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High-content keratin/poly (ethylene oxide) (PEO) (90/10) blend nanofibers were prepared by electrospinning combined with a
two-step cross-linking process. The keratin/PEO aqueous solution was firstly mixed with ethylene glycol diglycidyl ether (EGDE)
as cross-linker and then electrospun into nanofibers.The resulting nanofibrousmatswere cross-linkedwith EGDEvapor to decrease
the solubility of nanofibers in water. The morphologies and properties of electrospun fibers were investigated by SEM, FTIR, TG,
XRD, and contact angle testing, respectively. The results showed that the morphologies of nanofibers were uniform at the fiber
average diameter of 300 nm with negligible bead defects by adding EGDE to keratin/PEO solutions. The cross-linking results
showed that EGDE vapor could improve the hydrophobic property of blended nanofibers. The crystallinity of the keratin/PEO
blend nanofibermat increased from 13.14% for the uncross-linked sample to 21.54% and 35.15% for the first cross-linked and second
cross-linked samples, respectively. Free defect nanofiber mats with high keratin content producing from this two-step cross-linking
process are particularly promising for tissue engineering and cell-seeded scaffold.

1. Introduction

Keratin, as the major protein component of hair, wool,
feathers, nails, and horns, belongs to a family of fibrous
structural proteins and can be used in a variety of biomedical
applications due to its biocompatibility and biodegradability
[1–7]. Among these sources, human hair keratin emerges as
an attractive protein because it can be easily obtained from
the unlimited supply of human hair, making it abundant
and readily available [8]. Electrospun nanofiber mats have
many potential biomedical applications for their attractive
features such as high surface-to volume ratio and very
high porosity [9–11]. In addition, the structure and fiber

distribution of the mats can be controlled to provide them
with necessary mechanical property and induction during
the cell culture process [12]. Due to their excellent properties,
a handful of research groups have tried to create keratin
fibrous matrices through electrospinning technology [13–
16]. However, because of the low molecular weight and low
viscosity of extracted keratin, most researchers have to resort
to fabricate nanofibrous mats using keratin in combination
with other natural or synthetic polymers [17].

Poly (ethylene oxide) (PEO) is a water-soluble poly-
mer with good biocompatibility, low toxicity, and excellent
spinnability. It has been proved that the fiber-forming prop-
erty of keratin solution can be greatly improved by proper
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addition of PEO [13, 18]. When PEO is blended with keratin
in ratio of 30/70, the viscosity of spinning solutions increased
and could be electrospun into continuous nanofibers with
few defects. However, when the keratin content is further
increased, the bead-like defects would appear on the fiber.
How to prepare keratin/PEO nanofibermat with high keratin
content is the urgent problem to be solved for medical appli-
cations such as tissue engineering. Xin et al. [19] proposed
a method to prepare keratin/PEO nanofiber mat with high
keratin content. In their method, keratin was chemically
modified by reacting sulfide side group with iodoacetic
acid to enhance its solubility in organic solvent. Then, the
modified keratin was blended with PEO in weight ratio
of 90/10 and dissolved in 2, 2, 2,-trifluoroethanol (TFE)
for preparation of nanofibers. Although organic solvent can
increase keratin content in the resulting samples, the residual
solvent in the nanofibers may cause an unexpected risk such
as allergy. In addition, comparing with water as spinning
solvent, organic reagent as solvent is not environmental
friendly and not economic. Another problem to be solved
for making biomedical keratin/PEO blend nanofiber mat is
that the blend nanofiber mats are easily to be dissolved in
water because of the water solubility of keratin and PEO.
Xin et al. [19] also suggested that the water tolerance of the
keratin/PEO blend nanofiber mat should be improved by
cross-link treatment.

Ethylene glycol diglycidyl ether (EGDE) is a diepoxy
cross-linker with two epoxide groups on either end. The
epoxide group is reactive cyclic ether composed of three ring
atoms, which make EGDE easily react with amino group on
the amino acid at the end or in the middle of the keratin
molecules in neutral condition; see Figure 1. In this condition,
the keratin molecules can be extended by EGDE. Therefore,
the spinnability of keratin and its content in the keratin/PEO
blendnanofibermatmight be improved. Furthermore, EGDE
might also provide an appropriate choice for improving the
waterproof performance of the blend nanofiber mat.

In this work, a high keratin content keratin/PEO (90/10)
blend nanofiber mat was fabricated by electrospinning using
aqueous solution after cross-linking treatment with ethylene
glycol diglycidyl ether (EGDE). In order to improve the water
resistance of the nanofiber mat, the obtained blend nanofiber
mat was further treated with EGDE vapor. The properties of
nanofibers were investigated by SEM, FTIR, TG, and a video
optics contact angle apparatus.

