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Abstract

Parallel fibrous scaffolds play a critical role in controlling the morphology of cells to be more natural and biologically
inspired. Among popular tissue engineering materials, poly(2-hydroxyethyl methacrylate) (pHEMA) has been widely inves-
tigated in conventional forms due to its biocompatibility, low toxicity, and hydrophilicity. However, the swelling of pHEMA
in water remains a major concern. To address this issue, randomly oriented and aligned as-spun pHEMA nanofibrous scaf-
folds were first fabricated at speeds of 300 and 2000 rpm in this study, which were then post-treated using either a thermal
or a freeze-drying method. In cell assays, human dermal fibroblasts (HDFs) adhered to the freeze-drying treated substrates
at a significantly faster rate, whereas they had a higher cell growth rate on thermally-treated substrates. Results indicated
that the structural properties of pHEMA nanofibrous scaffolds and subsequent cellular behaviors were largely dependent on
post-treatment methods. Moreover, this study suggests that aligned pHEMA nanofibrous substrates tended to induce regular
fibroblast orientation and unidirectionally oriented actin cytoskeletons over random pHEMA nanofibrous substrates. Such
information has predictive power and provides insights into promising post-treatment methods for improving the properties
of aligned pHEMA scaffolds for numerous tissue engineering applications.
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Introduction

There are increasing numbers of tissue defects due to trauma
which usually requires reconstructive procedures such as
the blood vessel, skin, bone, and tendon repair in order to
maintain normal tissue function [1-5]. The regeneration of
injured or lost tissues needs that reparative cells assemble
around and/or inside the supporting scaffold by a series of
biological activities (e.g., adhesion, migration, proliferation,
etc.) to achieve proper integration between cells and scaf-
folds, subsequently improving tissue regeneration [6—8].

In recent years, electrospinning technology, which has
been widely performed as a fabrication method to generate
nanofibers with diameters ranging from several nanometers
to micrometers, has been developed to promote and repair
damaged tissue function [9-11]. Also, nanofibers prepared

by this novel approach can be axially aligned using an appro-
priate collecting mandrel. Previous studies indicated that
aligned nanofiber structures could be obtained by a variety
of collecting mandrel systems, including a rotating drum
[12], parallel electrodes [13], and a rotating wire drum [14].
It has been demonstrated that electrospinning fabricates
loosely connected 2D/3D porous scaffolds with high poros-
ity and high surface area which can mimic extracellular
matrix structures, making it as an excellent candidate for
applications in tissue engineering [15-17].

In addition, a substantial number of human tissues and
organs have parallel organized fiber structures such as the
nervous, skeletal muscle, and ligament tissue [18-21]. It
stands to reason that electrospun aligned nanofibrous scaf-
folds can apply in controlling the morphology of cells to be
more natural and biologically-inspired [22]. Some previous
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studies showed that parallel scaffolds could induce the mor-
phology of cells into a biologically-inspired parallel struc-
ture [23, 24]. Therefore, to achieve parallel tissues for recon-
struction, scaffolds with unidirectional orientation generated
by electrospinning technology are critical. For example, Liu
et al. reported that the process of HDF proliferation on the
aligned poly(methyl methacrylate) (PMMA) fibers was more
efficient than the sample of random PMMA fibers [25]. Also,
Xu et al. suggested that aligned electrospun poly(l-lactid-co-
e-caprolactone) [P(LLA-CL)] nanofibrous scaffolds had the
advantages of both synthetic biodegradable polymers and a
stable architecture [26].

Among various candidates of polymer matrices, poly(2-
hydroxyethyl methacrylate) (pHEMA) is a biodegradable
polymer with good biocompatibility, hydrophilicity, and
low toxicity, which lays a solid foundation for its potential
application in the tissue scaffold field [27-29]. For instance,
Ramalingam et al. demonstrated pHEMA nanofibrous scaf-
folds could have excellent biocompatibility for tissue engi-
neering applications [30]. Rao et al. also illustrated the
applicability of the prepared pHEMA and bamboo cellulose
matrix composite fiber as a fibrous scaffold covering skin for
treating skin cancer and wound healing [31]. Unfortunately,
untreated pHEMA nanofibrous scaffolds appear noticeably
swollen in water which is due to its hydrophilicity [32, 33].
In general, promoting internal cross-linking is performed
to enhance hydrogel properties since water uptake can be
controlled by cross-linking, which positions cross-linking
as the main mechanism to optimize the water swelling.
Rampichova et al. solved the problem of water instability of
pHEMA microfibers by nebulization with phosphoric acid
[34]. Mabilleau et al. added cross-linking agents to pHEMA
and proved that the cross-linking method presented a signifi-
cant decrease in swelling [35].

