
International Journal of Biological Macromolecules 125 (2019) 1008–1015

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i jb iomac
Self-assembly behavior of the keratose proteins extracted from oxidized
Ovis aries wool fibers
Efecan Pakkaner 1, Damla Yalçın, Berk Uysal, Ayben Top ⁎
Department of Chemical Engineering, İzmir Institute of Technology, Urla, İzmir, Turkey
⁎ Corresponding author.
E-mail address: aybentop@iyte.edu.tr (A. Top).

1 Current address: Department of Chemical Engine
Fayetteville, AR.

https://doi.org/10.1016/j.ijbiomac.2018.12.129
0141-8130/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 September 2018
Received in revised form 2 December 2018
Accepted 16 December 2018
Available online 17 December 2018
Water soluble keratose proteins were obtained from an Ovis Arieswool using peracetic acid oxidation. The wool
samples and the extracted keratose proteins were characterized by using FTIR, XRD, SEM and TGA techniques.
Fractions of α-keratose (MW = 43–53 kDa) along with protein species with molecular weights between
23 kDa and 33 kDa were identified in the SDS-PAGE analysis result of the extracted protein mixture. DLS and
AFM experiments indicated that self-assembled globular nanoparticles with diameters between 15 nm and
100 nm formed at 5 mg/ml keratose concentration. On the other hand, upon incubation of 10w % keratose solu-
tions at 37 °C and 50 °C, interconnected keratose hydrogelswith respective storagemodulus (G') values of 0.17±
0.03 kPa and 3.7 ± 0.5 kPa were obtained. It was shown that the keratose hydrogel prepared at 37 °C supported
L929 mouse fibroblast cell proliferation which suggested that these keratose hydrogels could be promising can-
didates in soft tissue engineering applications.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Self-assembly of molecules from biological origin to form nano-
complex structures has been a popular research trend throughout the
years due to successful adaptations of this ‘bottom-up’ approach to in-
novative biological and medical applications and other technologies
[1–4]. Briefly, spontaneous association of thesemolecules creates supra-
molecular architectures that are thermodynamically and mechanically
stable at desired conditions with the possibility of precise control of
construction via changing the physical parameters, including tempera-
ture, pH, ionic strength, light intensity, electric and magnetic fields
[1,5,6]. Driven bynon-covalent forces such as hydrogen bonding, hydro-
phobic attractions and vanderWaals and electrostatic interactions, self-
assembly of proteins and peptides facilitated the formation of a variety
of nanostructures such as nanofibers, nanorods, nanotubes and nano-
particles [2,7–15]. Although numerous synthetic and natural polymers
can undergo self-assembly process, polymers from natural origin have
gained a wider attraction as biomaterials due to their biocompatibility,
significantly low cytotoxicity and biomolecular recognition abilities
[6,16].

Keratin can be extracted from various body parts of birds, reptiles
and mammalian species, including hair, wool, nails, horns, hooves and
feathers. Thus, being themajor by-product of thewell-grown industries
ering, University of Arkansas,
such as breeding, textile, wool and butchery, keratin is one of the most
abundant biopolymers [5,17,18]. Different from the other proteins, it
contains quite high cysteine content (5–10mol%) that promotes its me-
chanical, chemical and thermal stability features due to the disulfide
bonds present in their structures [19–21]. Like the other biopolymers
from biological origins such as collagen, elastin and chitosan, keratin
alone and mixed with other polymers have been also tested in various
biomedical applications such as delivery of bioactive agents [22–24],
wound healing [17,25–27], and bone tissue engineering [28–30]. It has
been almost genuinely proven that keratins are promising candidates
as sustainable biomaterials due to their abundance, low cost and
biocompatibility.

Among the available sources of keratin, wool keratins have received
more interest than the keratins from the other body parts such as horn
and hoof due to their higher extraction yields and structural advantages
such as hygroscopicity. Additionally, it was reported that wool keratin
has cell attachment domains such as arginine-glycine-aspartic acid
(RGD) and leucine-aspartic acid-valine (LDV) groups in its amino acid
sequence, which can also be contained in many extracellular matrix
proteins like fibronectin [21,31]. Unsurprisingly, wool keratin film pro-
vided better attachment platform for fibroblasts compared to collagen
film [32], and wool keratin derived sponges have been demonstrated
to be suitable for long-term cell cultivation [21].