2. Experimental

2.1. Extraction of Human Hair Keratin. Human hair was
obtained randomly from a local hair salon, washed exten-
sively, rinsed with petroleum ether, and then dried at room
temperature for 24 h and cut into 5mm length.The extraction
of keratin from human hair was performed according to
the previously reported method [20]. The human hair (6 g)
was shaken in 200mL of aqueous solution containing 7M
urea, 2 wt% SDS, and 5wt% Na

2
S
2
O
5
at 95∘C for 4 h. The

resulting mixture was filtered through a stainless-steel mesh,
and subsequently dialyzed against 3 L of distilled water in
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Figure 1: The schematic reaction of keratin with EGDE in neutral
condition.

cellulose tubing (molecular weight cut off = 8000–14000Da)
for 36 h with three changes of H

2
O. Finally, the keratin

solution was then lyophilized to obtain keratin powder.

2.2. First Cross-Linking in Keratin/PEO Solutions. PEO
(molecular weight = 400000Da) power (10.5 g) was stirred in
150mLof distilledwater at 45∘C for about 4 h.Keratin powder
(0.126 g) was first dissolved in 7wt% PEO solution (0.2mL)
and then distilled water was added into the mixture.The final
mixture solution was 2mL. Subsequently, EGDE (0.125mL)
was mixed into the keratin/PEO solution for electrospinning.
The mixtures were stirred for 30min at 60∘C to ensure
complete dissolution.

2.3. Fabrication of Electrospun Keratin/PEO Nanofibrous
Mats. After dispensing the keratin/PEO solution after cross-
linking by EGDE, electrospinning was performed at a con-
stant feed rate of 0.5mL/h, an accelerating voltage of 16 kv
and the distance of 15 cm from the syringe tip to collector for
ensuring complete evaporation of solvent. The nanofibrous
mats were produced with a deposition time of 30min.

2.4. Second Cross-Linking of Keratin/PEO Nanofibrous Mats.
In order to increase the water resistance of nanofibers for
their biomedical applications, keratin/PEO nanofiber mat
was further cross-linked with EGDE vapor (99.5%) at 80∘C
for 5 h.

2.5. Characterization. The morphologies of the samples
were analyzed using a scanning electron microscope (SEM,
TM-1000, Hitachi, Japan). A Fourier transform infrared
spectroscopy (FTIR, TENSOR37, Bruker, Germany) was
employed to determine the chemical composition of the
untreated keratin/PEO nanofibers, first cross-linking ker-
atin/PEO nanofibers and second cross-linking keratin/PEO
nanofibers. Infrared absorbance spectra of the samples were
recorded at wavelengths 400–4000 cm−1.

A video optics contact angle apparatus (JY-80, Chende
Dingsheng Test machine equipment Co., Ltd., China) was
used to assess the hydrophilicity of keratin/PEO nanofibers
obtained in these experiments.

3. Results and Discussion

3.1. Morphologies of Nanofiber Mat. Figure 2 shows the SEM
micrographs of the nanofiber mats produced from spinning
solution containing 90wt% keratin. As shown in Figure 2(a),
therewere bead defects in nanofibers when the spinning solu-
tion had not recieved EGDE cross-linking pretreatment. The
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(a) Untreated keratin/PEO nanofibers mat (b) First cross-linking keratin/PEO nanofibrous mat

(c) Secondary cross-linking keratin/PEO nanofibrous
mat

Figure 2: Scanning electronmicrographs of nanofibermats (a) uncross-linked keratin/PEOnanofibresmat; (b) first cross-linked keratin/PEO
mat; (c) second cross-linked keratin/PEO mat.

(a) First cross-linking keratin/PEO nanofibrous mat (b) Secondary cross-linking keratin/PEO nanofibrous
mat

Figure 3: Contact angle images of (a) First cross-linked keratin/PEO nanofibers mat; (b) second cross-linked with EGDE vapor (99.5%)
keratin/PEO nanofibers mat.

reason might be that the low viscosity of spinning solution
caused rise to break of jet [13]. Electrospun nanofibers with
negligible bead defects were produced using the cross-linked
spinning solution by EGDE (see Figure 2(b)), suggesting that
EGDE could improve the spinnability of high content keratin
solution. The improvement of fiber morphology is due to
the cross-linking reaction between keratin molecules, which
extends the keratin molecular length.

Figure 2(c) showed the morphology of the second cross-
linked keratin/PEO nanofibermat. Obviously, themorpholo-
gies of keratin/PEO nanofiber mat deteriorated slightly after

the crosslinking. That may be due to the high temperature of
the cross-link reaction with EGDE vapor.

