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Abstract
The aimof this studywas to develop a novel double network scaffold composed of polycaprolactone
fumarate (PCLF) and eggshellmembrane (ESM) (ESM:PCLF) by using the vacuum infiltration
method. Compared to ESM, themechanical properties of double network scaffoldwere significantly
improved, depending on the solvents applied for double network scaffold formation; acetic acid and
dichloromethane. Noticeably, the toughness and strength of double network scaffold prepared using
acetic acidwere significantly improved compared to ESM (26.6 and 25 times, respectively) attributed
to the existence of hydrophilic functional groups in acetic acidwhichmade ESM flexible to absorb
further PCLF solution. To assess the effect of double network formation on the biological behavior of
ESM, the attachment, proliferation and spreading of PC12 cells cultured on the ESM:PCLF scaffolds
were evaluated. Results revealed that the number of cells attached on double network ESM:PCLF
scaffoldwere nearly similar to ESMand significantly higher than that of on the tissue culture plate (2.6
times) and PCLF film (1.7 times). It is envisioned that the offered ESM:PCLF double network scaffold
might have great potential to develop the constructs for nerve regeneration.

1. Introduction

Peripheral nerve injury is a traditional global clinical
issue, which considerably affects the life quality of
patients, leading to the restricted recovery (Gu
et al 2014). The most commonly applied technique to
regenerate a nerve gap consists of the nerve autograft
from another site in the body. Owing to the verified
difficulties of this technique consisting of deficient
utilitarian recuperation and loss of capability at the
donor site, nerve tissue engineering approaches were
developed (Wang et al 2006a, Griffin et al 2013).

Recently, various synthetic nerve scaffolds have
been developed to mimic the structure, composition
and function of autographs to regenerate injured
nerve tissue (Sulong et al 2014, Xie et al 2014,
Golafshan et al 2016). These scaffolds should have cri-
tical characteristics in order to improve cell-engi-
neered biomaterial interactions leading to stimulate
the repairing and regeneration of damaged tissue. In
this regard, the scaffolds are designed to structurally

and mechanically simulate the complex biological
structures (Koh et al 2008, Nectow et al 2012). More-
over, the engineered ideal nerve constructs should
have the certain biochemical properties such as bio-
compatibility, ability to regenerate the nerve, semi-
flexibility and easy handling during surgery (Sulong
et al 2014). Various kinds of biomaterials have been
studied for the construction of the artificial nerve scaf-
folds consisting of natural (such as sodium alginate
(Frampton et al 2011), hyaluronic acid (HA) (Wang
et al 1998) and collagen (Sulong et al 2014)) and synth-
etic (such as polycaprolactone (PCL) (Xie et al 2014),
polyvinyl alcohol (Shokrgozar et al 2011), poly(lactic-
co-glycolic acid) (PLGA) (Sulong et al 2014) and poly-
caprolactone fumarate (PCLF) (Runge et al 2010))
polymers. Recently, PCLF, a crosslinkable derivative
of PCL, has been introduced as a promising material
for the repair of segmental nerve defects (Wang
et al 2009, Runge et al 2010). Compared to PCL, the
mechanical, thermal, and rheological properties of
PCLF could be controllable during the synthesize
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process (Wang et al 2009). For instance, the tensile
modulus of PCLF could be varied from 0.87 to
138MPa depending on the molecular weight of the
PCL precursor (Wang et al 2009). Moreover, cross-
linkable property of PCLF makes it injectable and
in situ harden-able to fill site defects. PCLF has also
been applied in the combination with various kinds of
biomaterials to develop injectable and crosslinkable
scaffolds for bone and nerve tissue engineering (Jab-
bari et al 2003,Wang et al 2006b) as well as drug deliv-
ery vehicles (Runge et al 2012). Despite the successful
outcomes, due to its hydrophobic nature and high
stiffness, the cell-PCLF interactions are not satisfied
(Wang et al 2009). Compared to synthetic polymers,
natural polymers reveal better biocompatibility, bio-
degradability and non-toxicity property (Shalumon
et al 2011). Recently, the inner chicken eggshell mem-
brane (ESM) has been introduced as a non-toxic,
biodegradable and low-cost natural material for
tissue engineering applications (Ruff et al 2009, Lee
et al 2010, Baláž 2014). Results demonstrated that this
membrane could promote the treatment and pain
relief for osteoarthritis (Ruff et al 2009) and over split-
thickness skin graft donor sites (Yang et al 2003). ESM
composes of a non-woven network of fibers made of
biologically active compounds such as collagen, gluco-
samine, chondroitin and HA which are all desirable
for nerve tissue engineering applications (Nakano
et al 2003, Özgenel 2003). Due to the appropriate che-
mical composition and the structural properties of
ESM, it might be a promising construct for nerve tis-
sue engineering application. However, the scope of
ESM applications could be restricted by its mechanical
behavior. To overcome this issue, the combination of
rigid/brittle networks with soft/ductile networks
(double network systems) might be a noble approach
(Haque et al 2012). Recently, double network systems
has been widely applied to enhance mechanical
strength and toughness of various kinds of hydrogel
based materials consisting of poly (2-acrylamido-2-
methyl-1-propanesulfonic acid) (PAMPS)/poly-
acrylamide (PAAm) (Gong 2010), gelatin/bacterial
cellulose (Nakayama et al 2004) and poly(ethylene
glycol)/poly(acrylic acid) (PEG/PAAc) (Haque et al
2012). Double network systems are synthesized via
various techniques consisting of two-step sequential
free-radical polymerization process (Gong et al 2003),
soaking a biological gel within an aqueous monomer
solution (Wang et al 2011), self-assembly of semi-rigid
polyelectrolytes (Yang et al 2008) and vacuum infiltra-
tion method. Vacuum based infiltration approach is a
simple and one-step technique to develop various
kinds of scaffolds including polymer infiltrated into
template (template synthesis) (Martiń and Mijan-
gos 2008) or vacuum infiltration of pre-sintered foams
(Vogt et al 2010). However, this technique has not
been applied for the infiltration of polymer solutions
withinfibrousmembranes.

