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Effects of polyethylene glycol content on the
properties of a silk fibroin/nano-hydroxyapatite/
polyethylene glycol electrospun scaffold

Qi Qi, @+ Yitong Yao,? Xiaoshi Jia,* Yuezhong Meng, {2 *° Ke Zhao*?
and Yutao Jian*©

To study the effects of polyethylene glycol (PEG) content on the mechanical properties and degradation of
silk fibroin, nano-hydroxyapatite, and PEG (SF/nHAP/PEG) electrospun scaffolds, and according to the PEG
ratio in the scaffold (SF: nHAP : PEG), test groups were divided as follows: PEG-0 (10 :2), PEG-0.5
(10:2:0.5), PEG-1 (10:2:1), and PEG-2 (10:2:2). A series of tests to determine the mechanical
properties, degradation rates, and osteogenic characteristics was undertaken. PEG facilitated SF
degradation (PEG-1 > PEG-0.5 > PEG-0 > PEG-2), and the mass loss of the scaffolds in PEG-1 was more
than 30%, while in PEG-2 it was less than 20% after 8 days (P < 0.05). The addition of PEG strengthened
the mechanical properties of the scaffold (PEG-1 > PEG-2 > PEG-0.5 > PEG-0), as the Young's modulus
increased from 41.72 + 3.40 MPa for PEG-0 to 76.12 + 3.73 MPa for PEG-1 (P < 0.05). PEG was favorable
for the osteogenic differentiation of BMSCs (PEG-0.5 > PEG-1 > PEG-2 > PEG-0). The enhancements
were attributable to the increased hydrophilicity and nHAP dispersion, as well as to the secondary
structure transformation of SF. The PEG content was deemed to be optimal when the SF/nHAP/PEG

rsc.li/rsc-advances ratio was equal to 10 : 2 : 1.

Introduction

Bone is a frequently transplanted tissue due to its high rates
of trauma, tumors and malformations, and it is quite diffi-
cult to regenerate spontaneously if the defect exceeds
a certain range.” Bone tissue engineering (BTE) has become
common in bone regeneration research due to its control-
lable and stable performance.> BTE scaffolds require suffi-
cient mechanical strength, good biocompatibility, and
a proper degradation rate.?

Silk fibroin (SF) has been widely used in BTE research,*®
but its lack of mechanical strength and long period of
degradation limit its clinical applications in bone regener-
ation.® Promoting the protein's secondary structure trans-
formation, especially an increase in the B-sheet structure of
SF, will improve its mechanical strength,”® but inhibits its
degradation at the same time.”'® Adding 20 wt% nano-
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hydroxyapatite (nHAP) into SF scaffolds results in better
mechanical properties and even osteoconduction.>'**? A
study has shown that the combination of SF and nHAP
facilitates the osteogenic differentiation of human mesen-
chymal stem cells in vitro and repairs bone defects in vivo.**
Yet, the nHAP also delays the degradation of the blended
scaffold and tends to aggregate in SF solution.' Thus, the
question arises as to how the SF scaffold can be strength-
ened, but not at the cost of prolonging its degradation rate.
It seems that modifying the content of SF/nHAP scaffolds
with certain chemical agents might be a possible way to
effectively adjust their degradation rate, while maintaining
the mechanical properties of the whole structure.
Polyethylene glycol (PEG), a hydrophilic, non-toxic, and
degradable polymer, has been widely used as a dispersant
and drug delivery material.*” It has been suggested that PEG
improves the degradation rate of PCL and gelatin scaffolds
and facilitates cell adhesion by improving the hydrophilicity
of the blend scaffolds.'®'” PEG is also able to disperse nHAP
and prevent it from aggregating,'®' and alter the fiber
structure and the tensile distribution as well."”> Previous
studies have suggested that adding PEG into SF scaffolds
will result in better hydrophilicity and cell activity.>***
Here we report on our study into SF scaffold preparation
combined with the use of PEG and nHAP, which sheds light
on the modification of the scaffold material in BTE with
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improved mechanical properties, biocompatibility, and
degradation properties.