The objective of this study was to utilize aligned electro-
spun pHEMA nanofibrous scaffolds to induce the regenera-
tion of fibroblasts. For this purpose, pHEMA nanofibrous
scaffolds with different fiber orientations were first fabri-
cated by electrospinning with adjusting rotation speeds from
300 to 2000 rpm. To solve the issue of water swelling caused
by their hydrophilicity, electrospun scaffolds were post-
treated using two different methods. One was to thermally
treat the scaffolds which cross-linked pHEMA nanofibers
and enhanced structural integrity. The other was to freeze-
dry the scaffolds to accelerate de-swelling and enhance the
ordered structure. Finally, fibroblasts were incubated on
such scaffolds to investigate their adhesion, growth, and
morphology.

In summary, the results demonstrated that the structural
properties of electrospun pHEMA nanofibrous scaffolds and
cell behaviors were found to significantly depend on subse-
quent treatment processes. The presently developed freeze-
drying and thermal treatment methods were promising for
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improving the properties of pHEMA scaffolds for numerous
tissue engineering applications. More importantly, this paper
suggests that aligned pHEMA nanofibrous scaffolds could
have a tendency to induce regular HDFs orientation and
unidirectionally oriented actin cytoskeletons over randomly
oriented pHEMA nanofibrous scaffolds.

Experimental
Electrospinning Set-Up

Certain amounts of pHEMA (Mw = 1,000,000, Sigma-
Aldrich, Saint Louis, MO, USA) were added into N,N-
dimethylformamide (DMF, Sigma-Aldrich) and the resultant
polymer solutions were agitated by ultrasonic excitation to
obtain uniformly mixed solutions followed by the electro-
spinning. A schematic illustration of the electrospinning
setup was shown in Fig. S1. All the electrospinning experi-
ments were carried out at constant temperature (25 °C) and
humidity (40%). Briefly, the pHEMA/DMF blend solutions
were electrospun using a high DC voltage power supply at a
25 kV potential between the solution and the collector with
areceiving distance of 15 cm from the syringe tip. Solutions
were delivered at a flow rate of 1.0 mL/h by a syringe pump.
In order to study the effect of polymer concentrations, the
pHEMA solutions were electrospun at different weight con-
centrations of 4, 8, 10, and 12 wt%. Moreover, both aligned
and randomly oriented pHEMA nanofibers were fabricated
by electrospinning under optimal conditions. Nanofibers
were collected onto a rotating mandrel with rotation speeds
at 300, 1000, 1500, and 2000 rpm, respectively.

Post-treatments

Electrospun scaffolds were post-treated by two differ-
ent methods. One was to heat-treat the scaffold at 90 °C
for 48 h. The other was using freeze-drying, that was, the
pHEMA scaffolds were frozen in a — 80 °C freezer for 4 h
and lyophilized in a LabconcoFreeZone® 2.5 Freeze Dry
System (Kansas City, MO, USA) for 48 h at 60 Pa. Then,
the organic solvent residues from pHEMA nanofibers were
removed under vacuum for 48 h.

Morphology and Structure of Scaffolds

The morphology of pHEMA nanofibers and their sizes
were examined by a scanning electron microscope (SEM,
S-4800, Hitachi, Tokyo, Japan). The diameter and align-
ment of the nanofibers were determined by measuring one
hundred nanofibers at different positions using NIH Image]
1.64 software (Shareware provided by the National Institutes
of Health). The SEM images were opened in ImageJ and
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measurements were calibrated using the scale bar on the
images. For determining nanofiber orientation, a value of 0°
denoted parallel alignment of the axis of the nanofiber and
90° represented perpendicular alignment.

X-ray diffraction (XRD, PANalytical Philips X-ray Dif-
fractometer, X’ Pert Pro, PANalytical, Almelo, Netherlands)
was carried out to determine the crystalline content of the
pHEMA powder with a 26 range of 20°-60°. The functional
groups of pHEMA nanofibers were analyzed by a Fourier
transform-infrared spectroscopy (FT-IR, Thermo Nicolet
Corporation, Nicolet 5700).