In this work, we employed vacuum infiltration
technique in order to develop novel double network
fibrous scaffolds of PCLF and ESM with controlled
mechanical and biological properties for nerve tissue
engineering. In this way, we also investigated the effect
of solvent on the mechanical, structural, chemical and
biological properties of fibrous scaffolds. It is hypothe-
sized that the development of this flexible fibrous
scaffold could simultaneously induce chemical, topo-
graphical and mechanical cues to support PC12 cell
behavior.

2. Experimental section

2.1. Synthesize of PCLF prepolymer
PCLF prepolymer was synthesized according to the
previously reported procedures (Wang et al 2006b)
from PCL diol (Sigma, Mn=2000 g mol−1). Before
synthesize of PCLF, PCL diol was dried in a vacuum
oven at 50 °C for 12 h. Dichloromethane (DCM,
Sigma) was dried and distilled over calcium hydride
(CaH2), before the reaction. Moreover, fumaryl chlor-
ide (Sigma) was purified by distillation at 161 °C.
K2CO3 (Sigma) was also dried at 100 °C, overnight. In
order to do polycondensation approach, distilled
fumaryl chloride, dried PCL diol, and dried K2CO3

were measured out in a molar ratio of 0.95:1:1.2. PCL
diol was dissolved in DCM in the presence of K2CO3

(as proton scavenger). Themixture was stirred to form
a slurry and fumaryl chloride dissolved in DCM was
added dropwise to the slurry under a moisture-free
environment in a three-necked glass flask. The reac-
tion mixture was maintained at 50 °C under reflux for
12 h. After completing the reaction, the salts were
completely removed from the mixture and the filtrate
was precipitated in diethyl ether to provide a wax-like
product after rotary evaporation.

2.2. Fabrication of ESM: PCLF double network
fibrous scaffolds
Before fabrication of the scaffolds, commercial hens’
eggs were broken and emptied. The eggshells were
washed thoroughlywithwater. TheESMwasmanually
separated from the shell, rinsed with distilled water to
completely remove the albumen from the ESM and
subsequently dried at room temperature.

ESM:PCLF scaffolds were fabricated via soaking
ESM with dimension of 10 mm× 40 mm× 0.75
mm, in the PCLF solution containing bisacylpho-
sphinoxide (BAPO, Sigma) as the photoinitiator fol-
lowed by vacuum impregnation to remove air out of
the ESMpores and facilitate penetration of PCLF solu-
tion into those pores. The schematic of the ESM: PCLF
scaffold fabrication process is illustrated in figure 1.
Primarily, homogeneous PCLF solutions consisting of
various PCLF prepolymer contents (5, 10 and 15 wt%)
and BAPO (5 wt% of PCLF prepolymer) were pre-
pared and poured into a dropping funnel. In this
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regard, two types of solvents were used to dissolve
PCLF consisting of DCM and acetic acid (AA, Sigma).
Separately, as-prepared and dried ESMs were put in a
round-bottom flask with stopcock septum port con-
nected to the vacuum system. After 10 min, the stop-
cock was opened to suck the PCLF solution over the
porous ESM. After 30 min soaking of ESM in PCLF,
the vacuum was stopped to allow the air pressure to
force the PCLF solution into the pores of the ESM. In
the next step, the flask was separated from the vacuum
system and the extra PCLF was removed from the bed
of the shells. Finally, ESM: PCLF scaffolds were
exposed to UV light for 10 min to photo-crosslink
PCLF component. According to the PCLF solvent
type, the samples were named as DN-AA (solvent: AA)
and DN-DCM (solvent: DCM). Moreover, in order to
evaluate the scaffolds better, pure PCLF film was pre-
pared as the comparable sample.

2.3. Characterization of ESM: PCLFdouble network
fibrous scaffolds
The chemical composition of the prepared PCLF film
and the scaffolds was characterized using a Jasco-680
Fourier Transform Infrared (FTIR) spectrophot-
ometer (Japan)with KBr pellet. Spectra were obtained
with 8 mm s−1 scan rate. The surface morphology of
double network fibrous scaffolds was studied by
scanning electron microscope (SEM, Philips, XL30) at
an accelerating voltage of 10 kV, after sputter coating
of the scaffolds with gold. Moreover, the average
diameter of the ESM fibers (n=30) was measured
using the SEM images by image analysis software
(Image J, National Institutes of Health, USA). The
amount of encapsulated PCLF prepolymer within
eggshell membrane using two different solvents (AA
and DCM) (represented as the weight ratios of the
ESM:PCLF) was investigated by using gravimetric
method. Briefly, eggshell membranes were weighted
and then impregnated in different concentrations of

PCLF prepolymer (5, 10 and 15 wt%) containing
BAPO followed by vacuum impregnation and UV
crosslinking process as previously mentioned. Finally,
the scaffolds were dried to obtain the weight of
samples.

