and the double bonds in norbornene groups is much faster than
most of other side reactions, which renders this reaction a “click”-type
feature.3* Importantly, it has been reported that the thiol-norbornene
reaction can be initiated by Eosin Y, a safe visible light photoinitiator
that received Food and Drug Administration approval, without the
presence of any coinitiator and comonomer, suggesting a convenient,
biocompatible and safe strategy to fabricate visible light crosslinkable
hydrogels.?” Moreover, under the photoinitiated free radical reaction
conditions, the norbornene groups cannot polymerize by themselves,
thus excluding the probability to form heterogeneous PEG networks
that are separated from keratin.3! As shown in Figure 1d, exposure
under visible light for less than one minute readily turned the prepoly-
mer solution into strong, transparent keratin-PEG hydrogels, with

morphologies that are in sharp contrast to most of the previously

reported self-assembled keratin hydrogels.

3.2 | Physical characterization of the engineered
visible light crosslinked keratin-PEG hydrogels

The physical properties of the photocrosslinked keratin-PEG hydrogels
were tunable by changing prepolymer formulations and experimental
conditions during the crosslinking step. Although it is known that many
factors can be explored towards tunable physical properties, in this
contribution we chose to keep some factors constant, such as the
molecular weight and degree of functionality of the PEG linker. In addi-
tion, a stoichiometric feed ratio of the thiol and norbornene groups
was expected to result in the highest crosslinking density at the same
total prepolymer concentrations.*° Specifically, we studied the effects
of two parameters, namely, the total prepolymer concentration and
photoinitiator concentration, on the physical properties of the keratin-
PEG hydrogels.

The mechanical characteristics of the keratin-PEG hydrogels were
evaluated by compression and tensile tests using an Instron mechanical
machine (Model 5542). As shown in Figure 2a, compressive moduli of
the keratin-PEG hydrogels were found highly dependent on prepoly-
mer and Eosin Y concentrations. At a fixed photoinitiator concentration
of 0.06 mmol, the crosslinked samples showed an increase in compres-
sive modulus from 1.9 + 0.4 kPa for 10% (w/v) hydrogels to 5.4 + 1.3
kPa and 7.8 = 1.1 kPa for 15% (w/v) and 20% (w/v) hydrogels, respec-
tively. When Eosin Y concentration was increased to 0.6 mmol, much

stiffer hydrogels were formed, and the compressive moduli were 4.6 =
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FIGURE 2 Physical characterization of keratin-PEG hydrogels. (a) Compressive moduli and (b) elastic moduli of hydrogels of different for-
mulations. (c,d) Equilibrium swelling ratios of keratin-PEG hydrogels of different formulations using (c) 0.06 mM Eosin Y and (d) 0.6 mM
Eosin Y. (e,f) Degradation kinetics profiles of keratin-PEG hydrogels of different formulations using (e) 0.06 mM Eosin Y and (f) 0.6 mM
Eosin Y in 0.5 U/mL Proteinase K solution in PBS at 37°C (*p <.05; **p <.01; ***p <.001; ****p <.0001)

0.8 kPa, 14.9 = 1.4 kPa, and 45.0 = 4.6 kPa for 10, 15, and 20% (w/v)
hydrogels, respectively. To our knowledge, a compressive modulus of
>40 kPa indicates the strongest keratin-based hydrogel reported to
date.”®24 Increased compressive moduli at higher prepolymer concen-
trations might be due to the higher crosslinking density in the resulting
hydrogels.2>*® The positive correlation between hydrogel mechanical
strength and photoinitiator concentration suggested that the tunability
of physical properties might rely on the incompleteness of the cross-

linking reaction during irradiation.