Materials and methods
Preparation of regenerated silk fibroin

The SF extraction was carried out according to a procedure
described in a previous study.** Bombyx mori silkworm cocoons
(Chuang-sai Biotech, Guangzhou, China) were boiled in an
aqueous solution of 0.02 M Na,CO; for 30 min and rinsed to
remove sericin. This step was repeated three times, followed by
dissolution of the degummed silk in 9.3 M LiBr at 60 °C,
yielding a 20% (w/v) solution. The solution was dialyzed (Sigma-
Aldrich, St. Louis, MO, USA) for 3 days and then lyophilized in
readiness for use.

Electrospinning

SF was dissolved in hexafluoroisopropanol (HFIP, Aladdin,
Shanghai, China) and stirred for 2 h to obtain solution A of
7 wt%. By the addition of PEG (MW = 20 000, Aladdin,
Shanghai, China) and nHAP (average size of 20-100 nm, Hua-
lan, Shanghai, China) to the HFIP, which was then dispersed by
sonication and stirring, solution B was prepared. Solutions A
and B were mixed (A: B = 5:2) to obtain the final electro-
spinning solution. SF/nHAP/PEG blended electrospinning
solutions were grouped according to their PEG contents: PEG-
0 (SF:nHAP = 10:2), PEG-0.5 (SF:nHAP:PEG =
10:2:0.5), PEG-1 (SF:nHAP:PEG = 10:2:1), and PEG-2
(SF : nHAP : PEG = 10: 2 : 2). Electrospinning was performed
by means of a syringe with an inner diameter of 0.86 mm at the
tip and a constant flow rate of 2.5 mL h™". The voltage was kept
at 22 kv, and the distance between the capillary tube and the
collection roller was set at 15 cm. After electrospinning, all
scaffolds were treated with 100% ethanol for 30 min to render
the SF undissolved.

Characterization of the hybrid scaffolds

The surface morphology of the electrospun scaffolds was
analyzed with a Nova NanoSEM 430 system (FEI, Eindhoven,
The Netherlands) at an accelerating voltage of 10 kV. Twenty
fibers of each scaffold were selected randomly, and their
diameters were measured with Image ] software (NIH,
Bethesda, MD, USA). The data from attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR; Vertex 70,
Bruker, Ettlingen, Germany) were gathered in absorbance mode
within the spectral range from 4000 cm™" to 400 cm ™', and
processed with Omnic software (Thermo, Madison, WI, USA).
The secondary structure of SF was analyzed by Fourier self-
deconvolution (FSD),*® which was performed in the amide I
region (1595-1705 cm™ ") with a half-bandwidth of 28 cm ™" and
a noise reduction factor of 3. The fitting results were identified
by spectral band, and the relative contents of random coils, a-
helixes, B-turns, and B-sheets were calculated.* The hydrophi-
licity of the scaffolds was analyzed by contact angle measure-
ments in contact angle apparatus (Dataphysics, Filderstadt,
Germany).

33942 | RSC Adv., 2019, 9, 33941-33948

View Article Online

Paper

Mechanical properties of the hybrid scaffolds

The scaffolds were tested according to ASTM D882 (ref. 23) by
means of a CMT5504 universal testing machine (SANS,
Guangdong, China). Each sample was 10 mm in width and
50 mm in length. The test was performed at a speed of 50
mm min~' at room temperature with a load cell capacity of
50 N. The Young's modulus, tensile strength, and maximum
strain were measured.

Degradation of the hybrid scaffolds

Protease XIV from Streptomyces griseus (Sigma) was dissolved in
PBS (pH 7.4) to prepare an enzyme solution (0.1 U mL™").* The
electrospun scaffolds were cut into squares (2.5 cm x 2.5 cm)
and immersed in the enzyme solution at 37 °C. The enzyme
solution was changed daily, and after 2, 4, 6, and 8 days, 3
specimens in each group were removed and lyophilized. Each
specimen was weighed before (W,) and after (W,) degradation
and investigated by macro-observations, SEM, and FTIR.