The wettability of the double network fibrous scaf-
folds as well as PCLF film (n=3) was evaluated via
water contact angle measurement with a drop shape
analysis system (Sessile Drop, G10). 4 μl water dro-
plets were applied and the contact angle between each
drop and the scaffold was subsequently measured.
More than fivemeasurements on different locations of
the scaffold surfaces were conducted for each type of
sample and the contact angle was measured at the first
seconds of falling a drop on the scaffolds. Finally, the
mean value of the contact angle with the standard
deviation (SD) was reported. The swelling of the dou-
ble network fibrous scaffolds was investigated at room
temperature by using gravimetric method. Briefly,
following measurement the weight of dried scaffolds,
they were swollen in deionized water. In different time
points at room temperature, the scaffolds were care-
fully weighted after wiping off the excessive water.
Finally, mass swelling ratio of the scaffolds at each spe-
cific time (t) was calculated according to the following
equation (equation (1)) (Jiankang et al 2009):

Wt Wd

Wd
Mass swelling 100, 1=

-
´ ( )

whereWt andWd are themass of the swollen and dried
scaffolds, respectively.

Tensile properties of double network fibrous scaf-
folds as well as PCLF film were determined at ambient
temperature (25 °C) and wet condition using Houns-
field H25KS tensile tester, with a load cell capacity of
10 N and rate of 3 mmmin−1. Specimens were cut in
the rectangular shapes and dimension of 10 mm×
40 mm. Before mechanical testing, the samples were
immersed in phosphate buffered saline ( PBS) for one

Figure 1.The schematic of the double network scaffold fabrication process consisting of three steps: (1) preparation of ESMandPCLF
solution, (2) vacuum infiltration approach to entrap PCLF prepolymer solutionwithin eggshell membrane and (3)UV crosslinking
process of PCLF polymer to develop double network scaffold.
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day. The stress–strain curves (n=5)were plotted and
the mechanical characteristics such as tensile strength,
elastic modulus and energy per volume (toughness)
were calculated. While the elastic modulus was esti-
mated from the linear region of the stress–strain
curves, tensile toughness was determined from the
area under the stress–strain curves after plastic defor-
mation and ultimate tensile strength was estimated
from the maximum point of each curve. Moreover, to
evaluate the morphology and fiber diameter changes,
before complete fracture (at 80% elongation), the
samples were gold coated and finally assessed using
SEM imaging.

2.4. In vitro cell culture
In order to evaluate the effects of double network
fibrous scaffold on the cell responses, PC12 cells were
cultured on the scaffolds and the cell attachment,
proliferation and spreading were investigated. PC12
cells purchased from Pasteur Institute of Iran (NCBI
code:C153)were cultured inDulbecco’smodifiedEagle
medium (DMEM-Hi, Bioidea, Iran) supplemented
with 10% fetal bovine serum (Bioidea, Iran), 5% horse
serum (HS, Baharafshan, Iran) and 1% streptomycin/
penicillin (Bioidea, Iran). Before cell seeding, the
scaffolds as well as PCLF film were sterilized via 30 min
soaking in 70% ethanol, 2 h exposing to UV light and
finally immersing in culture medium overnight. PC12
cells (within passages 10–12) at a density of 104 cells/
well were seeded onto the scaffolds, PCLF film and
tissue culture plate (TCP, control). Cells were incubated
at 37 °C under 5% CO2 condition for 7days and the
mediumwas changed every 3 days.

2.4.1.MTTassay
The survival rate of PC12 cells was studied by 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium bro-
mide (MTT) purchased from Sigma-Aldrich. At days
1, 4 and 7 of incubation, culture medium was threw
away, the wells were washed with PBS and the samples
as well as control (n=3 per group) were incubated
withMTT solution (0.5 mg ml−1MTT reagent in PBS)
for 4 h. The dark blue formazan crystals were solubi-
lized with the MTT solvent (dimethyl sulfoxide
(DMSO), Sigma-Aldrich) and kept for 30 min at 37 °C
on a shaker. Subsequently, 100 μl of dissolved for-
mazan solution of each sample was moved to 96-well
plate and the optical density of each well wasmeasured
with a microplate reader (Bio Rad, Model 680 Instru-
ments) against DMSO (blank) at a wavelength of
540 nm and a reference filter of 630 nm. The relative
cell survival was estimated according to the following
equation (equation (2)) (Golafshan et al 2016):

A A

A A
Relative cell survival % 100,

2

Sample b

control b

=
-

-
´( )

( )

whereAsample, Ab and Acontrol stand for the absorbance
of sample, blank (DMSO) andTCP, respectively.