In tensile tests, keratin-PEG hydrogels made from prepolymer solu-
tions of a higher photoinitiator concentration (0.6 mM) showed much
higher tensile moduli than those made of a lower photoinitiator con-
centration. Specifically, at a 0.6 mM Eosin Y concentration, the average
tensile moduli for 10, 15, and 20% (w/v) hydrogels were 8.0 + 1.2 kPa,
15.0 + 3.2 kPa, and 30.3 = 7.6 kPa, respectively (Figure 2b). When
crosslinked at a lower photoinitiator concentration (0.06 mM), the
resulting hydrogel samples were not strong enough for the tensile
tests. We could only record a low tensile modulus of 1.7 = 0.4 kPa for
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the 20% (w/v) keratin-PEG hydrogels. Overall, through changing the
concentrations of prepolymer solution and photoinitiator, hydrogels
with a wide range of tensile modulus values could be obtained.
Swelling characteristics are another important physical parameter
of hydrogels that might have effects on the mechanical stiffness and dif-
fusion properties of the hydrogel networks. Crosslinking density of the
keratin-PEG hydrogel also significantly influenced the swelling behavior.
When reaching the equilibrium swelling state in PBS, it was revealed
that in general the determined swelling ratios of different hydrogel sam-
ples were inversely proportional to crosslinking density, or more specifi-
cally, total prepolymer concentration and photoinitiator concentration
in this study. The equilibrium swelling ratios for 10, 15, and 20% (w/v)
hydrogels made by using 0.06 mM Eosin Y were calculated as 28.3 =
1.0, 20.4 = 0.6, and 17.4 = 0.7, respectively (Figure 2c). When a higher
photoinitiator concentration was used, the crosslinking density of the
resulting networks could be increased, thus leading to decreased ability
of the network to absorb water molecules. As a result, 10, 15, and 20%
(w/v) keratin-PEG hydrogels made with 0.6 mM Eosin Y showed larger
swelling ratios of 20.4 = 1.4, 15.2+ 0.6, and 11.2 + 0.3, respectively
(Figure 2g). Tunable swelling characteristics not only change the
mechanical properties of hydrogels but also other important features
such as diffusion rate of molecules through the hydrogel networks.
Unlike other natural protein-based biomaterials, it is known that
mammalian cells typically do not secrete enzymes for proteolytic deg-
radation of keratin in vivo. Considering the chemical structures of the
crosslinked hydrogel network, it is reasoned that degradation of our
keratin-PEG hydrogels could rely on hydrolysis of the PEG crosslinker.
In vitro degradation of keratin-PEG hydrogels by incubation in PBS
showed very slow kinetics of mass loss up to 21 days (Supporting
Information Figure S1), suggesting potential long-term use as cell cul-
ture matrices for cell therapy. To investigate the dependence of degra-
dation kinetics on hydrogel formulation, we applied Proteinase K, an
enzyme extracted from Tritirachium album that can digest keratin, to
accelerate the degradation process. When treated with 0.5 U/mL Pro-
teinase K, the six tested hydrogel formulations showed varied degrada-
tion rates, as shown in Figure 2e,f. Since the degradation of keratin-
PEG hydrogels with Proteinase K was achieved by proteolytic cleavage
of the peptide backbone near hydrophobic aliphatic or aromatic amino
acid residues, increased protein concentration and crosslinking density
within the hydrogel network would slow down the degradation, which
qualitatively matched our observed trend. These degradation experi-
ments strongly suggested the formation of a mixed crosslinked net-
work structure between Keratin-SH and PEG-4Nor via the coupling of

thiol and norbornene groups.

3.3 | 2D cell culture on keratin-PEG hydrogels

Due to the presence of cell-adhesive Leu-Asp-Val (LDV) motifs in the
backbone of keratin,*? which can be recognized by a4pl integrin, 106
it is expected that keratin-PEG hydrogels can support cellular attach-
ment, although PEG is an inert material. To test this, we selected NIH/
3T3 fibroblasts as a commonly used model cell type to investigate the

ability of photocrosslinkable keratin-PEG hydrogels to support 2D cell
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growth in vitro. We chose 10% (w/v) keratin-PEG hydrogels formu-

lated by using 0.06 mM Eosin Y in the 2D cell culture study. NIH/3T3

cells were directly seeded on the surface of hydrogels cast on

TMSPMA-treated glass slides and subsequently cultured for 7 days.
Cell viability, spreading, and metabolic activity were determined at
days 1, 3, and 7 after seeding (Figure 3).