Although biomaterials based on keratins have been shown to be
quite promising, one major concern that limits their application spec-
trum can be their poor solubility in aqueous medium due to the disul-
fide bridges that form easily by simple air oxidation of extracted
keratin proteins. One of the methods to obtain soluble proteins from
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Fig. 1. XRD patterns of (a) the defatted wool, (b) the oxidized wool, and (c) the keratose.
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keratins is the oxidative extraction, which gives keratoses via breaking
of disulfide bonds and converting thiol groups of cysteines to cysteic
acids. Recently, it has been shown that photo-crosslinked hydrogels
fromMerinowool keratose could form at 7.5 or 10w% keratose concen-
trations [31]. Self-assembled hydrogels of the keratoses (at 15 w % con-
centration) from human hair have also been prepared [33,34]. In this
study, we showed that physical hydrogels based on keratose proteins
could also form at 10 w % concentration if another keratose source,
wool from Akkaraman sheep breed, was used. Morphological, rheolog-
ical and in vitro cell proliferation properties of these self-assembled
hydrogels were evaluated. Size and morphology of self-assembled
nanostructures of the keratose obtained at low concentration regime
(5–10mg/ml) were also investigated. Additionally, structural and ther-
mal characterizations of the wool, the oxidized wool and the keratose
extracted from the oxidized wool were performed.
Fig. 2. FTIR spectra of (a) the defatted wool, (b) the oxidized wool, and (c) the keratose.
2. Experimental

2.1. Materials

Wool samples from Akkaraman sheep breed (Ovis aries Linnaeus,
1758) localized in the Central Anatolian region of Turkey were kindly
provided by Lalahan Livestock Central Research Institute (Ankara,
Turkey) [35]. Acetic acid, chloroform, ethanol, hydrochloric acid (HCl),
L‑glutamine, 2‑(N‑morpholino)ethanesulfonic acid (MES), sodium do-
decyl sulfate (SDS) and tris-base were purchased from Merck (Darm-
stadt, Germany). Methanol, tris-HCl, peracetic acid solution (32 w % in
dilute acetic acid), sodium chloride, sodium hydroxide, sodium phos-
phate monobasic, Fourier transform infrared (FTIR) spectroscopy
grade potassium bromide (KBr), TruPAGE® precast gels (10 × 8 cm
with 4–12% gradient), cellulose membrane dialysis tubing (43
× 27 mm, MWCO ~14,000 Da), and CCK-8 cell counting kit were ob-
tained from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO, USA).
High glucose DMEM cell culture medium, European grade fetal bovine
serum (FBS), trypsin-EDTA 0.25% solution, trypan blue solution
(5mg/ml), and gentamycin sulfate solution (50mg/ml) from Biological
Industries (Cromwell, CT, USA) were used in the cell proliferation ex-
periments. Coomassie brilliant blue R-250 and PageRulerTM pre-
stained protein ladder were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). All reagents were used without any purification.
2.2. Keratose extraction

Thewool samples were intensively washed with deionized water to
remove contaminants. Approximately, 5 g wool was contacted with
500 ml deionized water and was shaken at 50 °C, and at 150 rpm for a
few hours. The procedure was repeated until a clean solution was ob-
tained. The cleaned wool was defatted using Soxhlet extraction with a
solvent mixture containing chloroform and methanol (79:21 by vol-
ume) at its azeotropic temperature. For 5 g sample, 250 ml solvent
was used and the extraction process was proceeded at least 6 h. Resid-
ual solvent in the defatted samples was evaporated at room tempera-
ture in a fume hood briefly, and removed by using a vacuum oven at
40 °C. Oxidation of the cysteines of the wool was performed by shaking
5 g dried fibers in 400ml peracetic acid solution (2%w/v) at 37 °C and at
150 rpm overnight by avoiding exposure to the light. The solution was
separated with a ceramic filter and the oxidized fibers saved were
washed thoroughly by using copious amount of deionized water. To ex-
tract soluble proteins, the oxidized fibers were treated with 200 ml
100 mM tris-base solution at pH 10.5 in an incubator at 37 °C with a
shaking rate of 150 rpm for 3 h and the solution was filtered. This step
was repeated twomore times. The extraction solutions were combined
and pH of the resultant solution was adjusted to ~4 using 1 N HCl solu-
tion. The precipitated proteins were isolated by centrifugation, washed
three timeswith 100ml 100mM tris-HCl buffer at pH 4.2 and dissolved
in 30ml tris-base solution at pH 10.5. The protein solutionwas dialyzed
against 4 L deionized water using a pretreated dialysis membrane tub-
ing. Dialysis mediumwas changed thrice a day, and the dialysis process
was carried out for 3 days. Finally, the dialyzed proteins were lyophi-
lized and stored at−20 °C (Yield = 35 ± 5%).



