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ABSTRACT: Post-electrospinning treatment is a facile process to
improve the properties of electrospun nanofibers for various
applications. This technique is commonly used when direct electro-
spinning is not a suitable option to fabricate a nonwoven membrane of
the desired polymer in a preferred morphology. In this study, a
representative natural-synthetic hybrid of cellulose acetate (CA) and
polycaprolactone (PCL) in different ratios was fabricated using an
electrospinning process, and CA in the hybrid fiber was transformed
into cellulose (CL) by post-electrospinning treatment via alkaline
saponification. Scanning electron microscopy was employed to study
the effects of polymer composition and subsequent saponification on
the morphology of the nanofibers. Increasing the PCL content in the
PCL/CA blend solution caused a gradual decrease in viscosity, resulting
in smoother and more uniform fibers. The saponification of fibers lead to pronounced changes in the physicochemical properties.
The crystallinity of the PCL in the composite fiber was varied according to the composition of the component polymers. The
water contact angle was considerably decreased (from 124° to less than 20°), and the mechanical properties were greatly
enhanced (Young’s Modulus was improved by ~20—30 fold, tensile strength by 3—4 fold, and tensile stress by ~2—4 fold)
compared to those of PCL and PCL/CA membranes. Regeneration of cellulose chains in the nanofibers increased the number of
hydroxyl groups, which increased the hydrogen bonding, thereby improving the mechanical properties and wettability of the
composite nanofibers. The improved wettability and presence of surface functional groups enhanced the ability to nucleate
bioactive calcium phosphate crystals throughout the matrix when exposed to a simulated body fluid solution. Experimental results
of cell viability assay, confocal microscopy, and scanning electron microscopy imaging showed that the fabricated nanofibrous
membranes have excellent ability for MC3T3-El cell proliferation and growth. Given the versatility and widespread use of
cellulose—synthetic hybrid systems in the construction of tissue-engineered scaffolds, this work provides a novel strategy to
fabricate the biopolymer-based materials for applications in tissue engineering and regenerative medicine.

KEYWORDS: electrospinning, composite fiber, post-electrospinning treatment, alkaline saponification, cellulose nanocrystals,
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1. INTRODUCTION

The development of micro-/nanofibers has attracted significant

electrospinning has emerged as an attractive nanotechnology
for the production of nanofibers for biomimetic tissue

interest in the scientific community due to their unique
properties of large surface area to volume ratio, superior tensile
strength, and high porosity.'~* Various techniques, such as self-
assembly,” phase separation,® drawing,” melt bowling,® electro-
spinning,9 and template-directed synthesis,m allow for the
creation of polymer nanofibrous membranes. Among them,
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scaffolding."" The nanoscale fineness of electrospun biomate-
rials provides a structural extracellular matrix (ECM) network
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in which cells can grow during tissue repair and regeneration.'”
Therefore, electrospun nanofibrous membranes are widely used
for tissue engineering, including in complex tissues such as liver,
bone, heart, and muscle.”> To achieve these applications,
electrospun nanofibrous mats should possess biodegradability,
biocompatibility, and sufficient mechanical strength.'* A
number of biomaterials, including natural and synthetic
polymers and their composites, are being used to fabricate
such scaffolds.">'® These include PCL, PVA, PVAc, PEO, PEG,
PLGA, PLLA, cellulose, chitosan, alginate, and gelatin.17
Among the various synthetic polymers, polycaprolactone
(PCL) exhibits many advantages, such as good biodegradability,
biocompatibility, excellent processability, and proper mechan-
ical strength. Therefore, PCL has been extensively investigated
over the last several decades, especially for use in the fields of
biomedicine and tissue engineering.18 Nevertheless, the low
wettability and insufficient biocompatibility of PCL hinder its
application in tissue engineering; these properties result in
suboptimal adhesion, low spreading and growth of cells on the
surface of the material, and a low hydraulic permeability
through the scaffold.'” Therefore, several modifications of PCL-
based materials have been reported in order to improve their
hydrophilic properties and to achieve a friendly interface for
living cells. Recently, Ahmed et al. fabricated the coelectrospun
PCL/cellulose composite mats using two nozzle electro-
spinning to improve the wicking properties of PCL nano-
fibers.”’ However, the individual fiber in the mat was either of
the neat PCL or cellulose, not a hybrid of component polymers,
and hence lacks the synergetic properties of component
polymers. Blending PCL, a synthetic polymer, with a natural
polymer on the nanoscale can easily improve its physicochem-
ical properties for biomedical applications. Many efforts have
been made to increase the hydrophilicity and biological activity
of PCL nanofiber webs through incorporation of natural
polymers, such as cellulose, gelatin,11 chitosan,”" keratin," and
alginate.”> Although these studies have reported a favorable
biological response to seeded cells such as enhanced cell
attachment and in vitro cell proliferation, the material lacked
the mechanical properties required for tissue engineering
applications. Cellulose and its derivatives have been widely
used to fabricate composite nanofibers with synthetic polymer.