Mesenchymal stem cell isolation and expansion

Bone marrow mesenchymal stem cells (BMSCs) were obtained
from the femurs and tibias of 4 week-old male Sprague-Dawley
(SD) rats.>® Bone marrow was flushed out and suspended in
DMEM/F12 supplemented with 10% FBS and 1% Pen-Strep. The
cells were incubated at 37 °C in a 95% humidified atmosphere
with 5% CO,. After 24 h, the BMSCs adhered to the flask, while
hemopoietic cells remaining in suspension were removed. The
cells from passage 4 were used in the study. Cell-culture-related
reagents used were obtained from Gibco (Carlsbad, CA, USA).

Cell adhesion and proliferation assays

The scaffolds were cut into ¢10 mm disks and sterilized under
ultraviolet light for 30 min. After being rinsed three times with
sterile PBS, the scaffolds were transferred to cell culture plates
(Corning, NY, USA). BMSCs were seeded at a density of 2 x 10*
cells per mL on pre-wetted electrospun scaffolds. The activity of
the adherent cells was assessed by means of a CCK-8 kit
(Beyotime, Shanghai, China) after 2, 4, and 6 h for the cell
attachment assay and after 1, 4, and 7 days for the proliferation
assays. After 3 days of culture, the morphology of the BMSCs on
the scaffolds was observed by confocal laser scanning micros-
copy (LSM800, Zeiss, Jena, Germany). The samples were
routinely washed and fixed, then permeabilized with 0.5%
Triton X-100 for 10 min at room temperature and stained with
DAPI and Actin-Tracker Green (Beyotime).

Alkaline phosphatase (ALP) activity of the BMSCs

After 7 and 14 days, BMSCs on all scaffolds were assayed for ALP
activity. The samples were washed three times with PBS, per-
meabilized with 1% Triton X-100 for 10 min on ice, and
centrifuged to obtain the supernatant. The total amount of
intracellular protein was measured by means of a BCA Protein
Assay Kit (Beyotime), and the ALP activity by an ALP Assay Kit
(Beyotime). The results were expressed as p-nitrophenol (umol)
produced per min per mg of total protein.

This journal is © The Royal Society of Chemistry 2019
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Real-time quantitative PCR

After 7 and 14 days of culture, an RNeasy Mini kit (Qiagen,
Hilden, Germany) was used to extract mRNA from the cells. The
mRNA was reverse-transcribed by means of a PrimeScript RT
reagent kit (TaKaRa, Japan) to obtain cDNA, which was detected
with FS Essential DNA Green Master (Roche, Mannheim, Ger-
many) in a Roche L96 system. The relative expression levels of
ALP, Runx-2, and Col-1 were calculated and quantified with the
27%4% method. The primers used in the experiment are shown
in Table 1.

Statistics

Differences between groups and the control were analyzed with
one-way ANOVA (except for the degradation test, where
repeated-measures ANOVA was used), followed by the Bonfer-
roni post hoc test. Statistical analyses were performed with SPSS
22.0 (IBM, NY, USA) and GraphPad Prism. Differences and
parameters were considered statistically significant at the level
of 0.05.

Results
Surface morphology of the scaffolds

The nanofibrous and porous structures, observed in all four
groups, were composed of uniform and dense fibers with HAP
particles embedded, and the diameter of the fibers in the PEG-
0.5, PEG-1, and PEG-2 scaffolds was close to that of the fibers in
the PEG-0 scaffold (Fig. 1 and Table 2). The extent of nHAP
aggregation decreased with increasing PEG content: the HAP
particles were generally small and embedded in PEG-2, but were
larger with more exposure in PEG-1 and PEG-0.5, while most of
the particles hung onto the superficial surfaces of the fibers and
were distributed unequally in the PEG-0 group.