Fig. 3. SEM images of (a) the defatted wool, (b) the oxidized wool, and (c) the wool residue after the extraction.
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2.3. Characterization of the wools and the keratose extracted from the oxi-
dized wool

X-ray diffraction (XRD) analyses were carried out using a Philips
PANalytical X'Pert Pro (Almelo, Netherlands) model diffractometer
with an incident CuKα radiation at 1.54 Å and a scan rate of 0.139 de-
gree/min. The Bragg angles (2θ) were changed between 5° and 80°.
FTIR spectroscopy of the samples was performed on a Shimadzu
Fig. 4. TGA curves of (a) the defatted wool, (b) the oxidized wool, (c) the keratose, and corresp
8400S (Tokyo, Japan) spectrophotometer using KBr pellet technique.
The spectra were taken between 400 cm−1 and 4000 cm−1 wavenum-
ber range with a scan number of 32 and a resolution of 2 cm−1. To ob-
tain the composition of secondary structure of the keratose, amide I
region of its FTIR spectrum was deconvoluted into optimum number
of Gaussian peaks according to R2 and χ2 values using Origin data anal-
ysis and graphing software (OriginLab, Northampton, MA). Scanning
electron microscopy (SEM) images of the raw wool and the processed
onding DTGA curves of (d) the defatted wool, (e) the oxidized wool, and (f) the keratose.



Fig. 6. Size distribution of the keratose solutions with concentrations of (a) 5 mg/ml, and
(b) 10 mg/ml.

Fig. 5. SDS-PAGE patterns of the keratose. Samples: lane 1 = keratose, lane 4 = protein
molecular weight marker.

1011E. Pakkaner et al. / International Journal of Biological Macromolecules 125 (2019) 1008–1015
woolswere observed using an FEI Quanta 250 FEG (Oregon, USA)model
instrument. The samples were cut into fragments in millimeter size
range and sputter-coated with gold layer in rarefied argon. Mean diam-
eter of the rawwool fiberswas determined using ImageJ software (NIH,
US), [36] by averaging the data from 20 different fibers. Thermal gravi-
metric analyses (TGA) of the raw wool, the oxidized wool and the ker-
atose were conducted on a Shimadzu TGA-50 (Tokyo, Japan) model
instrument between room temperature and 1000 °C. TGA experiments
were performed using 10 °C/min heating rate and nitrogen atmosphere
with a flowrate of 40 ml/min. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out using a TruPage™ pre-
cast gelwith a gradient of 4–12%. Keratose solution at 10mg/ml concen-
tration in the sample buffer was incubated at 90 °C for 5 min. 2 μl of
denaturated protein solution was diluted with 8 μl sample buffer and
the mixture was loaded and run through the gel using a buffer with a
composition of 1.2M tris-base, 0.6MMES and 2.0%w/v SDS by applying
a voltage of 180 V for 30min. Then, the gel was stained with Coomassie
brilliant blue R-250 solution for 2 h and destained with a solution con-
taining 20% ethanol and 5% acetic acid for 3 h with successive washes.