Recent developments in cellulose research show that it is a
promising biomaterial for tissue engineering, stem cell research,
and regenerative medicine.”’ Bacterial-produced cellulose is
primarily studied for bone regeneration.”*™*’ However, it does
not offer the ability to control the fibers on the nanoscale or
microscale, which limits its applicability in tissue engineering.””
Compared to cellulose, cellulose acetate (CA) is easy to process
and has good spinability. In order to take advantage of the
expanded processability window of CA, composite nanofibers
can be produced using blending solutions of CA with synthetic
polymers such as PCL; then, the CA content in a nanofiber can
be easily hydrolyzed into cellulose through alkaline saponifica-
tion.””

In this study, we improved the biological and physicochem-
ical properties of PCL nanofiber for biomedical applications
using cellulose chains. Here, a blend solution of PCL and CA
with various compositions was electrospun to fabricate the
nanofibrous membranes, and the resulting membranes were
treated with NaOH solution to regenerate the cellulose chains
in the individual nanofibers. The scaffolds were characterized in
terms of morphology, physiochemical properties, biomimetic
mineralization, and biocompatibility.

2. EXPERIMENTAL SECTION

2.1. Materials. In this study, poly(e-caprolactone) (PCL, Mw =
70,000—90,000) and cellulose acetate (CA, Mw 30,000) were
purchased from Sigma-Aldrich, USA; dimethylformamide (DMF),
dichloromethane (DCM), acetone, N,N-dimethylacetamide (DMAc),
and sodium hydroxide (NaOH) were purchased from Sam Chun,
Korea. A 10 wt % PCL solution was prepared by dissolving PCL in a
solvent system of DMF/DCM (4:1 w/w), and a 17 wt % CA solution
was prepared in acetone/DMAc (2:1 w/w). Solutions were separately
stirred for 12 h at room temperature and were then mixed at varying
weight ratios so that the mass ratios of PCL and CA in the final
solutions were 20:80, 40:60, 60:40, and 80:20. Mixed solutions were
continuously stirred using a magnetic bar for 4 h prior to
electrospinning.

2.2. Electrospinning process. A robot-controlled electrospinning
setup was used in this study (Figure S1). The electrospinning solution
(about 10 mL) was drawn into a 12 mL plastic syringe (NORM-JECT,
Germany) connected to a metal capillary (di = 0.51 mm, 21 G)
through a plastic tube. A digital syringe pump (New Era Pump System,
Inc, USA) was used to control the flow rate (1 mL/h). Electro-
spinning was performed at ambient conditions (temperature ~21 °C
and humidity ~28%) at a 17 kV applied voltage and a 15 cm tip-to-
collector distance. During electrospinning, the nozzle moved sideways
(i.e., horizontally) on its axis for a distance of 130 mm with a linear
speed of 100 mm/min. Fibers were collected on the aluminum sheet
attached to the surface of a ground iron drum. As-fabricated mats
(PCL/CA) were vacuum-dried for 24 h at 25 °C and were dubbed
Ml, M2, M3, and M4 in order to represent the mats obtained by
electrospinning of blend solutions with 20:80, 40:60, 60:40, and 80:20
mass ratios of PCL to CA, respectively.

2.3. Post-electrospinning treatment. The composite electro-
spun mats were carefully removed from the aluminum sheet and
treated with a NaOH solution (0.05 M) in H,O/ethanol (1:4 v/v) for
24 h in order to regenerate cellulose from cellulose acetate.*’
Regenerated cellulose-based membranes (PCL/CL) were thoroughly
washed with distilled water until the wash solution becomes neutral
and were named MR1, MR2, MR3, and MR4, corresponding to mats
M1, M2, M3, and M4, respectively.

2.4. In vivo biomimetic mineralization. Simulated body fluid
solution (SBF) was prepared using Hank’s balanced salt (Aldrich,
H2387-1) according to our previous report.'’ Briefly, a bottle of
commercially available Hank’s balanced salt along with MgSO,, (0.097
g), NaHCO, (0.350 g), and CaCl, (0.185 g) were dissolved in 1 L
distilled water. The pH of the solution was maintained at 7.4. The
solution was filtered with 47 mm filter paper and stored at 5 °C for no
longer than one month. PCL, PCL/CA, and PCL/CL mats were
incubated in SBF solution for different time intervals at 37 °C. SBF
solution was renewed every 24 h.

The deposition of calcium compounds on the SBF-treated mats was
also evaluated using Alizarin Red S (ARS) assay according to a
previous report.>' Briefly, 10 days SBF treated samples (1 X 1 cm?)
were rinsed with DI water, fixed in 3.7% buffered formaldehyde for 30
min, and stained with 1 mL of ARS solution (40 mM, pH 4.1) in a 24-
well plate for 20 min on an orbital shaker. Samples were then rinsed
with DI water to remove the excess dye, transferred into another well
plate, and treated with 50% acetic acid (1 mL) for 30 min. The
dissolved dye was diluted with DI water in a 1:4 ratio, and pH was
adjusted to 4.1. The absorbance of the solution was measured at 492
nm in a 96-well plate using a microplate reader (Sunrise Tecan,
Austria).