3.2. Hydrophobicity of Nanofibers Mats. The water resis-
tances of first cross-linked keratin/PEO nanofibers and sec-
ondary cross-linked keratin/PEO nanofibers were evaluated
using a contact angle test apparatus. Contact angle images
from the cross-linked keratin/PEO nanofibers are shown in
Figure 3. For the first cross-linked keratin/PEO nanofibers,
the angle was almost 0 (Figure 2(a)), suggesting that the
first cross-linked keratin/PEO nanofibers are hydrophilic.
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Figure 4: Curve-fitted amide I region of the keratin/PEO blend nanofiber mats.

The contribution of the first cross-linking reaction to the
hydrophobicity of the fiber mat was negligible.

After secondary cross-linking with EGDE vapor, the
contact angle of nanofiber mat increased to about 36.5∘. The
results showed that the secondary cross-linked method had
a significant effect on the water resistances of keratin/PEO
nanofibers.

3.3. FTIR Spectra Analysis. Infrared spectroscopy has been
applied to investigate the molecular conformation of ker-
atin/PEO nanofiber.The keratin component of the fiber gives
the characteristic absorption bands in the regions named
the amide A (2800–3286 cm−1), amide I (1600–1700 cm−1),
amide II (1480–1580 cm−1), and amide III (1220–1300 cm−1)
peaks, among which the amide I band corresponding to
the C=O stretching vibration is especially sensitive to the
secondary structure of the proteins. And the amide I trans-
mission band is not disturbed by the transmission peak
generated by PEO and EGDE. As a result, the amide I band

is appropriate to characterize the structural conformation of
keratin in the blend nanofibers [13].

The secondary structure of keratin in the different
nanofibers was compared by curve fitting of the amide I band.
Firstly, the transmitted spectrawere normalized at 3284 cm−1,
at which the band corresponds to N-H stretching vibration
of amide A. Since this transmission band was rarely affected
by chemical treatment, it could be chosen as the band for
spectrumnormalization.Then, the amide I bandwas resolved
in Gaussian-shaped bands at about 1622 cm−1 and 1650 cm−1
corresponding to the 𝛽-sheet structure and 𝛼-helix structure
of keratin, shown in Figure 4.Themaximum peak height and
content of the peak’s corresponding structure were calculated
from peak area, as listed in Table 1.

It can be seen from Figure 4 that the shapes of peaks at
1625 cm−1 and 1622 cm−1 are almost the same for the three
nanofiber mats. Table 1 suggests that the 𝛽-sheet structure
and 𝛼-helix structure content of keratin almost do not change
by the cross-link reaction by EGDE. The intensities of the
two characteristic transmission peaks are gradually increased
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Table 1: Amide I absorption bands of keratin/PEO blend nanofiber mats.

Wavenumber (cm−1) Uncross-linked nanofiber mat First cross-linked nanofiber mat Second cross-linked nanofiber mat
Max height Content Max height Content Max height Content

1622 14.0 29.7 16.1 28.9 18.7 28.2
1625 21.3 43.4 28.3 49.0 30.9 46.8
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Figure 5: FTIR spectrum of keratin/PEO blend nanofiber mats (a)
Untreated keratin/PEO nanofibers mat; (b) first cross-linking ker-
atin/PEOnanofibrousmat; (c) secondary cross-linking keratin/PEO
nanofibrous mat.

accompanying with the step-by-step cross-linking reaction
(see Figure 4 and Table 1), meaning that the cross-linking
reaction strengthened the absorption capability of keratin on
its characteristic bands.

Previous research work showed that the characteristic
transmission peak of PEO attributed to the C-O-C stretching
vibration presents at 1094 cm−1 [21]. In addition, the peak
value corresponding to the C-O-C stretching vibrationwould
move to larger wave number at about 1102 cm−1 as the keratin
content increased to 60% in the keratin/PEO blendmaterials.
As a result, the weak peak at 1100 cm−1 of the uncross-linked
nanofiber mat (line (a) in Figure 5) is due to the C-O-C
stretching vibration of PEO for the three blend nanofiber
mats with high keratin content [22]. The transmission spec-
trums of first and second cross-linked nanofiber mats in
Figure 5 show that the C-O-C stretching vibration absorption
are intensified by further cross-linking reaction with EGDE.
That should be attributed to the epoxide groups in cross-
linker EGDE.

The other two characteristic transmissions of EGDE
located at the band 910 cm−1 and 859 cm−1 arise from the
stretching vibrations of the epoxide groups in EGDE [23].
Figure 5 suggests that there are two weak transmission peaks
at 910 cm−1 and 859 cm−1, which indicates that there are small
amount of EGDE residual in the first and second cross-linked
nanofiber mats.

3.4. Thermal Analysis. TG analysis was conducted to eval-
uate the effect of cross-linking treatment on keratin/PEO
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Figure 6: The TG curves of samples (a) untreated keratin/PEO
nanofibersmat; (b) first cross-linking keratin/PEOnanofibrousmat;
(c) secondary cross-linking keratin/PEO nanofibrous mat.

nanofiber mats. Figure 6 illustrates that the uncross-linked
nanofiber mat presents lower thermal stability comparing
with the first and second cross-linked nanofiber mats.