2.4. Characterization of self-assembled keratose structures

Keratose structures formed at low concentrations were character-
ized using dynamic light scattering (DLS) and atomic force microscopy
(AFM) techniques. The protein solutions were prepared at 5 and
10 mg/ml concentrations using phosphate buffer saline (PBS; 10 mM
phosphate containing 150 mM NaCl at pH 7.4) and filtered. The solu-
tionswere equilibrated at 25 °C for at least 15min prior to DLSmeasure-
ments recorded using aMicromeritics NanoPlusmodel instrumentwith
three measurements for each sample. The size distributions of the sam-
ples were obtained using CONTINmethod. 5mg/ml keratose solution in
deionized water was used in AFM characterization. 3 μl of filtered solu-
tionwas applied to freshly cleavedmica evenly and dilutedwith 10 μl of
Milli-Q gradewater. AFM imagingwas performed at room temperature,
using tapping mode with a Bruker silicon cantilever tip having a spring
constant of 0.1 N/m (Camarillo, CA, USA). AFM observations were per-
formed using a Digital Instruments-MMSPM Nanoscope lV model in-
strument and the data were analyzed using NanoScope Analysis
software (Bruker, US).

To prepare hydrogels, the keratose proteinswere dissolved in an ap-
propriate solvent (PBS at pH 7.4 or deionized water) at 10 w % concen-
tration. Resultant viscous solutions were incubated at 37 °C or 50 °C for
4 h to promote gelation. Oscillatory rheology experiments of the
hydrogels were carried out on a Thermo Fisher Scientific HAAKE
MARS Rheometer (Waltham, MA, USA) instrument equipped with a
stainless steel parallel plate with a diameter of 35mm. The keratose hy-
drogel prepared in PBS buffer at pH 7.4 was applied to the plate and the
gap distance between the plates was adjusted to 0.5 mm and light min-
eral oil was used to block the sides of the plates to suppress the possible
evaporation of the material during the rheological tests. Strain sweep
experiments were performed at 1 Hz and frequency range was set be-
tween 0.01 and 100 Hz for frequency sweep experiments. The data
were taken at 25 °C. Each test was carried out duplicate and average
of the two experiments with corresponding standard deviation values
waspresented. Pore size and interconnectivity of the hydrogel networks
were evaluated using an FEI Quanta 250 FEG SEM (Oregon, USA)model
instrument. Self-assembled hydrogels prepared in deionized water
were soaked into liquid nitrogen and freeze-dried. Images of the
cross-sectionally fractured portion of the samples were observed with-
out coating with gold. Average pore size of the hydrogels was deter-
mined by measuring 30 pores from different spots using ImageJ
software.

Cell proliferation (CCK-8) assaywas performed using L929mousefi-
broblast cell line based on sets of four independent hydrogel samples
and control samples. The cells were cultivated in the DMEM medium
containing 2 mM glutamine, 10% fetal bovine serum (FBS) and 50 μg/
ml gentamycin sulfate. 10 w % keratose solution was prepared in PBS
buffer at pH 7.4 and 100 μL of the keratose solution was pipetted into
each corresponding well of 96 well microplate and incubated at 37 °C
to obtain the hydrogel. Empty tissue culture treated polystyrene
(TCPS) wells were used for comparison. 100 μl L929 cell solution (2.5
× 104 cell/ml in cultivation medium) was added to each well and the
microplates were incubated at 37 °C in 5% CO2 atmosphere for 1 and
3 days. To determine cell proliferation, 10 μl CCK-8 solution was added
to each well and the microplates were incubated for 2 h. Absorbance
values at 450 nm (A450 nm) were measured using Thermo Fisher
Varioskan Flash microplate reader (Waltham, MA, USA). Relative cell



Table 1
Summary of the DLS size distribution parameters.

Concentration
(mg/ml)

D10
(nm)

D50
(nm)

D90
(nm)

Peak max.
(nm)

PDI

5 18 24 50 23 0.507
10 22 31 59 28 0.514
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proliferation rates of the samples were calculated using:

Relative cell proliferation rate

¼ A450 nm of the sample
A450 nmof TCPS measured at the end of Day 1

Statistical analyses were carried out using independent two-sample
t-test method on Minitab software (Minitab Inc., PA, US).