2.5. In vitro biocompatibility. The viability of the cultured cell
was monitored on the first, third, and seventh days of culture using a
CCK (Dojindo’s cell counting kit-8) assay. Samples (CA, PCL, PCL/
CA, PCL/CL, and SBF-treated PCL/CL mats) of the same size were
sterilized under UV light and thoroughly rinsed in phosphate buffer
saline (pH 7.4). Later, samples were transferred to a 48-well plate and
rinsed with medium prior to cell seeding. Cell (MC3T3-El)
suspension of 500 uL was seeded at a density of 1 X 10* cells/well
and was incubated at 37 °C in a 5% CO, atmosphere. Culture medium
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Figure 1. (A) FE-SEM images of composite mats before and after saponification. (B) Histogram showing fiber diameter distributions in different
mats. (M1, M2, M3, and M4 represent the mats obtained by electrospinning of blend solutions with 20:80, 40:60, 60:40, and 80:20 mass ratios of
PCL to CA, respectively, and MR1, MR2, MR3, and MR4 represent the saponified mats corresponding to M1, M2, M3, and M4 mats, respectively.

Scale bar in FE-SEM images is 4 ym.)

Table 1. Viscosity and Conductivity of Different Solutions and Fiber Size Distribution in Corresponding Mats”

Fiber diameter (um)

Solution/mat Viscosity (cP) Conductivity (ms/S) Distribution Mean + SD
PCL/CA, 20:80 (M1) 1140 + 12.78 0.550 + 0.00S 0.14-3.12 1.07 + 1.04
PCL/CA, 40:60 (M2) 1020 + 4.62 0.583 + 0.002 0.17-3.41 1.08 + 0.81
PCL/CA, 60:40 (M3) 704 + 10.23 0.524 + 0.003 0.34—1.58 1.07 + 0.40
PCL/CA, 80:20 (M4) S12 + 6.67 0.408 + 0.026 0.71-1.34 095 +0.23
PCL/CL (MR1) 0.34—1.08 0.89 + 0.52
PCL/CL (MR2) 0.16-1.10 0.84 + 045
PCL/CL (MR3) 0.30-1.81 0.84 + 033
PCL/CL (MR4) 027-1.16 0.81 + 023

“PCL/CA solutions were prepared by blending PCL and CA solutions in different mass ratios. Conductivity and viscosity were measured three times
for each solution, and average values are displayed in the table. M1, M2, M3, and M4 mats were fabricated by electrospinning the blend solutions,
and corresponding MR1, MR2, MR3, and MR4 mats were achieved by alkaline saponification. The fiber diameter was measured using the Image]J

program, and the mean value with standard deviation is displayed.

was changed every 2 days. Following the manufacturer’s instructions,
200 pL of cultured medium was transferred to a 96-well plate, and 20
L of a CCK-8 solution was added to each well and incubated for 3 h.
After 3 h of incubation, the absorbance was measured at a wavelength
of 450 nm using a microplate reader (Sunrise Tecan, Austria). A
standard curve was established by measuring the known number of
cells prior to the experiment, and cell viability was determined from
the standard curves. Among the groups, the cell viability of CA mat
was set as control and the viability for other mats was expressed with
its reference.

To examine cell attachment and spreading, samples were chemically
fixed. The three- and seven-day cell cultured samples were rinsed with
phosphate buffer saline (pH 7.4) and fixed with 2.5% glutaraldehyde
for 1 h, followed by washing with 25%, 50%, 75%, and 100% ethanol
for 20 min. They were dried overnight in a laminar flow hood. The cell
morphology and attachment manner were determined via SEM.

In addition to SEM images, a confocal laser scanning microscope
(Carl Zeiss, Japan) was employed to further confirm the cell
biocompatibility and spreading behavior toward the scaffolds.

19674

Accordingly, cells were cultured on the scaffolds for a designated
time (3 or 7 days) and stained with ActinGreen 488 and DAPI (4,6-
diamidino-2-phenylindole) (Life Technologies). Then, 4% parafor-
maldehyde was used to fix the cells, which were stained according to
the manufacturer’s protocol. Finally, the stained mats were examined
using confocal laser scanning microscopy.

2.6. Scaffold characterization. Field emission scanning electron
microscopy (FE-SEM, Carl Zeiss, Supra 40VP, Japan) was used to
observe the surface morphology of different samples. Image] (NIH,
USA) software was used to measure the fiber diameter. For each
electrospun mat, more than 50 fibers were considered from five
different images in order to calculate the average fiber diameter. The
fabrication of PCL/CA composite fiber and saponification were
determined by means of Fourier-transform infrared spectroscopy (FT-
IR, ABB Bowen MB100 spectrometer, Canada) and X-ray diffraction
patterns (XRD, Rigaku, Cu Ka 4 = 1.540 A°, 30 kV, 40 mA). Thermal
gravimetric analysis (TGA, QS0 TA Instruments) was used to
investigate the thermal stability of different mats; the samples were
heated from 30 to 800° at a rate of 10°/min. The surface wettability of
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Figure 2. (A) FTIR spectra of (a) pristine CA mat, (b) M1, (c) M2, (d) M3, (e) M4, and (f) pristine PCL mat. (B) FTIR spectra after
saponification of (a) regenerated cellulose, (b) MR1, (c) MR2, (d) MR3, and (e) MR4. (C) IR spectra showing the comparison between M3 and