2.4.2. Cell attachment and spreading
Cell attachment on the various samples was quantified
by counting cellular nuclei after a day of culture. To
stain the nuclei of the cells, after rinsing with PBS, the
samples were fixed in 4% paraformaldehyde (PF,
Sigma) solution in PBS for 30 min. After preparation
of 0.1 μg ml−1 of DAPI (40,6-diamidino-2-phenylin-
dole) (Sigma) solution in PBS, it was added to each
sample and kept in the incubator for 10 min to stain
the nuclei. After three times rinsing with PBS, the
fluorescence images of the cells’ nuclei were captured
from 3 to 5 different regions of the samples and the
number of cell nuclei within each field was counted
usingNIH Image J software.

The spreading of PC12 cells cultured on the scaf-
folds for 7 days was evaluated by SEM technique. After
3 h fixation with 2.5 (v/v)% glutaraldehyde (Sigma),
the samples were rinsed with PBS, and dehydrated in
the graded concentrations of ethanol (30, 50, 70, 90, 95
and 100 (v/v)%) for 10 min each, respectively. Finally,
the samples were treated via immersing in 50% alco-
hol-hexamethyldisilazane (HMDS, Sigma) solution
(v/v) for 10 min and then in pure HMDS for 10 min.
Finally, they were dried in a desiccator overnight,
gold-coated and evaluated using SEM imaging.

2.5. Statistical analysis
The data in this study were analyzed using one-way
ANOVA analyses and reported as mean± SD. To
determine a statistically significance difference
between groups, Tukey’s post-hoc test using Graph-
Pad Prism Software (V.6) with a P-value<0.05 was
applied to be significant.

3. Results and discussion

3.1. Characterization of the ESM: PCLFdouble
network scaffold
Despite the fantastic properties of ESM, low mechan-
ical properties of this membrane may restrict its
application for engineering the tissues exposing to the
static and dynamic stresses such as nerve. In this way,
in order to overcome this issue, double network
formation could be a promising way. In this study,
according to figure 1, vacuum infiltration technique as
a simple and versatile approach was applied to develop
double network fibrous scaffolds based on ESM as the
soft and PCLF as the hard components. In order to
investigate the effect of PCLF prepolymer concentra-
tion on the amount of loaded PCLF, various concen-
trations of PCLF prepolymer solution (5, 10 and 15
wt%) were applied and the weight changes of the
scaffolds were estimated. The weight ratio of PCLF:
ESM as the function of PCLF prepolymer concentra-
tion as well as solvent type (AA andDCM) is presented
in supplementary figure S1 available at stacks.iop.org/
BF/9/025008/mmedia. Our result clearly revealed
that DN-AA scaffold consisted of significantly more
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PCLF content compared to DN-DCM scaffold. In this
regard, when AA was used as solvent, the weight ratio
of PCLF:ESM was about 0.83:1, 2.34:1 and 2.80:1 at
PCLF prepolymer concentration of 5, 10 and 15 wt%,
respectively. In another word, the weight ratio of
PCLF:ESM reduced when DCM was used as solvent
(0.33:1, 0.90:1 and 1.15:1 at PCLF prepolymer concen-
tration of 5, 10 and 15 wt%, respectively). It could be
due to the hydrophilic characteristic of ESM, which
has more intermolecular interaction and swelling in
the polar protic solvents such as AA compared to the
less-polar protic solvents such as DCM confirming
more PCLF prepolymer penetration within the ESM
pores. Moreover, while the weight ratio of PCLF:ESM
at PCLF prepolymer concentrations of 5 and 10 wt%
revealed significant differences at both hybrid scaffold
types (DN-AA and DN-DCM) (p<0.05), increasing
the concentration of PCLF prepolymer solution to 15
wt% did not significantly modulate ESM:PCLF weight
ratio (p>0.05). Therefore, the samples consisting of
primarily 10 wt% PCLF prepolymer solution were
used for the next experiments.

The representative microstructure images of the
ESM aswell as ESM:PCLF double network fibrous scaf-
folds prepared using two different solvents (DN-AA
and DN-DCM) are presented in figure 2. The ESM
(figure 2(A)) revealed the random fibrous morphology
with almost large pores. After incorporation of PCLF
polymerwithin the ESMmatrix using the vacuum infil-
tration method, the fiber size of ESM enhanced and its
pore size reduced, depending on the applied solvents
(AA and DCM) confirming the formation of double
network systems. In the case of DN-DCM (figure 2(B)),
the PCLF mostly covered the fibers and enlarged the
average fiber size of ESM from 1.18±0.19 μm to
1.3±0.2 μm. Moreover, the pore size of DN-DCM
did not significantly change confirming that PCLF

solution did not penetrate within the structure of ESM.
When AAwas used as solvent (figure 2(C)), PCLF poly-
mer not only shielded the fibers but also penetrated
within the large pores of ESM leading to the fusion
of the ESM fibers together. In this condition, the
average fiber diameter of ESM significantly (P<0.05)
enhanced to 1.8±0.3 μm, while the pore size notice-
ably reduced (P<0.05) from 11.6±2.2 μm to less
than 4.8±0.9 μm which may have critical role on the
mechanical and biological properties of double net-
work constructs. Owing to the presence of large
amounts of polar and hydrophilic functional groups
(−OH, −CO2H, −NH2, −CHO, −SO4H, −SH)
(Nakano et al 2003), ESM could have obviously more
interaction and swelling in the polar protic solvents
such as AA leading to more penetration of PCLF
prepolymer.