Contact Angle

The water contact angles of the untreated, thermally-treated,
and freeze-drying treated scaffolds were measured via a
Drop Shape Analyzer based contact angle measuring device
(DSA Registered Version) as per the instruction manual.

Swelling Measurements

Considering the hydrophilicity of electrospun pHEMA
nanofibers, the swelling measurements were conducted
at constant temperature (25 °C) and humidity (40%). The
electrospun pHEMA nanofibrous scaffolds were soaked in
a solvent of phosphate buffer saline (PBS, Sigma-Aldrich).
The swelling behavior of pHEMA nanofibrous scaffolds was
also tested at room temperature for a period of 72 h. At
selected time points (0, 2, 4, 6, 12, 18, 30, 42, 66 and 72 h)
the nanofibrous scaffolds were taken out and weighed after
removal of excess surface water with a Kimwipe (Sigma-
Aldrich). The swelling weight increase of pHEMA nanofi-
brous scaffolds was calculated according to the following
equation:

Swelling weight increase ratio (%) = (Wwe[— Wdry) / Wy X 100%

6]

where W, was the weight of the scaffold after removal
of water and W, was the weight of the initial scaffold.

Cell Culture

HDFs, purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA; catalog number PCS-201-
012™, population numbers 6-8), were cultured in Dulbec-
co’s Modified Eagle Medium (DMEM, Sigma-Aldrich) with
10 wt% fetal bovine serum (FBS, Sigma-Aldrich) and 1 wt%
penicillin/streptomycin (P/S, HyClone; Thermo Fisher Sci-
entific, Waltham, MA, USA) by weight in a 37 °C, humidi-
fied, 5% CO,/95% air environment.

Cell Adhesion

Electrospun pHEMA nanofibrous scaffolds were placed
individually into the wells of a 96-well plate (Fig. S2a)
and sterilized under UV light for 0.5 h each side. Before
cell seeding, samples were preconditioned with serum-free
DMEM for 2 h to improve cell adhesion. HDFs were then
seeded onto scaffolds at a density of approximately 10,000
cells/cm? and incubated under standard culture conditions
(Fig. S2b). Cell adhesion was measured after 2, 4, 6, 8 and
10 h of incubation. At each time point, samples were rinsed
with PBS and fresh media DMEM 100 pL was added to
each well along with an MTS (Promega Corporation, Fitch-
burg, WI, USA) dye in a 5:1 ratio by weight (media: MTS).
Samples were incubated for 4 h to allow the MTS dye to
completely react with the metabolic products of the adherent
HDFs. The absorbance of an MTS solution was measured at
a wavelength of 490 nm using a SpectraMax M3 (Molecu-
lar Devices, Sunnyvale, CA, USA) microplate reader. The
number of adherent cells was determined by comparing the
resulting absorbance values to a standard curve constructed
at the beginning of each trial. Experiments were run in trip-
licate (n=3) and repeated three times (N =3).

Cell Proliferation

An aliquot of 5,000 cells/cm? was seeded onto the surface
of a pre-wetted electrospun pHEMA nanofibrous scaffold
placed in 96-well culture plates. Cell proliferation was
tested with an MTS dye after 3, 5, 10, and 15 days. During
the period, the media was changed every day by replacing
half of the original volume with an equal volume of fresh
media. The process used to determine cell proliferation was
the same as that used to determine cell adhesion.

Cell Morphology

HDFs were seeded on the sterilized, randomly oriented and
aligned electrospun pHEMA nanofibrous scaffolds placed
in 24-well culture plates at a concentration of 10,000 cells/
cm? and were cultured for 3 days.

After the 3-day incubation, samples were fixed with a 4
wt% paraformaldehyde solution diluted in PBS for 1 h at 4
°C. After permeabilization with a 0.1 wt% Triton-X/0.1 wt%
Tween solution (Sigma-Aldrich) for 10 min and blocking in
PBS containing 1 wt% bovine serum albumin for 1 h at room
temperature, HDFs were incubated with 5 wt% BSA in PBS
overnight at 4 °C. The following day, HDFs were incubated
with diluted FITC-anti-vinculin 1:800 in 1 wt% BSA in PBS
and added to cells for 20 min at room temperature, prevent-
ing light exposure. Subsequently, diluted Alexa Fluor 568
Phalloidin 1:25 in 1 wt% BSA in PBS and added to the cells
for 20 min. Finally, samples were visualized with inverted
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Confocal Laser Scanning Microscopy system (CLSM 700;
Carl Zeiss Meditec AG, Jena, Germany). All the percentages
were based on mass fraction.