MR3.
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Figure 3. (A) XRD patterns of (a) pristine PCL nanofiber, (b) M1, (c) M2, (d) M3, and (e) M4. (B) XRD pattern after saponification of (a) MR1,

(b) MR2, (c) MR3, and (d) MR4.

the electrospun membrane was determined measuring contact angle
using DI water, glycerol, and diiodomethane by a contact angle meter
(GBX, Digidrop, France). Liquid was automatically dropped (drop
diameter 6 ym) onto the mat. The mechanical properties of the as-
spun membranes were measured using an Instron mechanical tester
(LLOYD instruments, LRSK plus, UK) using a dog-bone specimen
based from ASTM D882-10.

3. RESULTS AND DISCUSSION

3.1. Physicochemical properties of the membrane.
FE-SEM images of the electrospun mats compounded with
different mass ratios of PCL and CA are presented in Figure
1A. All of the polymer compositions considered yielded bead-
free nanofibers with no observable coagulation; however, the
fiber morphology was noticeably changed. M1 and M2 mats
(Figure 1A) showed tiny fiber-lets branched from primary
nanofibers. The fiber diameter varied from the nanometer to
micrometer range, and small splash defects were observed at
the branches. Increasing the PCL composition of the matrix

19675

yielded more uniform, smooth, and compactly packed fibers
without tiny fiber-lets (M3 and M4 mats, Figure 1A). The
histogram of fiber diameter (Figure 1B) clearly shows that
more uniform fibers were obtained at a lower composition of
cellulose acetate in the electrospinning solution. The average
fiber diameter gradually decreased from 1.07 to 0.81 pm with
increasing PCL composition (Table 1, and Figure S2). The
changes in fiber morphology and size distribution are attributed
to changes in viscosity and conductivity of the blend solution.
By increasing the PCL content in the blend solution, the
viscosity gradually decreased from 1140 to 512 cP. Reduced
viscosity results in smaller fiber diameter, due to the extent of
elongation of the fibers being increased while being subjected
to an electrical field.*> Furthermore, reduced viscosity increased
the spinability of the solution, resulting in fibers with uniform
size distributions.”

Here, we intended to enrich the PCL nanofibers with
cellulose chains. Therefore, PCL/CA composite mats were
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treated with NaOH solution to regenerate cellulose via
saponification.’® The surface morphology of each membrane
was dramatically changed after saponification; fibers were
closely packed compared to those in corresponding PCL/CA
mats (Figure 1A MRI-MR4). Such behavior was more
pronounced in M1 and M2 membranes, where the smooth
and cylindrical fibers became coarse and thin in corresponding
MRI and MR2 membranes. The fibers in the MR3 and MR4
membranes were more squeezed, stiff, and unevenly contracted
throughout the membrane. The fibers were more uniform and
the diameter was slightly decreased compared to a pristine
PCL/CA membrane (Table 1). Regeneration of the crystalline
cellulose chain from amorphous CA might have altered the
packing of molecules in the fibers, resulting in a change in fiber
morphology. These observations suggest that the regeneration
of the cellulose in the fiber matrix has a substantial effect on the
polymer interface and on fiber morphology.

FT-IR spectroscopy was employed to understand the
molecular level interactions between the component polymers
at different compositions. Figure 2A shows the FT-IR spectra of
pristine and composite fibrous mats. The IR spectrum of the
pristine PCL mat (Figure 2A, f) is characterized by the typical
absorption bands at 2948 and 2868 cm™" (stretching bands of
CH, groups), 1721 cm™ (stretching band of the ester group
C=0), 1470 cm™" (asymmetric deformation of CH,), 1366
cm™" (symmetric wagging of CH,), 1294 and 1163 cm™
(asymmetric and symmetric stretching of C—O—C), 1163
and 1108 cm™' (asymmetric and symmetric stretching of C—
0), 1240 cm™' (CH; vibrations), 1046 cm™' (C—O stretching
and CH, rocking), and 1044 cm™ (C—O stretching and CH
bending).””** Similarly, the IR results of pristine CA mat
(Figure 3A, a) showed characteristic absorption bands at 1037
and 1228 cm™ (C—0-C), 1368 cm™' (C—CH;), 1741 cm™
(C=0 from the acetyl groups), and 3482 cm™' (O-H
stretching of the hydroxyl groups).”® The composite mats
showed a gradual change in FT-IR spectra with varying
compositions of PCL and CA in blend solutions (Figure S3).
The peak intensities at 2948, 2868, 1721, 1470, 1294, 1163,
1108, and 1046 cm™" were gradually increased with increasing
PCL mass in electrospinning solution, ie., peak intensity
increased from M1 to M4 membranes. (The change in the IR
band is clearly shown in Supporting Information Figure S3.)
Absorption bands at 1037 and 1229 cm™' (characteristics of
C—0O-C stretching of cellulose acetate) were steadily
narrowed, the broad peak around 3482 cm™ due to hydroxyl
groups steadily decreased, and the peak corresponding to C=