3. Results and discussion

3.1. Characterization of the wools and the keratose

XRD technique was used to detect crystallinity of the samples and
changes in the ordered structures of the proteins during the extraction
process. XRD curves of the defattedwool, the oxidizedwool and the ker-
atose are given in Fig. 1. The patterns composed of an amorphous back-
ground and broad peaks indicated that all the samples were semi-
crystalline. Additionally, the peak positions matched to those observed
for α-keratins [37]. The peaks were more apparent for the oxidized
wool and the keratose samples suggesting their higher ordered struc-
tures content. Similarly, intensities of the XRD peaks were higher for
the keratin extracted using L‑cysteine at basic pH compared to those of
the parentwool sample [38]. However, acid hydrolysis of a wool sample
using 4 N HCl at high temperature yielded amorphous structure [20].
The peak at 20° corresponds to β-sheet structure whereas the other
peak at 9° represents both α-helical and β-sheet conformations of the
proteins [38,39]. No significant difference was observed between rela-
tive intensities of these two peaks for the oxidized wool and the kera-
tose indicating that no detectable conformational changes occurred
during the extraction of the keratoses from the oxidized wool. Thus, it
is likely that the oxidation procedure applied in this study did not dis-
rupt the ordered structures of the keratinous proteins, substantially.
Fig. 7. (a) 2D AFM image, and (b) particle size dist
Functional groups and structural changes occurred during the ex-
traction of the proteins were determined using the FTIR spectra of the
samples given in Fig. 2. Fingerprints of the proteinaceous structures
were revealed by amide I (1600–1690 cm−1), amide II
(1480–1575 cm−1), and amide A (~3300 cm−1) bands observed for all
the wool samples and the keratose [40]. Additionally, formation of a
new band observed for the oxidized wool and the keratose at about
1040 cm−1 was attributed to the asymmetric vibrations of S\\O groups
of the sulfonate in cysteic acid and confirmed the peracetic acid assisted
oxidation of cysteines to cysteic acids [41,42]. However, in these spectra,
symmetric vibrations of S\\O groups of the cysteic acid at 1075 cm−1

manifested as a weak band [41]. The sharp band observed at
1657 cm−1 in the spectrum of the keratose indicated that the extracted
protein was rich inα-helical secondary structure similar to the otherα-
keratin family of proteins [18,43,44]. Amide I region of the FTIR spec-
trum of the keratose proteins in solid form was deconvoluted into
Gaussian peaks and is given in Fig. S1 in Supporting Information section.
Resulted fittings were analyzed for the compositions of the correspond-
ing secondary structures of the keratose according to the suggested as-
signments [45]. Three Gaussian peaks at 1622, 1655, and 1689 cm−1

indicating respective 9% β-sheet, 72% α-helix and 19% β-turn content
of the keratose were observed.

SEM pictures of the defatted and the oxidized wool and the residual
material after the extraction of the keratose are given in Fig. 3a, b, and c,
respectively. The defatted wool fibers were observed to be stiff and
polydisperse with an average diameter of 29 ± 10 μm. After the
peracetic acid treatment, the oxidized fibers became more flexible and
porous. Extraction of the keratoses, on the other hand, disrupted the
fiber structures as clearly depicted from Fig. 3c. SEM images of the resid-
ual β-keratin rich structures obtained from another wool species indi-
cated that those keratose proteins were not gently stripped from the
wool fibers in consistent with the current study [42]. Interestingly,
hair fibers subjected to the oxidation and the extraction processes
were split longitudinally [46].

Thermal behavior of the defatted and the oxidizedwool samples and
the keratose was investigated using TGA and derivative thermal gravi-
metric analysis (DTGA) methods. The resultant curves are given in
Fig. 4. All of the three samples exhibited threemajor thermal transitions
by giving less than 2% residue at the end of 1000 °C. The first endotherm
observed at ~75 ± 3 °C corresponded to removal of moisture and vola-
tile materials which constitutes ~6.5–7% of the total weight of the
ribution of the keratose prepared at 5 mg/ml.



Fig. 9. Frequency sweep data of the hydrogel prepared at 50 °C.

Fig. 8. Frequency sweep data of the hydrogel prepared at 37 °C.
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samples. The second endothermwas obtained between 200 °C and 400
°C mainly indicating the degradation of the side chains of the proteins
[39,44,47]. In this region, the corresponding weight losses were 36%,
37%, and 45% for the defatted wool, the oxidized wool and the keratose
respectively. Similarly, ~45% weight loss associated with the second en-
dothermwas reported for keratin proteins from a bovine hoof [44]. Dif-
ferent from thewools, there appeared a shoulder at about 246 °Cwithin
this second endotherm of the keratose which was probably due to the
elimination of sulfur containing gases or other smallmoleculesmore co-
operative manner. The last endotherm was observed between 450 °C
and 600 °C and could be attributed to pyrolytic decomposition as sug-
gested based on a sudden contraction in a dynamicmechanical analysis
curve due to cyclization reactions [47].