Composition analysis of the scaffolds

The absorption peaks of the FTIR spectra at 1032 cm™* of PO,
showed the presence of nHAP, and the peak heights at
1103 cm " and 2888 cm ' indicated the different contents of
PEG in the blended scaffolds (Fig. 2a). The absorption peaks at
1534 cm ™" (amide IT) and 1650 cm ™' (amide I) indicated that SF
in all scaffolds was composed mainly of random coil structures
before ethanol treatment. The secondary conformational tran-
sition of SF after ethanol treatment was indicated by the

Table 1 Primer sequences used for real-time PCR

Gene Primer sequence

: 5“TGCAGGATCGGAACGTCAAT-3'
: 5-GAGTTGGTAAGGCAGGGTCC-3’
: 5-~AGTGCGGTGCAAACTTTCTC-3’
: 5“TTTGACGCCATAGTCCCTCC-3'

ALP F
R
F.
R
Col-1 F: 5'-GATGGACTCAACGGTCTCCC-3’
R
F
R

Runx-2
: 5-CGGCCACCATCTTGAGACTT-3’

: 5-AGTGCCAGCCTCGTCTCATA-3’
: 5-GATGGTGATGGGTTTCCCGT-3'

GAPDH

This journal is © The Royal Society of Chemistry 2019
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Fig.1 SEM images of the scaffold surface morphology with different
PEG ratios: (a) PEG-O0, (b) PEG-0.5, (c) PEG-1, and (d) PEG-2.

characteristic absorption peaks at 1516 cm ™%, 1624 cm ™, and

1699 cm " (Fig. 2b). The content of B-sheets in SF increased
gradually as the amount of PEG increased in the sequence PEG-
0 < PEG-0.5 < PEG-1 < PEG-2 (Table 3).

Mechanical strength of the scaffolds

The Young's modulus increased from 41.72 =+ 3.40 MPa for PEG-
0 to 76.12 £+ 3.73 MPa for PEG-1, and decreased to 56.47 +
1.42 MPa for PEG-2, while the tensile strength increased from
0.67 £+ 0.12 MPa for PEG-0 to 1.71 &+ 0.70 MPa for PEG-1, and
also decreased to 1.57 + 0.11 MPa for PEG-2 (Fig. 3). In
comparison, the maximum strain showed a monotonically
increasing trend with increasing PEG content, corresponding to
the degree of scaffold deformation under tension.

Morphology examination after degradation of the electrospun
scaffolds

After 8 days, the scaffolds in all groups broke apart to various
degrees from mild to severe in the order of PEG-2 < PEG-0 <
PEG-0.5 < PEG-1 (Fig. 4a). Accordingly, the fibers in the scaffolds
became more sparse after degradation, and PEG-1 lost the most
fibers (Fig. 4b). The degradation of the scaffolds increased not
totally parallel to the PEG concentration in them, as the
maximum occurred in group PEG-1 and then the degradation
fell even though the PEG concentration further rose.

Mass test and composition analysis after degradation of the
scaffolds

The scaffolds lost weight during degradation, the mass loss of
PEG-0 to PEG-1 was proportional to the PEG content, and the
loss of PEG-1 was calculated to be more than 30%. PEG-2,

RSC Adv., 2019, 9, 33941-33948 | 33943
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Table 2 Sizes of the scaffold fibers (nm)
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Fig. 2 Composition analysis of the scaffolds: (a) electrospun scaffolds with different PEG content before ethanol treatment; and (b) the

absorbance peak changes of PEG-1 after ethanol treatment.

however, showed much lower degradation (Fig. 5a). With the
nearly non-degradable nHAP as the control, the change in the
SF peak height of the FTIR spectrum of PEG-1 showed that the
scaffold degradation was mostly mediated by damage to SF
(Fig. 5b).

Hydrophilic properties

All scaffolds had good hydrophilic properties, with the contact
angle less than 90°. The angle decreased with increasing PEG
content (Fig. 6).

Cell adhesion and proliferation

After 2, 4, and 6 h of cell culture, no differences in cell activity
among the groups were found (P > 0.05, Fig. 7a). After 3 days of
culture, the cells in each group adhered to the scaffolds and
were spindle-shaped with extending pseudopods (Fig. 8). Cell
proliferation in all groups increased over time, but the
increasing rate in the PEG-2 group was lower than that in the
other groups (Fig. 7b).