O at 1741 cm™" was shifted to 1755 cm™" with increasing PCL
composition in the fibrous matrix. These results revealed that
the CA and PCL solutions (described in the Experimental
Section) have effective interaction at various compositions and
can generate a composite nonwoven fibrous membrane. Figure
2B shows the FT-IR spectra of cellulose regenerated mats. The
absorption bands related to PCL remained unchanged, while
the absorption bands at 1229 and 1755 cm™' related to the
acetyl group and carbonyl group of cellulose acetate,
respectively, disappeared in the spectrum of the saponified
mats (Figures 2A—C and S3). Figure 2C is the comparison of
the IR spectra of M3 and a corresponding saponified MR3 mat
and clearly indicates the deacetylation of cellulose acetate.
These results indicated the complete hydrolysis of cellulose
acetate into cellulose. In addition, all the PCL/CL membranes
(Figures 2B a—e) showed a broad and intense absorption band
around 3300—3600 cm™, which is attributed to the hydroxyl
group of regenerated cellulose.”

PCL is a semicrystalline polymer, and the presence of a
foreign body in the fiber matrix can alter its crystallinity.
Therefore, the effect of cellulose acetate on the crystallinity of
the PCL fiber matrix was evaluated from the XRD patterns.
Pristine PCL and PCL/CA membranes (Figure 3A) showed
two strong diffraction peaks at 20 = 21.4° (101) and 23.8°
(200), characteristic of semicrystalline PCL nanofiber.*®
Compared to the pristine PCL mat, the peak intensity in the
composite fiber matrix was gradually decreased with increasing
CA mass (Figures 3A a—e), indicating a reduction in the degree
of crystallinity of PCL.>” The electrospinning process rapidly
removes solvent, preventing preferred packing of polymer
chains.*® Furthermore, the presence of CA in the blend
solution might have retarded the crystallization of PCL during
the electrospinning process.””

Saponification of amorphous cellulose acetate into the
crystalline cellulose chain changed the crystallinity of composite
fibers, as is evident from the XRD pattern. All the regenerated
mats showed new peaks around 26 values of 12° (101), 20°
(1017), and 22° (002) (Figure 3B), a typical XRD pattern of
cellulose IL.** The peak intensities corresponding to cellulose IT
were gradually increased with increasing cellulose mass in the
fiber matrix (Figure 3B), while that of PCL (at 20 = 21.4°
(101) and 23.8° (200)) was steadily decreased, revealing that
the regeneration of the cellulose chain further affected the
crystallinity of PCL in the composite fibers. This result also
suggests that the crystallinity of PCL can be varied by varying
the composition of cellulose acetate in the blend solution.

19676 DOI: 10.1021/acsami.5b04682

ACS Appl. Mater. Interfaces 2015, 7, 19672—19683


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04682/suppl_file/am5b04682_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04682/suppl_file/am5b04682_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04682/suppl_file/am5b04682_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04682

ACS Applied Materials & Interfaces

Research Article

A)
10
Pure PCL mat
iy MR3
7. -~
8 —/—\\\ 12
. MR2
= = 104 @
o o
= = 8-
» o ~— MR1
3 8 e
p o 3
7] & MR4
44 /
24
T T T T T 0 -5 T T T T
(¢] 50 100 150 400 450 o 10 20 30 40 50
Percentage Strain Percentage strain
(B)
45
160 " #
40 # ki -
; 140 e
= 38 1 = e
a # o 120 T
= 30 * =
3 25 . . g 100
S S
8 20 2 g =
= £ 60
» 15 »
2 2
§ 10 # = 2 P
> . * > 5 *ek
(4] | | o
M1 M2 M3 Ma PCL MR1 MR2 MR3 MR4

Figure S. (A) Stress—strain curves for different mats. (B) Bar graph showing the Young’s modulus for different mats; values were expressed as mean
+ SEM (¥, # P < 0.05 and **, ## P < 0.01; one-way ANOVA post hoc Tukey test).

Table 2. Tensile Properties of Various Samples®

Sample Young’s Modulus (MPa) Tensile Strength (MPa)
M1 20.68 + 0.09 191 + 0.04

M2 28.53 + 1.02 293 £ 0.17

M3 34.55 + 3.28 3.5 £ 041

M4 20.16 + 1.05 5.02 +0.13

MR1 11493 + 1341 8.27 + 0.081
MR2 146.71 + 6.78 10.38 + 1.38
MR3 151.39 + 11.22 11.49 + 1.68
MR4 2023 +£0.23 3.01 +0.18

PCL 592 + 0.11 8.68 + 0.299

Stress at Yield (MPa) Percentage Strain at Maximum

1.72 £ 0.11 23.83 = 1.79
2.82 + 0.08 30.27 + 2.36
3.21 + 0.62 32.32 + 4.71
2.85 + 0.02 162.75 + 4.59
7.7 £ 0.04 18.75 + 0.63
72 + 1.02 21.64 + 2.02
1041 + 1.5 15.81 + 1.20
2.73 + 0.00 26.99 + 6.65
42 £ 0.87 44494 + 1445

“Bach sample was evaluated three times. The mean values and corresponding standard deviation are displayed.