The results of water contact angle measurements
(figure 2(D)) and mass swelling ratio (figure 2(E)) of
the scaffolds confirmed the hydrophilicity of double
network-systems. However, depending on the solvent
type, the swelling ratio and contact angle value were
estimated different. Noticeably, the mass swelling
ratio was decreased from 525.1±37.1% (at ESM)
to 204.7±39.1% (at DN-AA) and the water contact
angle enhanced from 44.1±3.3° (at ESM) to
67.3±3.2° (at DN-AA). Moreover, compared toDN-
DCM scaffold, DN-AA was more hydrophobic due to
the presence of PCLF in its network and hydro-
phobicity of PCLF backbone. Therefore, by the selec-
tion of an appropriate solvent, it is possible to control
hydrophilicity and hence, degradation rate of the
scaffolds.

Double network fibrous scaffolds were also char-
acterized using FTIR spectroscopy in order to confirm
the presence of crosslinked PCLF in the structures.
Figure 2(F) presents the FTIR spectra of ESM and ESM:

Figure 2. Structural, physical and chemical properties of double network scaffolds; SEM images of (A)ESMaswell as (B)DN-DCM
and (C)DN-AA scaffolds. The amount of loaded PCLF effected (D) thewater contact angle and (E) swelling ratio of the scaffolds.
(F) FTIR spectra of PCLF prepolymer, ESM,DN-DCMandDN-AA scaffolds aswell as PCLF prepolymer.
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PCLF double network fibrous scaffolds as well as PCLF
prepolymer, before crosslinking. PCLF prepolymer
revealed the absorption band at 1642 cm−1 assigned to
the C=C due to the fumarylation of PCL-diol (Wang
et al 2006b).Moreover, ESM consisted of the significant
peaks at 3310 cm−1 (attributed to the O–H and
N–H stretching mode), 3064 cm−1, 2935 cm−1, and
2870 cm−1 (corresponded to the asymmetric stretching
vibrations of the C–H bonds presented in =C–H and
=CH2 groups), 1648 cm

−1 (due to the C=O stretch of
amides), 1525 cm−1 (attributed to the CN stretching/
NH bending modes), and 1234 cm−1 (corresponded to
the CN stretching/NH bending modes), which the last
three peaks can be assigned to the amide I (1648 cm−1),
amide II (1525 cm−1), and amide III (1234 cm−1)
vibrations of the glycoprotein mantle of the fibers,
respectively (Dong et al 2007, Kong and Yu 2007,
Colthup 2012). Incorporation of PCLF within the
structure of ESMdid not affect the position of themajor
bands of ESM. In addition, the strong bands at 1726,
1170 and 1105 cm−1, which were similarly detected in
the FTIR spectrumof PCLF prepolymer, were the char-
acteristics of skeletal ester, ether stretches and vibration
of C–COO– and C–O–C groups of PCLF, respectively,
demonstrating the successful penetration of PCLF into
the ESM construct. However, the relative absorption
intensities of the major bands at 1724 cm−1 (attributed
to the PCLF) and 1648 cm−1 (attributed to the ESM) at
FTIR spectrumofDN-AA scaffold enhanced compared
to those ofDN-DCMonewhich confirmedmore PCLF
penetration within the ESM pores, in the employment
of AA as the polar protic solvent. It is noteworthy to
mention that the disappearance of fumarate double
bond after photo-crosslinking indicated the consump-
tion of double bonds of DN-AA and DN-DCM during
photo-crosslinking process to form polymer networks
into the ESMmatrix (Wang et al2006b).

The FTIR spectra of the ESM:PCLF scaffolds fabri-
cated using various PCLF prepolymer concentrations
(5, 10 and 15 wt%) and solvents (AA and DCM) were
also evaluated to precisely study the effects of diverse
PCLF prepolymer concentrations on the amounts of
encapsulated PCLF (supplementary figure S2). Two
main characteristic peaks of two components were the
absorption band centered at 1648 cm−1 attributed to
stretching of the C=O of amide group (C=Oamide) in
ESM and the sharp band at 1724 cm−1 corresponded
to stretching of the C=O group of ester (C=Oester) in
PCLF. Increasing PCLF prepolymer concentration
from 5 to 15 wt% resulted in an increase in the absor-
bance of the C=Oester peak at 1724 cm−1 and the
gradually weakening of the relative intensity of
C=Oamide over C=Oester confirming more penetra-
tion of PCLF prepolymer in the ESM matrix. More-
over, figure S2 reveals the relationship between PCLF:
ESM ratio as proportional to the ratio of Aester

(C=Oester in PCLF) to Aamide (C=Oamide in ESM) and
the concentration of PCLF. Compared to the samples
prepared using AA solvent, application of DCM

resulted in reduced C=O stretching vibration of ester
peak (ν=1724 cm−1). For instant, the intensity ratio
of Aester/Aamide revealing the more penetration PCLF
prepolymer in the ESMmatrix was 1.05, 1.25, and 2.15
in DN-AA (figure S2(A)) and 0.51, 0.77, and 1.63 for
DN-DCM (figure S2(B)) for various PCLF prepolymer
concentrations (5, 10 and 15wt%, respectively).