As shown in Figure 3a, cells seeded on keratin-PEG hydrogels
remained viable up to 7 days with high viability (~90%). F-actin staining
using the Alexa-Fluor 594-phallodin clearly showed the elongated cells
on hydrogel surfaces at days 3 and 7 (Figure 3b). It is also clear that cells
could grow on the hydrogel substrate during in vitro culture. We used
the PrestoBlue assay to assess the metabolic activity of the cells seeded
on hydrogels and observed significantly increased absorbance values at
days 3 and 7 (Figure 3d). Moreover, the cell distribution was relatively
uniform on the hydrogel surfaces with certain localized aggregates at
day 7, which is different from a previous report that showed highly clus-
tered L929 cells when cultured on self-assembled keratin hydrogels.*
These results suggest a more uniform distribution of the cell-binding
motifs on the keratin-PEG hydrogel surfaces. From the microscopic
images after F-actin staining, we were able to quantify the average areas
of hydrogels covered by the cells at different culture times. The deter-
mined average cell areas were found significantly larger at days 3 and 7,
compared with that at day 1, confirming that the keratin-PEG hydrogels
can support cell spreading as 2D culture substrates (Figure 3e). After the
DAPI staining, it is also feasible to directly count the number of cells by
counting the number of stained cell nuclei in the microscopic images. As
shown in Figure 3f, the cell density values showed roughly three-fold
and seven-fold increases at days 3 and 7, respectively, compared to day
1. Overall, these 2D culture experiments using NIH/3T3 fibroblasts indi-
cated that the keratin-PEG hydrogels could support cell attachment and

spreading when used as culture substrates in vitro.

3.4 | 3D cell encapsulation within keratin-PEG
hydrogels

To develop in vitro cell culture models or design synthetic matrix materi-
als for cell delivery, the ability of hydrogels to support 3D cell encapsula-

1.** Due to the slow curing kinetics of previously reported

tion is essentia
keratin hydrogels, studies on 3D cell encapsulation using keratin-based
hydrogels have been limited.*® Considering the biocompatibility of keratin
and the PEG crosslinker and the mild conditions used for photocrosslink-
ing, the visible light crosslinked keratin-PEG hydrogels could be used to
encapsulate cells in vitro. To do this, we used NIH/3T3 fibroblasts as the
model to assess cell behaviors within the keratin-PEG network.

As shown in Figure 44, Live/Dead staining of the cell-laden hydro-
gels indicated that the embedded cells remained alive up to day 7 of cul-
ture with high viability (>85%) (Figure 4b), which suggested that both
the materials and the photocrosslinking conditions were compatible to
fibroblasts. The capability to develop photocrosslinkable cell-laden kera-
tin hydrogels would expand the utilization of keratin-based biomaterials
in various tissue engineering applications, due to the unique features of
the photocrosslinking mechanism, which typically allows rapid hydrogel

formation and precise spatiotemporal control over hydrogel properties.
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FIGURE 3 Invitro 2D cell seeding on keratin-PEG hydrogels. (a) Representative Live/Dead images of stained NIH/3T3 cells seeded on surfa-
ces of keratin-PEG hydrogels at days 1, 3, and 7 of culture (scale bar: 200 um). Keratin-PEG gels were produced from prepolymer solutions of a
total 10% (w/v) concentration and 0.06 mM Eosin Y. (b) Representative images of phalloidin/DAPI stained NIH/3T3 cells seeded on hydrogels
at days 1, 3, and 7 of culture (scale bar: 200 pum). (c) Quantification of cell viabilities at 1, 3, and 7 days of culture. (d) Measured relative degrees
of metabolic activities of NIH/3T3 cells seeded on hydrogels using PrestoBlue assay at days 1, 3, and 7 of culture. (e) Quantification of areas of
seeded NIH/3T3 cells obtained from F-actin/cell nuclei stained images at days 1, 3, and 7 of culture. (f) Cell densities determined by counting
the number of DAPI stained nuclei per given surface area of hydrogels at days 1, 3, and 7 of culture (*p < .05, **p <.01, and ***p < .001)

When embedded in the keratin-PEG matrices, the fibroblasts showed
round morphology at day 1 and started to elongate at day 3. At day 7,
apparent cell elongation and proliferation could be observed, with the

formation of cell clusters at certain regions of the hydrogel constructs.