Control of the crystalline structure is expected to impact the in
vivo stability and mechanical performance of the scaffold,
providing a wider range of properties that can be controlled to
impact scaffold performance.

The thermal behavior of pristine PCL and PCL/CL
composite membranes was investigated using thermogravimet-
ric analysis (TGA). The TGA curves (Figure 4A) exhibited a
single-stage weight loss for PCL and a multistage weight loss
for PCL/CL membranes. The first stage of weight loss (>200
°C) represents the loss of structural water molecules of the
scaffold. Second-stage loss (starting at 305—326 °C) is
attributed to the thermal degradation of cellulose, the third
stage (starting around 385 °C) is due to decomposition, and
the fourth stage (<400 °C) is attributed to the carbonization of
polymeric material. The initial weight loss was proportional to
the CL mass in the fiber matrix, which is attributed to the
efficacy of CL to absorb moisture from the surroundings.*' The
percentage weight loss around 385 °C was increased with
increasing amount of cellulose in the composite fibers (Figure
4A). Furthermore, the initial degradation temperature was also
steadily reduced by increasing the CL mass in the composite
fibers. This result revealed that most of the cellulose content of
the fiber was degraded around 385 °C. DSC studies were also
performed on the PCL and PCL/CL membranes (Figure 4B)
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in order to investigate the effect of cellulose on the structural
properties of a PCL matrix. PCL nanofibers showed an
endothermic peak around 60 °C, which is associated with its
melting point."””** An endothermic peak around 60 °C is also
observed for PCL/CL composite nanofibers, with a slight right
shift. This result revealed that a new material phase was formed
at the different compositions without additional material phase.

Scaffolds must provide and retain sufficient mechanical
support during cell proliferation and tissue regeneration
without new-tissue deformation.** Therefore, scaffold mechan-
ical properties were evaluated. The typical strain—stress curves
of electrospun PCL/CA composite mats are presented in
Figure 5A and S4. Table 2 summarizes the Young’s Modulus,
tensile strength, percentage strain, and stress at yield calculated
from these curves. The tensile stress and Young’s modulus were
gradually increased with increasing PCL composition until the
mass composition of PCL/CA is 60:40 in the fiber matrix and
then decreased for 80:20. Each PCL/CA mat showed 4-—7
times greater Young’s modulus compared to a pristine PCL
mat. Furthermore, the saponification of cellulose acetate
significantly improved the mechanical properties of the fiber
matrix. Interestingly, Young’s modulus was gradually increased
from MR1 to MR3 membranes, showing a 4—6 fold
enhancement compared to those of PCL/CA mats and a

DOI: 10.1021/acsami.5b04682
ACS Appl. Mater. Interfaces 2015, 7, 19672—19683


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04682/suppl_file/am5b04682_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04682

ACS Applied Materials & Interfaces

Research Article

my my my my

1305 0.3° 130.1£0.1° 4291 £0:25 I
i | é-— ’
9.510.4° 12.1+0.2° 13.5 +1.1° 18.5%1.6°

Figure 6. Water contact angle images of PCL/CA and corresponding saponified PCL/CL mats (mean + SD, n = 3).

Figure 7. FE-SEM images of different samples exposed to SBF solution for 1 week: (a) neat PCL mat, (b) PCL/CA (M3) mat, (c) PCL/CL (MR3)

mat.

20—30 fold enhancement compared to a pristine PCL mat
(Figure SB and Table 2). A similar trend was observed for
tensile strength, and tensile stress. The enhancement in
mechanical strength of the scaffold is attributed to regeneration
of the cellulose chain in situ in the fiber matrix. Polar OH
groups in regenerated cellulose are capable of forming inter-/
intramolecular hydrogen bonding there by improving the
mechanical properties of PCL/CL nanofibers compared to
PCL/CA nanofibers. TEM images (Figure S5) and XRD
patterns (Figure 3B) clearly showed the regeneration of
cellulose nanocrystals in the nanofibers. Zoppe et al. reported
that the cellulose nanocrystals in the fiber matrix greatly
enhance the mechanical strength of nanofiber webs.*
Furthermore, Young’s modulus and tensile stress were
gradually increased from MR1 to MR3 while they were sharply
decreased for MR4 mat (Figure S). The Young’s modulus and
tensile stress of MR4 mat were similar to that of M4 mat (Table
2), revealing that the mechanical properties were not improved
after saponification for this mat. This result might be attributed
to the following reasons: first, the cellulose regeneration in situ
in the fiber might have affected the crystalline zone of PCL, but
a very low content of regenerated cellulose in MR4 fibers was
insufficient to compensate and boost the mechanical properties.
Second, the Young’s modulus and tensile stress were gradually
increased with increasing PCL composition in the blend until
the mass ratio of PCL/CA is 60:40 (M3) and then decreased
for 80:20 (M4) (Figure SB and Table 2), suggesting that the
mass composition of PCL/CA above 60:40 has an inverse effect
on those properties. This might be attributed to the low
interfacial interaction of PCL and CA at higher mass
composition of PCL in the blending solution, and a similar
effect might have been reflected in MR4 mat. Miscibility and
crystallization play crucial roles in the interfacial interaction and
mechanical performance of polymer blends.”® The existence of