Statistical Analysis

For all cell culture assays, the reported arithmetic means and
standard deviation refer to the average of three independent
experiments, using three replicates per each group. Statis-
tical comparisons between groups were performed with a
two-tailed Student’s t test and differences were considered
significant if p <0.05.

Results and Discussion

Figure 1 shows the surface morphology of the electrospun
nanofibrous scaffolds. It was found that nanofiber formation
was strongly dependent on the concentration of pHEMA.
When the weight concentration of pHEMA in the pHEMA/
DMF solution was 4%, nanofibers were not able to be
formed (Fig. 1a). With increasing concentrations, the per-
cent of droplet decreased, while the percent of nanofiber
increased, as shown in Fig. 1b, c. When the concentration of
pHEMA/DMEF achieved to 12 wt%, the number of nanofibers
further increased and exhibited a homogeneous morphology
which can be seen in Fig. 1d. However, it was difficult to
fully dissolve the pHEMA polymer to form a homogene-
ous and transparent solution while further increasing the

Fig. 1 SEM images of elec-
trospun pHEMA nanofibers at
various polymer solution con-
centrations: a 4 wt%, b 8 wt%, ¢
10 wt%, and d 12 wt%
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concentration. Thus, a 12 wt% solution concentration would
be the optimal fabrication condition.

Electrospun pHEMA nanofibrous scaffolds with differ-
ent fiber angles were generated at various rotation rates of
300, 1000, 1500, and 2000 rpm. A progressive increase in
fiber orientation was observed as the rotation rate increased
(Fig. 2a-h). It was anticipated that the highly oriented
nanofibrous scaffolds were produced when rotation speed
was increased to 2000 rpm, whereas the randomly oriented
nanofibrous scaffolds were fabricated at 300 rpm, and these
conditions were chosen as the counterparts in the following
cell culture studies.

For the aligned nanofibers generated at the rotation rate
of 2000 rpm, as shown in Fig. S3a, the average diameter was
about 80.2 nm with the majority of fiber diameters ranged
from 40 to 100 nm. However, for the random nanofibers
shown in Fig. S3b, the majority of fiber diameters ranged
from 60 to 120 nm with an average diameter of 106.4 nm. It
was noticed that all the smallest, average, and largest diam-
eter of aligned fibers were smaller than those of the random
fibers obtained from the same processing conditions. Fiber
orientation was increased significantly as the rotation speed
increased. This is probably because of the increased tensile
properties with rotational deposition [20]. Thus, the highly
oriented and random nanofibrous scaffolds were prepared at
2000 and 300 rpm, respectively.

The results indicated that the fiber diameters were directly
related to the rotation rates. One reason behind the change
of diameters may be explained by considering the high
rotation speeds of the rotating mandrel, which exerted a
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tangential force on the syringe tip to stretch the resulting
fibers [36]. Although a small difference in fiber diameters
existed between the aligned and random nanofibrous scaf-
folds, diameters of the aligned and random electrospun fiber
were in the same nanoscale regime. Therefore, it suggests
that fiber diameter would not play a prominent role on the
different behavior of cells as will be described. Just as Yim
et al. demonstrated, the alignment of smooth muscle cells
differed only when the half pitch of the nanogratings was
varied from 350 nm to 2 pm, which meant no significant
difference existed under the same scale [37].