The double network fibrous scaffolds were further
characterized using mechanical evaluation of the scaf-
folds. The typical stress–strain curves of double net-
work scaffolds after UV crosslinking treatment and
soaking in PBS for 1 h are shown in figure 3(A). While
the PCLF film failed after bearing low strain
(78±6%), the ESM and double network scaffolds
revealed 1.4 times more elongation. Furthermore,
there was not a meaningful difference between the
elongation of ESM and double network scaffolds.
However, there was a significant difference between
themechanical strength of the double network fibrous
scaffolds made by AA (DN-AA) and DCM (DN-
DCM). These trends indicated that the mechanical
properties of the various scaffolds were strictly con-
trolled by the amounts of penetrated PCLF within the
ESMmatrix. In this regards, DN-AA scaffold revealed
robust construct with considerably higher tensile
strength due to the further amounts of entrapped
PCLF and the encounter between PCLF and fibers.
However, in the case of DN-DCM, due to the less
amount of PCLF content, the mechanical strength of
the scaffold was near to the ESM and lower than that
of PCLF.

Tensile test was also applied in order to estimate
the elastic modulus (figure 3(B)), tensile toughness
(figure 3(C)) and ultimate tensile strength (figure 3(D))
of the ESM, double networkfibrous scaffolds and PCLF
film from stress–strain curves according to the ASTM
D882. Themain issue of PCLF film, used as nerve graft,
is its high elastic modulus preventing from bending
without tearing (Wang et al 2009). According to
figure 3(B), the development of double network
systems of PCLF and ESM resulted in the noticeably
reduction in elastic modulus of the scaffolds compared
to PCLF (P<0.05). For instance, by using AA as the
solvent, the elastic modulus of the double network-sys-
temswas noticeably declined from28.2±6.1MPa (for
PCLF) to 18.4±1.0MPa (DN-AA), respectively
(P<0.05). In addition, tensile toughness is the essen-
tial characteristic of the neural engineering scaffolds
allowing them to recover once a construct is employed
around the nerve (Tian et al 2015), tomanipulate easily,
to bear shocks and vibrations, to cut into strips or other
shapes and to be rolled up into 3D tubular construct
(Davis et al 1987, Yucel et al 2010). Compared to ESM,
the toughness of DN-AA and DN-DCM fibrous scaf-
folds improved from 0.4±0.4MPa to 10.6±
1.0MPa and 1.0±0.2MPa, respectively (figure 3(C)).
Moreover, compared to ESM, the tensile strength of the
DN-AA (figure 3(D)) remarkably enhanced (around 25
times), while in the case of DN-DCM, it was not
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considerable (P>0.05). Furthermore, compared to
DN-DCM, the mechanical properties of DN-AA
noticeably enhanced. For instance, the tensile tough-
ness of the DN-AAwas about 10 times greater than that
of DN-DCM confirming the role of PCLF content as
well as pore and fiber sizes of the scaffolds on their
mechanical properties. According to figures S1 and S2
as well as SEM images of the scaffolds at figure 2, incor-
poration of more PCLF within ESMmatrix at DN-AA,
due to the greater relative polarity of AA compared to
DCM, resulted in reduced pore size and increased fiber
size which improved the resistance of the porous scaf-
folds against mechanical load. The effects of incorpo-
rated PCLF during mechanical test of double network
scaffolds were studied using SEM images presented in
figure 3(E). According to SEM images, during the ten-
sile test, most of the fibers elongated in the direction of
loading.Moreover, the averagefiber sizes of all scaffolds
reduced. For example, the average fiber diameter of
ESM (1.18±0.19 μm) reduced to 0.8±0.31 μm
(p<0.05). Furthermore, similar to the fiber diameter
of samples before loading, the average fiber size of dou-
ble network scaffolds (DN-DCM and DN-AA) was
greater than that of pure ESM (1.8±0.3 μm and
1.3±0.5 μm, respectively) suggesting that the surface
of fibers was covered using PCLF. However, compared
to the pure ESM and DN-DCM, the pore size of DN-
AA scaffold was mostly occupied using PCLF network
fragments. According to the mechanical properties, it
could be concluded that when the external load was
applied on the double network scaffolds, specifically
DN-AA consisting of greater amount of PCLF, the
PCLF network fragments perforated into the gaps of
ESM acted as a crosslinker of ESM fibers and sacrificial
bonds which partially ruptured to dissipate energies