a miscibility window for blends of polymer with polymer/
copolymer has been observed by several research groups.*”**
Scaffold wettability is known to be critical for biodegradation
and biocompatibility for the aforementioned applications.*”*" It
influences the absorption of body fluid and transfer of nutrients
and metabolities of the cells in the scaffolds.”’ Wettability also
affects the cell suspension distribution in the scaffold and the
structural morphology of regenerated tissue. Therefore, we
evaluated the wettability of the scaffolds by measuring the
contact angle using DI water, glycerol, and diiodomethane.
All the PCL/CA mats (Figure 6, M1-M4) showed a water
contact angle larger than 124°, revealing typical hydrophobic
surface characteristics. In contrast, the water contact angle was
less than 20° for all the PCL/CL membranes (Figure 6, MR1-
MR4). The pronounced increase in wettability is attributed to
the hydroxyl groups of the cellulose chain in a composite mat.>”
To confirm these results, contact angles for another polar
liquid, glycerol, were measured. The glycerol contact angles of
135.5, 136.5, 135.5, and 137.0 degree were observed for M1,
M2, M3, and M4, respectively (Figure S6). This result suggests
that all the PCL/CA mats have similar hydrophobic nature.
The glycerol contact angles of 24.7, 28.2, 32.2, and 34.4 degree
were observed for MR1, MR2, MR3, and MR4, respectively
(Figure S6). The mass composition of CL gradually decreases
from MR1 to MR4 mats; consequently, the number of polar
hydroxyl groups decreased in the same trend. Decreasing the
polar hydroxyl groups decreased the hydrophilicity from MR1
to MR4 mat. Furthermore, we measured the contact angle for
the nonpolar liquid diiodomethane. A zero degree contact angle
was observed for all PCL/CA mats (M1 to M4 mats) while
18.8, 15.5, 10.2, and 8.5 degree was observed for MR1, MR2,
MR3, and MR4 mats, respectively (Figure S6). The gradual
decrease in contact angle (increase in wettability) for a
nonpolar liquid from MRI to MR4 is attributed to the
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increased mass composition of PCL, a nonpolar polymer, in the
nanofibers. Grafting PCL nanofibers with the cellulose chains
not only improves the hydrophilicity, but also efliciently
increases the tensile strength, surface polarity, and compatibility
of the composite fiber by forming a network of strong hydrogen
bonds.

3.2. Biomimetic coating of hydroxyapatite. In vitro
incubation in the simulated body fluid (SBF) solution is a
suitable technique to access the hydroxyapatite nucleation
ability of a composite mat. The MR3 mat showed the superior
mechanical properties compared to others. Therefore, the
representative. PCL/CA (M3), the corresponding PCL/CL
(MR3), and the neat PCL mats were studied in order to
evaluate their ability to nucleate hydroxyapatite (HA) in the
SBF solution. It is interesting that the HA particles were only
grown on the outer fibers of PCL, while the nanofibers beneath
the surface layer remained smooth without HA crystals (Figure
7a). This is attributed to the strong hydrophobicity of the PCL
mat, which had a water contact angle of 125.8° (Figure S7).
The hydrophobic nature of the PCL nanofibers makes the
capillary force ineffective. Therefore, the SBF solution could
not penetrate to the inner fibers, limiting mineralization to the
surface fibers.> On the other hand, the presence of the
cellulose acetate in the PCL/CA mat (Figure 7b) retarded the
mineralization process, as the cellulose acetate nanofibers have
little efficiency for biomimetic mineralization (discussed in
Supporting Information, Figure S8). Here, PCL/CL composite
scaffolds (Figure 7c) showed deposition of HA crystal
throughout the matrix. The superior performance of the
PCL/CL mat is attributed to its improved wettability, which
allowed the SBF solution to enter into the pores of the mat via
capillary action, and the surface functional groups (hydroxyl
group) assisted in the nucleation of HA particles. Deposition of
calcium compounds on the 10 days SBF-treated mats was
further studied using an Alizarin Res S (ARS) assay. Figure 8

g FoSEe, | PQL/cA-seF PCL/CL-SBF

Ha

Ahsorbance

sl [ ]

Control PCL

PCL/CA PCL/CL
Figure 8. Absorbance shown by Alizarin Red S extracted from the
stained calcium deposits in different mats treated with SBF solution for
10 days. The inset shows the digital images of different mats stained
with alizarin Red S. (The neat PCL mat is used as control; absorbance
was measured at 492 nm.)

shows the absorbance of Alizarin Red S extracted from the
stained calcium deposits in different mats and corresponding
digital images. Alizarin Red S extract from PCL/CL mat
showed significantly higher absorbance value compared to the
extract from PCL and PCL/CA mats (Figure 8), indicating the
higher amount of calcium compounds in the PCL/CL fiber
matrix.®’ Moreover, the digital image of an ARS stained PCL
mat (Figure 8, inset) showed staining of entire surfaces with
some difference in color intensities across the sample. A similar

result was observed for PCL/CA mat while the PCL/CL mat
showed the dark and homogeneous staining across the sample,
revealing the deposition of more calcium compound through-
out the fiber matrix, in agreement with FE-SEM images.