Even though considerable research to develop pHEMA
based materials for tissue engineering applications have
been done [27-29], the swelling of pHEMA in aqueous
solution is still a huge challenge [32]. In this study, we post-
treated the electrospun pHEMA scaffolds using either a ther-
mal treatment or a freeze-drying method. When untreated
pHEMA nanofibrous scaffolds (Fig. S4a) were soaked in
water, nanofibers appeared noticeably swollen within a

TR

()

y ’\\? “ \\

short time (Fig. S4b). Figure 3a—i shows the morphology of
untreated, thermally treated and freeze-drying treated scaf-
folds after being soaked in water for different times. Fig.
S4b and Fig. 3d, g display that the surface morphology of
the untreated scaffolds appeared severely swollen after soak-
ing in water, causing the surface fibers to merge. For the
thermally treated scaffolds, the morphology of the samples
remained unchanged until 48 h or even 72 h, which indicated
that the rate of swelling in water was significantly reduced
(Fig. 3b, e, h). However, for the freeze-drying treated scaf-
folds (Fig. 3c, f, i), the swelling process mainly occurred
after 24 h. In summary, during the first 24 h, a freeze-drying
treatment method had a better effect on reducing the swell-
ing rate, while with an increase of time, the advantage of a
90 °C thermal-treatment method further became apparent.
Both approaches above helped preserve nanofiber struc-
ture, and thus are a key step in the formation of stable
electrospun pHEMA scaffolds. It was clearly seen from
Fig. 4a that untreated pHEMA was highly hydrophilic

Fig. 3 SEM images of nanofibers after 24 h (a—c), 48 h (d—f), and 72 h (g-i) of water incubation for untreated (a, d, g), thermally-treated (b, e,

h), and freeze-drying treated (c, f, i) scaffolds
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(a) ¥

Fig.4 Water-contact angles of a untreated, b thermally treated and c freeze-drying treated scaffolds

(water-contact angle value of 15.9°). However, the high
water-contact angle values obtained for thermally treated
(Fig. 4b) and freeze-drying (Fig. 4c) scaffolds (98.9° and
107.2°, respectively), indicated that the post-treated scaf-
folds were hydrophobic. Water contact angle studies also
demonstrated that both the thermal and freeze-drying treat-
ment methods are strategies for modulating the nanofiber
performance.

In order to understand the mechanism of reducing water
swelling using the thermal and freeze-drying treatment
methods, we conducted analyses of the swelling weight
increase ratio as exhibited in Fig. 5a. For untreated scaf-
folds, the weight increase ratio mainly occurred during the
first 18 h up to 24.9%, while the swelling weight began to
decrease after that. After the freeze-drying treatment, the
change of swelling weight had the similar trend as untreated
samples, but it had lower swelling weight increase and the
weight increase was significantly reduced after 18 h, which
might because the nanofiber scaffolds had degenerated in
water after that point. However, the thermally treated scaf-
folds approximately remained unchanged for the first 18 h
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and slightly increased afterwards, which meant that the ther-
mally treated scaffolds had the lowest swelling rate com-
pared to the untreated and freeze-drying treated scaffolds.
To further investigate the possible structural change of
electrospun pHEMA nanofibers caused by different post-
treatment methods, the XRD spectra of the electrospun
pHEMA fibers before and after post-treatments were pre-
sented in Fig. 5b. A broad peak at 20 =21.2° was recorded
for the untreated scaffold [38]. However, with the thermal
post-treatment, the broad peak slightly shifted to 18.4°. In
contrast, the characteristic X-ray peak evolved to 22.4° for
the freeze-dried one. Besides, Fig. S5a and b provided the
FT-IR results for the three kinds of pHEMA nanofibers. It
was seen that, due to the post-treatment methods, the peak
at about 1604 cm™' for untreated scaffold, corresponding
to vc_c, appeared to have some position shifts. Therefore,
the absorptivity ratios of v_ to vo_o were 0.537, 0.098
and 0.262 for untreated, thermally treated and freeze-dry-
ing treated pHEMA nanofibers, respectively. These results
suggested that the absorptivity ratio of pHEMA nanofib-
ers would be reduced after the thermal and freeze-drying

]
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Freeze-drying treated
40004 rying
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i
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Fig.5 a Studies of swelling weight increase ratios after different treatments. b XRD patterns of untreated, thermally treated and freeze-drying

treated pHEMA nanofibers
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treatment methods. The X-ray and FTIR peaks shown
some shifts which might be attributed to the interaction
between the hydroxyl groups [31]. During the thermal
treatment process, the unreacted monomers were further
polymerized, which led to increased scaffold integrity
[32]. Likely, during the freeze-drying process, hydrogel
pHEMA scaffolds shrunk, resulting in a slight bending of
the composite [39, 40].