Although interfered by the background fluorescence from the keratin
material, we observed the spreading cell morphology after staining for F-
actin at day 7 (Figure 4c). Since we fabricated very thin cell-laden hydro-
gels (~150 pm in thickness) with uniform cell distribution, we were able
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In vitro 3D encapsulation of NIH/3T3 cells in keratin-PEG hydrogels. (a) Representative Live/Dead images of NIH/3T3 cells encap-

sulated in keratin-PEG hydrogels at days 1, 3, and 7 of culture (scale bar: 200 um). Keratin-PEG hydrogels were produced from prepolymer solu-
tions of a total 10% (w/v) concentration and 0.06 mM Eosin Y. (b) Quantification of cell viabilities at 1, 3, and 7 days of culture. (c)
Representative image of phalloidin/DAPI stained NIH/3T3 cells encapsulated in hydrogels at day 7 of culture (scale bar: 200 pm). (d) Cell den-
sities determined by counting the number of DAPI stained nuclei per given area at days 1, 3, and 7 of culture. () Measured relative degrees of
metabolic activities of seeded NIH/3T3 cells using PrestoBlue assay at days 1, 3, and 7 of culture (*p < .05, **p < .01, ***p <.001)

to quantify the cell numbers by counting the cell nuclei after DAPI stain-
ing, which showed roughly two-fold and four-fold increases at days 3
and 7, respectively, compared to day 1 (Figure 4d). Conversely, cell meta-
bolic activity can be similarly determined using the PrestoBlue assay in
the thin cell-laden hydrogel samples, assuming that diffusion is not a
severe problem for the assay reagent. As shown in Figure 4e, when nor-
malized to the value at day 1, the absorbance values increased by a fac-
tor of roughly 3.5 and 7.5 at days 3 and 7, respectively.

From these in vitro 3D encapsulation experiments, it is suggested
that the photocrosslinkable keratin-PEG hydrogels provide an additional
choice as cytocompatible model culture systems. In addition, due to the
presence of cell-binding LDV peptide sequences, our keratin-based

hydrogels showed the ability to support cell spreading in the matrices. It

should be noted that the spreading morphology of encapsulated NIH/
3T3 fibroblasts at day 7 depends on the crosslinking density of the
hydrogel matrix and can be observed in keratin-PEG hydrogels with low
prepolymer (10% [w/v]) and Eosin Y (0.06 mM) concentrations. When
Since it is believed that fibroblasts cannot produce enzymes to degrade
keratins,*® the matrix remodeling might take place via the hydrolytic
cleavage mechanism. When encapsulated in hydrogels with higher cross-
linking density, the spreading of NIH/3T3 cells might be slowed down.

3.5 | Microfabrication of keratin-PEG hydrogels

The generation of organized assemblies of cells is a critical factor to resem-

ble the complex microstructures of the native tissues. Microfabrication
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FIGURE 5 Microfabricated keratin-PEG hydrogels. (a) Schematic illustration of the photopatterning process to generate keratin-PEG hydro-
gel blocks that duplicate the patterns of the photomask. (b) Representative microscopic images of microfabricated (i, ii) hydrogel lines and
(iii, iv) square blocks (scale bar: 200 um). (c) Representative Live/Dead images of stained NIH/3T3 cells encapsulated in keratin-PEG hydro-
gel lines at days 1, 3, and 7 of culture (scale bar: 200 um). Keratin-PEG gels were produced from prepolymer solutions of a total 10% (w/v)
concentration and 0.6 mM Eosin Y. (d) Quantification of cell viabilities encapsulated in micropatterned hydrogels at days 1, 3, and 7 of cul-
ture. (e) Schematic illustration of the wet spinning process to generate hydrogel microfibers. (f) Photographs of the hydrogel fibers after
photocrosslinking (scale bar: 1 cm). (g) Representative Live/Dead images of stained NIH/3T3 cells encapsulated in keratin-PEG fibers at
days 1, 3, and 7 of culture (scale bar: 500 um). (h) Quantification of cell viabilities in fabricated fibers at days 1, 3, and 7 of culture

technologies such as micropatterning or wet spinning can be used to con-
trol cell orientation and organization within 3D hydrogels in order to engi-
neer biomimetic 3D tissue constructs.3** Therefore, we investigated the
capability of our keratin-based hydrogel to be integrated with microscale
technologies for the engineering of tissue constructs with controlled
architectures. The photocrosslinkable keratin-PEG hydrogel platform indi-
cates various possibilities to combine with different microfabrication tech-
nologies due to the versatility of the photocrosslinking mechanism.*>

Microfabricated hydrogels are useful in vitro cell culture models to study
cell-biomaterial or cell-cell interactions.*> Here, we select two representa-

3435 and wet

tive microfabrication techniques, namely, photopatterning
spinning,®” as the examples to demonstrate the potentials of this keratin
hydrogel system in bioengineering applications.