SDS-PAGE data of the extracted keratoses are given in Fig. 5 and in-
dicated a number of protein fractions populated between 14 kDa and
100 kDa in a diffusive manner rather than appearing as discrete
bands. Relatively intense band between ~43 kDa and ~53 kDa matched
to themolecularweight distribution ofmonomericα-keratose fractions
extracted from an oxidized merino wool identified using LC-MS/MS
[31]. The more distinct bands were observed between ~23 kDa and
~33 kDa. It was reported that wool fibers also contained γ-keratin
with high sulfur content and high tyrosine proteins in addition to α-
keratins (low sulfur proteins). For merino wool, molecular weight of
γ-keratinwas determined as 10.4 kDa andno traces of tyrosine richpro-
teinswere reported upon following similar oxidation process applied in
current study [31]. Therefore, the bands between 23 kDa and 33 kDa
could be either due to the proteins other than α-keratose family or
the fragments of α-keratose proteins formed during the oxidation pro-
cess as peracetic acid could cleave the peptide bonds.

3.2. Characterization of the keratose nanostructures formed at low
concentration

Dynamic light scattering and atomic force microscopy were used to
determine size and morphological characteristics of the structures
formed at 5 and 10 mg/ml keratose solutions. Size distributions mea-
sured by DLS are given in Fig. 6. Hydrodynamic diameter values of the
sample prepared at 5 mg/ml concentration ranged between ~15 nm
and ~100 nm indicating high polydispersity of the sample. At
10 mg/ml concentration, lower end of the size distribution was ob-
served to shift to ~20 nm. Other size distribution parameters of the
two samples are summarized in Table 1. 2D AFM image and particle
size distribution of the sample at 5 mg/ml concentration are presented
in Fig. 7. Particles having ellipsoidal cross section with sizes populated
between ~25 and ~75 nm were observed in consistent with the size
measured using DLS. G-actin monomer with similar molecular weight
(~42 kDa) as α-keratin exhibited a hydrodynamic diameter of 5.8 nm,
quite lower than those obtained in current study [48]. Hydrodynamic
diameter of a fibrous protein, fibrinogen (MW = 340 kDa) was deter-
mined to be 21.9 nm [49]. Comparing size and molecular weight distri-
butions of the keratose with those of G-actin and fibrinogen and
considering the DLS and AFM results, it can be concluded that the kera-
tose proteins at low concentrations in aqueous solutions self-assembled
into globular aggregates. Similar aggregation tendency was also ob-
tained for keratin (reduced form) samples extracted from West York-
shire region (UK) white sheep wool. Mean size (hydrodynamic
diameter) of the keratin solution at 1 mg/ml concentration was found
to increase from 14 to 30 nm as salt concentration increased from
5 mM to 0.5 M. Cryo-TEM image of these samples indicated ellipsoidal
structures with diameters between 12 and 44 nm at 5 mM salt concen-
tration [50].

3.3. Characterization of the keratose hydrogels formed at high
concentration

Keratose solutions prepared at 10 w % concentrations formed self-
standing hydrogels upon incubation at 37 °C or 50 °C as given in
Fig. S2. Cooling of the hydrogels to the room temperature did not
change their integrity. Hence, rheological experiments of the hydrogels
were performed at 25 °C, rather than their gelation temperatures. Strain
sweep tests were carried out to determine linear viscoelastic region of
the hydrogels [51]. The data obtained are presented in Fig. S3. Linear vis-
coelastic regions were observed between respective % strain regions of
0.01–1.0 and 0.01–0.1 for the hydrogels prepared at 37 °C and 50 °C.
Using these results, frequency sweep experiments were carried out at
0.3% and 0.03% strain values for the hydrogels prepared at 37 °C and
50 °C, respectively to get the datawithin their linear viscoelastic regions.
Plots of frequency dependence of moduli of the hydrogels are given in
Figs. 8 and 9. For both samples, G′ (storage modulus) values were ob-
tained to be higher than G″ values (loss modulus) confirming their
gel-like behavior. Plateau value of storage modulus was obtained as
0.17 ± 0.03 kPa for the hydrogel prepared at physiological temperature
(Fig. 8). As gelation temperature increased to 50 °C, the strength of the
hydrogel increased to 3.7 ± 0.5 kPa as revealed by Fig. 9. Similarly,
stronger chitosan based gels were also obtained upon increasing tem-
perature and itwas attributed to increase in hydrophobic attractions. In-
creasing temperature, on the other hand, decreases strength of
hydrogen bonds. Although breaking hydrogen bonding seems unfavor-
able, it may provide chain flexibility to create contacts by facilitating the
formation of network structure as suggested for chitosan hydrogels
[52]. In another study, human hair derived keratose based hydrogels
were prepared at 20 w/v % concentration and 37 °C. Similar G′ value