Cell differentiation

In general, the cells’ ALP activity increased over time during
culture, but only in the PEG-0.5 group at 7 days of culture was it
more evident than in the control (Fig. 9a). The expression of
ALP, Col-1, and Runx-2 also increased over time during culture,
and the highest differentiation activity was observed in the PEG-
0.5 group (Fig. 9b-d).

Discussion

Silk fibroin has been widely used in BTE research, and adding
nHAP into SF enhances the mechanical properties of the scaf-
fold and facilitates the osteogenic differentiation of BMSCs. Yet,
the nHAP itself also delays the degradation of the blend scaffold
and tends to aggregate. It is quite difficult to adjust the strength
and biodegradability of the SF scaffold with nanoparticles of HA
at the same time.

Since PEG could improve the degradation rate of PCL and
gelatin scaffolds'®"” and is able to disperse nHAP and prevent it
from aggregating,'®' altering the fiber structure and the tensile

Table 3 Conformation analysis of SF in various groups after ethanol treatment, using the amide | band (1595-1705 cm™%)*

Conformation (%) PEG-0 PEG-0.5 PEG-1 PEG-2
B-Sheet 31.01 £ 0.31 37.68 + 0.56* 44.45 + 1.13% 50.71 £ 0.26*
Random coil 22.53 £+ 1.08 16.92 £ 2.40 20.14 £ 2.39 16.52 £ 1.49*
a-Helix 14.96 £+ 1.37 15.73 £ 1.96 11.23 £ 2.26 8.35 £+ 1.60%*
B-Turn 31.50 £ 1.97 29.67 £ 4.80 24.17 £ 5.76 24.41 £ 3.31

“*p<0.05 (n=3).

33944 | RSC Adv., 2019, 9, 33941-33948
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Fig. 4 Morphology before and after 8 days of degradation: (a) macro-observations of the scaffolds; and (b) SEM images of the scaffolds after 8

days of degradation.

distribution as well,'® it is plausible to introduce both PEG and
nHAP into SF scaffolds to compensate and improve the blend

scaffold's properties.
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Fig. 6 Contact angle of the electrospun scaffolds: (a) PEG-0, (b) PEG-0.5, (c) PEG-1, and (d) PEG-2.
a b
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Fig. 7 Cell adhesion and proliferation: (a) cell adhesion shortly after seeding; and (b) cell proliferation during culturing (*P < 0.05, n = 4).

structure transformation of SF from random coils and a-helixes
to B-sheets.”” It has been suggested that when the protein
secondary structure transformation is increased, especially the
B-sheet structure of SF, the mechanical strength will be
improved.”®* The enhancement of the scaffold's mechanical
strength was also deemed to be attributable to the dispersion
capability of PEG to nHAP. nHAP could improve the compres-
sive strength of the scaffolds. However, if the nanoparticles
aggregate to a certain dimension relative to the diameter of the
fibers, they might function as discontinuities among the fibers
during stretching. Since PEG is a good dispersant, it was
hypothesized that the nHAP could be coated with PEG due to
the low friction coefficient and good hydrophilicity of PEG.** In
the present results, adding PEG into the scaffold reduced the
contact angle and rendered the scaffold hydrophilic. By
microscopy, we also found that the extent of nHAP aggregation
decreased with increasing PEG content in the scaffolds. PEG
might thus act as an encapsulating agent to inhibit nHAP
aggregation. It was suggested that PEG alone could largely, if
not entirely, improve the scaffold in the presence of nHAP with
respect to mechanical properties.

In the present results, we also found that neither the Young's
modulus nor tensile strength was a monotonically increasing
function of PEG content, and their inflection points occurred as
the PEG content changed from PEG-1 to PEG-2. Since PEG is
able to prevent HAP from aggregating, adding too much PEG
allowed the nHAP to disperse homogenously in the SF fibers,
and nHAP acted as a fiber filler, which might essentially alter
the fiber structure as well as the tensile distribution.*>** The
space around the nHAP particles could expand easily, thus
weakening the tensile strength of the fibers. Our results suggest
that the proportion of SF : nHAP : PEG should be 10: 2 : 1.