Photopatterned cell-laden keratin-PEG hydrogels were readily
fabricated using photomasks with different patterns and feature sizes

(Figure 5a,b). By optimizing the photocrosslinking conditions, hydrogel
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lines with widths below 200 um could be obtained with high shape reso-
lution. In our previous studies, it has been shown that the line width
could be tuned by using different photomasks, varied light exposure
time, or adjusting the distance between photomask and the prepolymer
solution.3> Moreover, using photomasks with different shapes of pat-
terns, square blocks of keratin-PEG hydrogels were also obtained (Figure
5b, iii,iv). To demonstrate that the photopatterning process is compatible
to cells, viability of cells embedded in the patterned hydrogel matrices
were assessed with the Live/Dead assay (Figure 5c), which showed that
the cells remained viable for at least 7 days of culture (80% or higher
viability) (Figure 5d). However, since the optimized hydrogel formulation
for photopatterning contains a higher Eosin Y concentration (0.6 mM),
which resulted in hydrogels with higher crosslinking density and thus
limited the spreading of cells at day 7 of culture.

Cell-laden hydrogel microfibers are promising building blocks to
combine with textile techniques to fabricate tissue constructs.®**” To
demonstrate the feasibility of our hydrogels to prepare cell-laden
microfibers, we followed a wet spinning protocol recently developed
by our group, which was based on the capability that alginate could
rapidly form physical crosslinking with divalent cations such as calcium
jons.*® To this end, the keratin-PEG prepolymer solution was blended
with alginate to form a composite mixture to encapsulate with cells.
The cell-laden composite solution was directly injected through a
needle into a CaCl, solution (Figure 5e), which resulted in the forma-
tion of continuous and uniform hydrogel fibers crosslinked by alginate/
Ca®* complexation with up to at least tens of centimeters in length
(Figure 5f). After a second step of photocrosslinking by exposure to
visible light, the calcium ions could be washed away by ethylenediami-
netetraacetic acid disodium salt (EDTA), a chelator to calcium ions.
Importantly, we have demonstrated that the physical crosslinking of
alginate with calcium and the removal by EDTA solutions were cyto-
compatible to encapsulated cells, making it a unique method towards
cell-laden fibrous tissue constructs.>*®” As shown in Figure 5gh,
although showing no cell spreading due to the highly crosslinked
hydrogel matrix, the embedded cells remained highly viable through
the wet spinning process and subsequent in vitro culture up to 7 days.
It should be noted that although the fabrication of microfibers from
keratin-PEG hydrogels is aided by the physical crosslinking of alginate
and Ca®" ions, the second chemical photocrosslinking of Keratin-SH
and PEG-4Nor contributed to the long-term stability after the removal
of Ca®?" ions. Using these two illustrations of microfabrication of
keratin-PEG hydrogels, we expect that this visible light crosslinkable
hydrogel system finds widespread applications to engineering cell-
laden tissue constructs with various architectures and compositions

using a human protein as the basic material.

4 | CONCLUSION

In this contribution, we reported the preparation and characterization
of a photocrosslinkable hydrogel based on human hair keratin and a
PEG crosslinker, which showed rapid crosslinking, highly tunable physi-
cal properties, and high cytocompatibility. By enriching free thiol
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groups on keratin and introducing norbornene groups to the PEG

crosslinker, photocrosslinking was achieved by the “click-type” thiol-
norbornene addition reaction upon visible light exposure using Eosin Y
as the photoinitiator. Using NIH/3T3 fibroblasts as the model cell type,
we demonstrated that the engineered keratin-PEG hydrogel system
could be used as both 2D and 3D in vitro cell culture substrates, which
supported cell adhesion and spreading due to the presence of cell-
binding peptide motifs. Moreover, taking advantage of the photocros-
slinking mechanism, we showed that this hydrogel system was suitable
for microfabrication techniques, such as photopatterning and wet spin-
ning, to produce cell-laden hydrogel constructs with different shapes.
Our future work will focus on developing a large-scale 3D construct
using keratin-based hydrogel through engineering vasculature and per-
fusion system, combining with 3D microfabrication technologies devel-
oped previously in our lab.*®*” We believe that the engineered
photocrosslinkable hydrogel based on extracted human hair keratin

might find widespread applications in tissue engineering.
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