There are four weight loss stages of evident mass losses in
thermogravimetric graphs (Table 2). The smallest percentage
of weight loss in the first stage that occurred bellow 100∘C
is ascribed to the vaporization of the free water, physical
adsorption of water, and the water of crystallization [24].
The second weight loss stage ranging from 127∘C to 230∘C
in the TG curve of the first and second cross-linked fiber
mats can be attributed to the melting of a-keratin [25]. The
corresponding weight loss stage of the uncross-linked sample
appeared in the range from 111∘C to 154∘C [26].

The third weight loss stage of the first and second cross-
linked fiber mats emerge from 211∘C to 384∘C with the max-
imum decomposition rate at 307∘C, which corresponding to
the decomposition of keratin [25]. The corresponding broad
endothermic region of the uncross-linked sample emerges
from 154∘C to 258∘C with the maximum decomposition rate
at 209∘C [22]. The last phase of mass loss is connected
with the decomposition of keratin/PEO nanofibers. Weight
loss analysis of nanofiber mats suggests that the lower
temperature of denaturation/melting of a-keratin crystallites
structure was shifted to the higher temperature after cross-
linking treatment, suggesting that EGDEcross-link treatment
can improve the thermal property of the keratin/PEO blend
nanofiber mat.

3.5. X-Ray Diffraction Analysis. X-ray diffraction graphs
were shown in Figure 7. It can be found that the typical
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Table 2: The weight loss and range of temperatures with different stages in the TG curves of different samples.

Untreated nanofiber mat First cross-linking nanofiber mat Second cross-linking nanofiber mat
Temperature (∘C) Weight loss (%) Temperature (∘C) Weight loss (%) Temperature (∘C) Weight loss (%)

Phase I 20–111 8.05 22–127 3.98 36–127 1.96
Phase II 111–154 21.01 127–211 5.35 127–229 7.15
Phase III 154–258 36.66 211–384 36.77 229–384 49.6
Phase IV 258–346 12.18 384–445 12.41 384–447 12.30
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Figure 7: X-ray diffraction curves of the samples (a) untreated
keratin/PEO nanofibers mat; (b) first cross-linking keratin/PEO
nanofibrous mat; (c) secondary cross-linking keratin/PEO nanofi-
brous mat.

diffraction pattern of keratin located at 2𝜃 = 10∘ almost
disappeared in the keratin/PEO blend nanofiber mats [26,
27]. Meanwhile, two diffraction peaks at 2𝜃 = 4.7∘ and
7.0∘ emerge in the diffraction curve of the uncross-linked
keratin/PEO blend nanofiber mats, and the intensity of the
two peaks gradually intensified by the cross-linking reaction
with EGDE.Thatmeans the emergency of the two peaks have
a close relationship with the chemical reaction of keratin with
the cross-linker.

The crystallinities of the three samples were calculated
based on the X-ray diffraction curves. The crystalline and
amorphous profiles could be obtained by curve decom-
position using Gaussian function, as shown in Figure 8.
The degree of crystallinity was determined based on the
estimation ratio of the crystalline to amorphous material in
the sample and listed in Table 3.

The results showed that the crystallinity of the ker-
atin/PEO blend nanofiber mat increased from 13.14% for the
uncross-linked sample to 21.54% and 35.15% for the first
cross-linked and second cross-linked samples, respectively.
The reason might be attributed to a new crystalline structure
from the chemical reaction between cyclic ether bond of
EGDE and the hydroxyl group of the keratin. In addition,
the increased crystallinity of the first cross-linked and second
cross-linked nanofiber mats keeps well with their improved
thermal stability by TG test.
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Figure 8: Curve decomposition of the uncross-linked keratin/PEO
blend nanofiber mats.

Table 3: Crystallinity of the keratin/PEO blend mats.

Sample Crystallinity
Uncross-linked 13.14
First cross-linked 21.54
Secondary cross-linked 35.15

4. Conclusions

Keratin was extracted from human hair, and blended with
PEO in aqueous solutions. The EGDE, as cross-linker, was
firstly added to the high-content keratin/PEO (90/10) aque-
ous solutions for preparing nanofibers with negligible bead
defects. EGDE vapor were then employed to cross-link
keratin/PEO (90/10) nanofibers. The results showed that the
use of cross-linker is capable of improving electrospinnability
of keratin and could produce high-content keratin/PEO
nanofibers mat. The secondary cross-linking through EGDE
vapor could increase the hydrophobic property and the crys-
tallinity of keratin/PEO (90/10) nanofibers mat. This study
opens an effective way to fabricate the high-content keratin
nanofibrous mats for cells growth or tissue engineering.
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