XRD and FTIR performed on the thermally and freeze-
drying treated scaffolds revealed that the free radical
polymerization was incomplete in untreated scaffolds and
progressed further during the thermal and freeze-drying
treatment processes. Thus, the slightly changed internal
structure shown in the XRD and FTIR spectra might play
an important role in optimizing the rate of weight absorp-
tion, potentially leading to improved stability of electro-
spun pHEMA nanofibrous scaffolds.

Figure S6 illustrated the relationship between the
absorbance value and cell number by curve-fitting, which
could be obtained as

y = —8273 + 39872x 2)

When the absorbance value became bigger, more cells
were produced, HDFs adhesion and proliferation would
be better.

Figure 6a shows that HDFs adhered to both thermally
and freeze-drying treated pHEMA substrates. In particular,
statistical analysis using ANOVA also provided evidence
that HDFs adhered to the freeze-drying treated nanofibrous
substrate at a significantly faster rate than the thermally
treated nanofibrous substrate at 2 and 4 h. Furthermore,
while compared with the number of HDFs at 2 h, much
more cells were found attached to the freeze-drying treated
substrate compared to the other substrates at 6 h. The num-
ber of HDFs that adhered to the thermally treated substrate
caught up with the number of adherent cells on the freeze-
drying treated substrate until 8 h. By 10 h, the percentages
of HDFs that adhered to the thermal and freeze-drying
treated substrates were 73.22 and 79.54%, respectively.

The mechanism of the observation was possible that
the freeze-drying treatment method had a better effect on
maintaining the morphology of nanofibers by reducing the
swelling rate at the first 24 h. In addition, the proposed
mechanism illustrated that excellent nanofiber structure
could induce, enhance, and guide cell adhesion [41]. Due
to the increased rates of cell adhesion, cells were allowed
to adhere into the wound or damaged tissues within a
shorter time period, which could expend applications of
nanofiber substrates.

HDFs proliferation tests conducted after 3, 5, 10, and
15 days (Fig. 6b, c) indicated increasing numbers of
HDFs on the four substrates (thermally treated oriented
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and random pHEMA scaffolds, freeze-drying treated ori-
ented and random pHEMA scaffolds) during the culture
period. Especially, on day 10 and 15, much more cells
attached on the four substrates compared with day 3 and
5. Moreover, Fig. 6b, c revealed that the densities of HDFs
were similar for all substrates after 3 and 5-day incuba-
tion. Nevertheless, differences in the cell density became
significant on day 10 and 15, where cell densities on the
thermally treated substrates were dramatically higher than
the freeze-drying treated substrates for both aligned and
randomly oriented substrates. Because of the increased
rate of cell growth, cells might be able to adhere into a
wound or damaged tissue after the application of thermally
treated pHEMA (as compared to freeze-drying treated)
under a shorter time frame allowing for quicker growth
and tissue formation.

Because HDFs had a higher cell growth rate on the ther-
mally treated pHEMA nanofibrous substrates, the results
of cell proliferation contradicted the cell adhesion studies’
results. This could be explained since the freeze-drying
treated substrates had a clearer nanofiber morphology during
the first 24 h, whereas after day 3, 5, 10, and 15, advantages
of the thermally treated substrates towards reducing pHEMA
swelling increased. Another possible explanation might be
that different seeding densities were used in the adhesion and
proliferation assays with the latter using half of the number
of cells for experimental ease. The adhesion assays dem-
onstrated that at 8 and 10 h, no obvious differences existed
between the two substrates, likely since the cell density was
approximately two-times higher than the initial seeding den-
sity [42]. Therefore, it was reasonable that the advantages
of thermally treated substrates increased over freeze-drying
treated substrates in the cell proliferation assay.

Besides, statistical analysis combined with Fig. 6b, c
depicted that cell densities in the cell proliferation assay
were similar between the random and aligned electrospun
pHEMA substrates for both scaffolds treated by the thermal
and freeze-drying methods. The results indicated that the
HDF proliferation rate seemed to be independent of the fiber
alignment, but related to post-treatment methods, suggesting
that the thermal treatment method strongly supported and/
or improved HDFs growth as compared to the freeze-drying
treatment method.