leading to the considerable improvement of the
mechanical strength. This behavior was explained in
the schematic presented in figure 3(F). The incorpora-
tion of PCLF solution into the ESM resulted in the fill-
ing of the large pores of matrix due to the applied
vacuum infiltration of PCLF. In this condition, PCLF
probably assisted thefilling of the crack-like defects pre-
venting crack propagation in the ESM surface by energy
dissipating mechanism. Surprisingly, by employment
of AA solvent, due to its more hydrophilicity nature
than DCM, most of the pores were filled with PCLF
solution. In this condition, during tensile test, the PCLF
network portions entered into the small pores of ESM
could dissipate energy resulted in the substantial
enhancement of the mechanical properties. In another
research, Nakayama et al (2004) synthesized a double
network gel consisting of bacterial cellulose and gelatin.
They revealed that the fracture strength and elastic
modulus of double network gel under elongation stress
were about 3.8MPa and 21MPa, respectively, which
were significantly higher than those of mother hydro-
gels (2.2MPa and 2.9MPa for bacterial cellulose and
0.2MPa and 1.8MPa for gelatin, respectively). Shin
et al (2012a) also investigated the double network
hydrogel of gellan gummethacrylate (GGMA), the rigid
and brittle first network, and gelatin methacrylamide
(GelMA), the soft and ductile second network. They
revealed that double network hydrogel exhibited higher
failure stress (6.9MPa) than single network (SN)hydro-
gel (0.6MPa) due to an increase in the equilibrium
polymer concentration and the double network struc-
ture. From the above experimental findings and the fact
that the ESM are quite soft and weak against tensile
force, double network fibrous scaffold with adequate
amount of PCLF component revealed significantly

Figure 3.Mechanical properties of double network scaffolds; (A) representative tensile stress–strain plots for the ESM, PCLF polymer
as well as DN-DCMandDN-AA scaffolds after 1 h immersing in PBS. Comparison of (B) the tensilemodulus, (C) the tensile
toughness and (D) tensile strength of scaffolds (*P<0.05). (E) SEM images of various scaffolds, under uniaxial tensile loading, before
complete fracture (at 80% elongation). (F)A schematic illustrating the double network scaffolds of PCLF as brittle and eggshell
membrane as soft network, (i) before and (ii) after tensile loading. In the double networkfibrous scaffolds, PCLF assisted thefilling of
the crack-like defects preventing crack propagation in the ESM surface by energy dissipatingmechanism. (G)A comparison of the
elasticmodulus and toughness for previously reported double network systems (open circle) and the offered double network scaffolds
(Gong et al 2003, Yang et al 2008, Zhang et al 2009, Prabhakaran et al 2011, Shin et al 2012a ).
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more strength and toughness than ESMmatrix and less
stiffness than PCLF which could be better pinch to use
as nerve graft.

Our results presented that DN-AA fibrous scaffold
revealed superior toughness against elastic modulus
as compared to the previously reported scaffolds
which made it suitable for nerve tissue engineering
(figure 3(G)) (Gong et al 2003, Yang et al 2008, Zhang
et al 2009, Prabhakaran et al 2011, Shin et al 2012a).
For instance, while the toughness of DN-AA scaffolds
was about 10.6±1.0 MPa, GelMA-GGMA scaffold
showed the toughness of about 2.8 MPa. Furthermore,
our results revealed that, the toughness, elastic mod-
ulus and strength of DN-AA scaffold were the nearest
to those of the nerve tissue (strength and elastic mod-
ulus of nerve were are about 12 and 7MPa, respec-
tively) (Golafshan et al 2016).

3.2. Cellular responses to the ESM: PCLF double
network scaffold
To assess the utility of ESM:PCLF double network
fibrous scaffolds for nerve tissue engineering, we
seeded ESM, PCLF film and TCP with PC12 cells and
investigated the effects of architecture and mechanical
properties of the samples on the cell behavior. For the
primary evaluation of the cell interaction with sam-
ples, cell attachment was estimated by countingDAPI-
stained nuclei after one day of culture (figure 4). The
average cell number was estimated using at least five
images captured at numerous areas of the samples
(figure 4(F)). Results confirmed that cell attachment
on the ESM and double network scaffolds was
drastically superior compared to TCP and PCLF film
(P<0.05). For instance, 2.6-fold and 1.7-fold further
PC12 cells attached on the DN-AA (98.8±19.0 cells)
than on TCP (38.0±4.9 cells) and PCLF film

(56.7±6.2 cells), respectively (P<0.05). However,
the differences of cell number attached on the different
double networks and ESM were statistically negligible
(P>0.05). Moreover, the cell numbers attached on
the DN-AA was slightly greater than on the DN-DCM
scaffold. It is well known that cell attachment is
stronger on stiff substrates compared to the compliant
(soft) ones (Discher et al 2005). Therefore, higher cell
attachment on the double network scaffolds and ESM
compared to PCLF film is expected to be mainly
dominated by their fibrous architecture and higher
surface-to-volume ratio as well as their improved
hydrophilicity which eventually enriched protein
adsorption as well as selective protein secretions
providing a favorable substrate for cell attachment
(Woo et al 2003). However, greater cell attachment of
DN-AA scaffold than DN-DCM might be due to
higher mechanical properties of this scaffold. Consis-
tent with our findings, previous studies also confirmed
higher cellular attachment on the scaffolds with higher
mechanical properties (Shin et al 2012b, Kharaziha
et al 2013, Kharaziha et al 2014).