Fig. 10. SEM pictures of the freeze-dried keratose hydrogels prepared (a) at 37 °C (b) 50 °C.
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(~0.21±0.09 kPa)was obtained for the hair-based keratose hydrogel at
much higher concentration indicating that the source of keratinous pro-
teins may affect the gelation properties of the resultant hydrogels [46].

Morphologies of the hydrogels prepared at 37 °C and 50 °C observed
using SEM are given in Fig. 10a and b, respectively. Cross-sections of the
hydrogel prepared at physiological temperature indicated that the net-
work was constituted mainly by association of the fibrils. Thicker and
densely packed pore walls were observed in the structure of the hydro-
gel prepared at 50 °C.Meanpore sizeswere obtained as 10±3 μmand9
±3 μm for the samples gelled at 37 °C and 50 °C, respectively. However,
it was reported that hair-derived keratose at 20 w/v % concentration
had an average pore size of 13 ± 1 μm [46]. Higher pore size obtained
at high keratose concentration can be due to stronger interactions be-
tween the keratosemolecules. Pore size and architecture have direct ef-
fect on cell proliferation andmigration and optimum pore size depends
on the cell type. Considering optimum pore size suggested for the pro-
liferation of fibroblast was suggested as 5–15 μm, keratose based
hydrogels seemed suitable for the ingrowth of these kinds of cells [53].

Preliminary studies of hydrogel-cell interactions were conducted
using CCK-8 assay. Cell proliferation results of the hydrogel prepared
at 37 °C and the control sample, empty TCPS wells, are given in
Fig. 11. Statistically significant difference between cell proliferation
Fig. 11. Cell proliferation results of the hydrogel prepared at 37 °C and empty TCPS wells
obtained at the end of the 1st and 3rd day. (*→ p= 0.012; **→ p=0.005; ***→ p= 0).
rates of both samples obtained at the end of day 1 and day 3 (p value
= 0) clearly indicated that the hydrogel and TCPS mediated cell prolif-
eration. On the other hand, p value of the cell proliferation rates of the
hydrogel and TCPS obtained at the end of day 3 suggested that TCPS
was slightly better support for extended cell culture periods. Neverthe-
less, superior performance of the TCPSwas not unusual as TCPSwas also
found to accelerate cell proliferation with a higher rate compared to
those of other hydrogels prepared using some self-assembled peptides
[54,55], and hair-derived keratin [56].
4. Conclusions

Water soluble oxidized form of keratin proteins (or keratoses) was
obtained from Akkaraman sheep wool with a quite high yield by using
peracetic acid treatment. AFM observations and DLS measurements
suggested that the keratose proteins at 5 mg/ml concentration in aque-
ous solutions self-assembled into globular nanoparticleswith diameters
populated between 15 and 100 nm, whichmake them suitable for drug
delivery applications. On the other hand, at 10 w % keratose concentra-
tion andupon incubation at 37 °C, self-supported interconnected hydro-
gel structure formed with an average pore size in the proposed range to
support fibroblast ingrowth. As assembly temperature was increased
from 37 °C to 50 °C, the hydrogel network composed of denser walls
with aminimal change in average pore sizewas obtained. In the prelim-
inary cell culture experiments, the hydrogel prepared at 37 °C was ob-
served to support proliferation of L929 mouse fibroblasts cells. These
results suggested that the keratose hydrogels could be promising candi-
dates as scaffolds for soft tissue engineering with tunable viscoelastic
and microstructure characteristics.
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