Since the thermal treatment method had an average 25%
increase in the number of cells based on the results men-
tioned above, we used the thermally treated aligned and ran-
domly oriented scaffolds to determine whether the alignment
of fibers affected cell morphology. Figure 7a displays that
HDFs were randomly organized along the randomly oriented
nanofibrous substrate and they were distributed into islands
and separated from one another. Conversely, the cells on the
aligned substrate tended to grow along the fibers after cell
seeding (Fig. 7b). In addition, on the random substrate, the
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Fig.6 a Adhesion density of HDFs to the electrospun nanofibrous
substrates after various culture times. Date =mean + St. Dev; N=3,
#p<0.05; *p<0.05 compared with 2 h adhesion on the thermally-
treated substrates; *p <0.05 compared with 4 h adhesion on the ther-

mally-treated substrates; *#p <0.05 compared with 6 h adhesion on

the thermally-treated substrates; *p<0.05 compared with 2 h adhe-
sion on the freeze-drying treated substrates; **p<0.05 compared
with 4 h adhesion on the freeze-drying treated substrates. b, ¢ Density
of HDFs after 3, 5, 10, and 15 days of culture on aligned and random
substrates, respectively. Date=mean+St. Dev; N=3, **p<0.01,

cell actin cytoskeleton was mostly scattered in all directions
(Fig. 7c), while the cell actin cytoskeleton aligned with the
direction of the nanofibers for the oriented one (Fig. 7d).
Moreover, when cells and the cell actin cytoskeleton were
disparate between the aligned and randomly oriented sub-
strates, we could see that the aligned structures had tremen-
dous potential for even greater growth. Hence, significant
differences in cell morphology based on fiber morphology
could contribute to aligned nanofiber structures like natural

- Freeze-drying treated
- Thermally-treated

+ 4+
Ba# #a# t

ve HE T OHE

+ # #

6h 8h 10 h

Culture Time

- Freeze-drying treated, randomly oriented
- Thermally-treated, randomly oriented Iul

60000 LA ##t

3 days

5 days 10 days
Culture Time
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s

p<0.001; *p<0.05 compared with day 3 proliferation on the
thermally-treated aligned and the random substrates, respectively;
#p<0.05 compared with day 5 proliferation on the thermally-treated
aligned and random substrates, respectively; *p <0.05 compared with
day 3 proliferation on the freeze-drying treated aligned and random
substrates, respectively; *"p <0.05 compared with day 5 proliferation
on the freeze-drying treated aligned and random substrates, respec-
tively; and ***p<0.05 compared with day 10 proliferation on the
freeze-drying treated aligned and random substrates, respectively

extracellular structures inducing more biologically inspired
focal contacts and other cell attachment structures [43].

Conclusions
This study explored the influence of electrospun pHEMA

nanofibrous scaffolds on the function of fibroblasts. The
results showed that the morphology of electrospun pHEMA
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Fig. 7 Fluorescence images

of HDFs seeded for 3 days on
electrospun substrates with
different orientations. a, ¢ Ran-
domly oriented and b, d aligned
substrates

was strongly affected by the concentration of the polymeric
solution, and a 12 wt% pHEMA solution concentration was
the optimal fabrication condition. The randomly oriented
and aligned nanofibrous scaffolds were fabricated when
rotation speeds were 300 and 2000 rpm, respectively. Addi-
tionally, analyses of swelling weight, contact angle, and
XRD spectra demonstrated that the swelling in an aqueous
solution was improved remarkably after the freeze-drying
or thermal treatment method. The freeze-drying treated scaf-
folds had lower swelling after the first 24 h, whereas advan-
tages of the thermal treatment method increased after 24 h.
Moreover, the freeze-drying treated scaffolds induced the
adhesion of HDFs at a significantly faster rate than that of
the thermally treated scaffolds especially after 4 h. However,
HDFs proliferated with a significant higher cell growth rate
on the thermally treated pHEMA nanofibrous scaffolds than
the freeze-drying treated scaffolds after 10 and 15 days of
incubation. Ultimately, for electrospun aligned substrates,
cells and the cell actin cytoskeleton were observed to align
and elongate along the fiber axes which suggested that a
unidirectional fiber orientation can guide HDFs and cell
actin cytoskeleton alignment. In summary, this study rec-
ommends the fabrication of an electrospun aligned pHEMA
nanofibrous scaffold followed by freeze-drying or thermal as
a promising method for enhancing fibroblast adhesion and
growth, which can be investigated for a wide range of tissue
engineering applications.
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