Themetabolic activity of the proliferating cells was
also evaluated after 1, 4 and 7 days of culture on the
different double network scaffolds, ESM and PCLF
film compared to control by MTT assay (figure 5).
Overall, the proliferation of PC12 cells seeded on the
various samples gradually enhanced from day 1 up to
day 7. Specifically, the proliferation of cells cultured
on DN-AA scaffolds statistically improved from
85.3±12.1%(control) (at day 1) to 362.6±10.1%
(control) (at day 7) (P<0.05). Moreover, after 7 days
of culture, the proliferation of PC12 cells cultured on
ESMbased scaffolds was considerably higher than that
of on the PCLF film. For instance, the cell proliferation
on the DN-AA fibrous scaffold was found to be 2.6

Figure 4.PC12 cell attachment on the double network scaffolds; representative fluorescent images ofDAPI-stained PC12 cells
cultured for 1 day on (A)ESM, (B)PCLFfilm, (C)DN-AA scaffold and (D)DN-DCMscaffold aswell as (E) tissue culture plate (TCP)
as control. (F)The quantified cell numbers attached on the surface of various samples (*P<0.05).
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times greater than that of on the PCLF film.Moreover,
the cell proliferation on the ESM (370.56±19.61%
(control)) was not noticeably different from that on
the DN-AA scaffold. In addition, enhanced PCLF
encapsulation within ESM scaffold (DN-AA versus
DN-DCM) promoted proliferation of the PC12 cells
suggesting that PC12metabolic activity was a function
of mechanical properties of the scaffolds. This result
was similarly reported, previously (Shin et al 2012b,
Kharaziha et al 2013, Kharaziha et al 2014, Kim
et al 2016). Our results revealed that the incorporation
of PCLF as the second component in the eggshell
matrix could noticeably enhance its mechanical prop-
erties while would not reduce the cell metabolic activ-
ity. These desirable properties couldmake this scaffold
a suitable candidate for engineering of nerve and other
soft tissues.

The morphology of PC12 cells cultured for 7 days
on the various scaffolds as well as PCLF film was stu-
died using SEM imaging (figure 6). While PC12 cells
seeded on the PCLF film preserved a rounded morph-
ology, relatively spread cells could be observed on the
various eggshell based scaffolds. High magnification
images could clearly show the speeding of the cells not
only on the surface but also within the depth of scaf-
fold which could be due to the large pore size of the
scaffolds and appropriate surface properties. Specifi-
cally, cells with polygonal appearance could be
observed on the surface and within the depth of DN-
AA scaffold due to large pores and the hydrophilicity
of the scaffolds. PC12 cells connected to the neighbor-
ing cells, implying their preparedness and initiation to
differentiate (Tian et al 2015).

Our results suggested that PC12 cell attachment,
proliferation and spreading depended on the mechan-
ical, chemical and structural (fibrous versus film)
characteristics of the substrates. In this regard, it could

be accomplished that greater cell attachment on the
ESM than TCP and PCLF film might be due to its fur-
ther hydrophilicity (due its chemical composition) as
well as its fibrous structure. The inner layer of eggshell
is a unique fibrous construct mainly composed of col-
lagen (35%) and hyaluronic acid (5%–10%) (Sah and
Rath 2016). These two polymers have been widely
employed to develop hydrogel based constructs for
nerve regeneration (Kitahara et al 1998, Wang
et al 1998). Therefore, the chemical composition of
ESM as well as large surface area-to-volume ratio of
this fibrous construct could promote the intercellular
signaling leading to the enhanced cellular prolifera-
tion. In another word, according to figure 3(A), the
weak mechanical properties of ESM could limit its
applications for various tissue engineering applica-
tions. Our result demonstrated that by the fabrication
of double network fibrous system based on ESM (soft
section) and PCLF (hard section), it is possible to con-
trol the mechanical properties of ESM while preserve
the biological properties.

Based on our results, the suggested double net-
work fibrous scaffolds developed using vacuum infil-
tration method presented an exciting option to be
applied in the engineering of various tissues, due to the
adjustable mechanical and physical properties via easy
and rapid modification processes. Moreover, the
mechanical and electrical properties of the double net-
work could also bemodulated via the incorporation of
various kinds of nanoparticles in the PCLF component
during the vacuum process making them appropriate
for various soft and hard tissues. Moreover, the encap-
sulation of various drugs and bioactive molecules dur-
ing the formation of PCLF (second network) could
enhance cell function and therefore tissue regenera-
tion. Overall, this double network system was built on

Figure 5.Cell survival of PC12 seeded on the various samplesmeasured usingMTT assays after 1, 4 and 7 days of culture. The
absorbance was normalized against the control (TCP) at each time interval (*P<0.05).
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the biological advantages of ESM giving a versatile bio-
material for tissue-engineered constructs.

4. Conclusions

Herein, we described the fabrication of novel double
network fibrous scaffolds consisting of ESM (soft comp-
onent) and PCLF (hard component) through the one-
step, easy and rapid vacuum infiltration approach. This
double network fibrous scaffold overcame the weak
mechanical properties of ESM and made it suitable for
tissue engineering applications.Moreover, depending on
the PCLF solvent, it could be possible to change the
amount of incorporated PCLF component leading to
modulate the mechanical and physical properties of the
scaffolds.We also demonstrated that the double network
fibrous scaffold of ESM and PCLF considerably affected
PC12 cellular responses. For instance, the proliferationof
PC12 cells seeded on the ESM:PCLF double network
scaffolds prepared with acetic acid solvent significantly
enhanced (2.6 times) compared to PCLF film. In
summary, double network fibrous scaffold of ESM:
PCLF with tunable mechanical and biological properties
would potentially be an appropriate promising candidate
for the regenerationofnerve tissue.
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