Not only the mechanical properties, but also the degradation
rate of the SF scaffold was a major concern in the present study.

33946 | RSC Adv., 2019, 9, 33941-33948

In our results, the SF scaffold lost mass, primarily in the PEG-1
group, and broke into pieces macroscopically. FTIR showed that
the degradation was mostly mediated by damage to the SF. The
degradation of SF is mainly mediated by hydrolysis and our
results suggested that the hydrophilicity of the scaffolds
increased with the addition of PEG due to its super hydrophi-
licity, which confirms that hydrophilicity should be one of the
basic properties of the scaffolds.® On the contrary, since the
addition of PEG gives rise to increased B-sheet content, and
dense and stable B-sheet structures can inhibit hydrolysis, the
PEG-2 group, with the most PEG content in this study, showed

Fig. 8 CLSM images of cells on each scaffold: (a) PEG-0, (b) PEG-0.5,
(c) PEG-1, and (d) PEG-2.

This journal is © The Royal Society of Chemistry 2019
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Fig.9 Celldifferentiation testing: (a) ALP activity after 7 and 14 days of culturing (*P < 0.05, n = 4); and the relative expression of (b) ALP, (c) Col-1,

and (d) Runx-2 after 7 and 14 days of culturing (*P < 0.05, n = 3).

the least loss of mass. In comparison, PEG-1 was the study
group with the most random coils, and proteins with random
coils are looser and allow water molecules to enter more easily
for the initiation of hydrolysis.**** The results suggested, again,
that appropriate PEG content, SF : nHAP : PEG at 10:2:1 in
our study, would improve the degradation of the SF scaffold.

Under SEM, the scaffolds after degradation became cracked
and less dense, and the pores of the scaffold became larger and
more numerous. This change could be beneficial for initial cell
adhesion and proliferation and for cell ingrowth into the scaf-
fold, as shown in the results. Again, cell adhesion and prolif-
eration were found to fit into the scaffold of PEG-1, but not that
of PEG-2. It has been suggested that scaffolds are conducive to
cell adhesion when the contact angle ranges from 40° to 60°,**%*
and the water contact angle of the PEG-2 group was outside that
range.

In the present study design, nHAP should not only
strengthen the mechanical structure of the SF scaffolds but also
facilitate their osteogenic properties. The results of cell differ-
entiation showed that the PEG-0.5 group seemed to be favorable
to osteogenic differentiation. It is well-known that HAP facili-
tates the osteogenic differentiation of surrounding stem cells,
yet it depends on the exposure amount of HAP.>**” In our test
group results, the dispersion of nHAP was closely related to the
PEG content in the scaffolds. The nHAP particles dispersed
homogenously into the SF fibers and embedded in them like
a filler, corresponding to the increasing content of PEG. The
nHAP particles seemed very likely to aggregate, and formed
bigger ‘crumbs’ protruding from the surfaces of the SF fibers,

This journal is © The Royal Society of Chemistry 2019

since the PEG content was not sufficient to disperse nHAP in the
PEG-0.5 test group. In that case, the PEG-0.5 group provided
much more HAP contact size exposure for the surrounding
adhering cells, and thus positively affected the osteogenic
differentiation of the cells.

In terms of mechanical and degradation advantages, as well
as the cost of osteogenic differentiation, it is suggested that the
PEG content in the PEG-1 group was deemed optimal in the
presence of nHAP in the SF scaffolds.

Conclusions

The combination of both nHAP and PEG in SF scaffolds can
form a stable hybrid system. The addition of an appropriate
amount of PEG alters the SF structure and disperses nHAP
homogenously into the SF fibers, strengthening the mechanical
properties in the presence of nHAP, and facilitating degrada-
tion. The presence of PEG is also beneficial for cell adhesion,
proliferation and ingrowth into the scaffolds. However, too
much PEG prevents nHAP from aggregating and protruding
from the fiber surface, which is disadvantageous for the osteo-
genic differentiation of HAP. The PEG content is deemed to be
optimal at an SF/nHAP/PEG ratio equal to 10: 2 : 1.
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