The chemical structure of a PCL/CL mat exposed to SBF
solution for 1 week was investigated by comparing its XRD
pattern with that of synthetic HA (Sigma-Aldrich). XRD peaks
observed at 260 values of 25.8°, 31.7°, 32.9°, 34.0°, 39.7°, 46.6°,
49.4°, and 53.2° correspond to synthetic HA (Figure 9B).”
The XRD pattern of the mineralized mats was similar to that of
the synthetic HA (Figure 9B); however, the peaks located
between 25° and 35° were slightly broadened which might be
due to the small size of crystallite or it might be due to the
presence of amorphous Ca/P in the SBF-treated scaffold,
similar to the previous reports.”””* Mahamid et al.>* reported
that a cluster of amorphous Ca/P minerals transforms into
platelets of crystalline apatite within the collagen matrix. EDX
analysis was performed to observe the elemental composition
in a mineralized mat. The mole ratio of Ca/P was found to be
1.68 (Figure 9A), which is similar to the 1.67 of natural bone.*
This result clearly indicates that the PCL/CL nanofiber can
nucleate the calcium deficient HA, which resembles the natural
bone.

3.3. In vitro biocompatibility. Investigation of cell
viability is important to evaluate the biocompatibility of
different biomaterials in vitro.>” Therefore, osteoblast cells
(MC3T3-E1 cell) were seeded onto the representative PCL,
CA, PCL/CA (M3), PCL/CL (MR3), and PCL/CL-SBF
(MR3 mat incubated in SBF solution for 1 week) mats for 1, 3,
and 7 days. Cell viability was determined using the CCK assay.
Each membrane exhibited a similar gradual growth pattern
during the 24 h cell culture time (Figure 10). The PCL/CL mat
showed slightly higher cell proliferation at 3 and 7 days,
indicating that the regeneration of cellulose chain into the
nanofibers accelerated the proliferation of the cells. This was
likely due to the enhanced hydrophilicity and biocompatibility
of biopolymer cellulose in the fiber matrix; alternatively, this
might be due to the change in surface topography of the
membrane. Moreover, the PCL/CL-SBF mat showed a
significantly higher cell proliferation at 7 days compared to
pristine PCL, PCL/CA, and PCL/CL mats (Figure 10), which
is attributed to the HA particles on the surface of the nanofiber
that provided improved biocompatibility to the membrane. The
interaction between biomaterials and cells is considered the
vital step toward tissue regeneration, so we evaluated this
phenomenon via SEM and confocal images (Figures 11 and
12). The pristine PCL/CA mat (Figures 11a and b) showed
aggregation of cellular mass into a small area, while the PCL/
CL (Figures 11c and d) and PCL/CL-SBF mat (Figures 11e
and f) showed the spreading of cellular mass throughout the
surface of a mat with extended pseudopodia-like structure.
Moreover, the PCL/CL-SBF mat showed enormous cells
throughout the fiber matrix. These results suggest that the SBF-
incubated mat had improved cell adhesion and proliferation
compared to the PCL/CA and PCL/CL mats, revealing that
the biomimetic mineralization of the nanofiber greatly
improved the cell adhesion and proliferation. The improved
biochemical interactions of cells with HA particles and the
hydrophilicity of the composite scaffold might have provided
good interactions compared to pristine PCL/CA and PCL/CL
nanofibers. Cell morphologies were also confirmed using
confocal laser scanning microscopy. The nuclei and cytoske-
letons of cells on scaffolds were stained with DAPI and
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Figure 9. (A) EDX analysis of PCL/CL (MR3) mat exposed to simulated body fluid for 1 week. (B) XRD pattern of (a) PCL/CL mat, (b) PCL/CL
mat exposed to simulated body fluid for 1 week, and (c) synthetic hydroxyapatite.
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Figure 10. Graph showing the MC3T3-E1l cell viability indices for
different mats on 1, 3, and 7 days. The viability of the control cell was
set at 100%, and viability relative to control was expressed. All values
were expressed as mean + SEM. The data was individually analyzed
with respect to days (**, ## P < 0.01; + P < 0.05; one way ANOVA
post hoc Tukey test).

ActinGreen 488, respectively. As evidenced by the confocal
images (Figure 12) after 3 and 7 days of incubation, MC3T3-
E1 cells exhibited adhesion and spreading in descending order
of SBF-incubated mat > PCL/CL mat > PCL/CA mat.
Rounded nuclei with a cytoskeleton were distinctly observed in
all samples. The SBF-incubated composite fibers showed
profound cell growth throughout the mat, which might be

due to the presence of extra bioactive HA coating. The cell—
scaffold interaction observed by scanning electron microscopy

was supported by confocal microscopy observations.

4. CONCLUSIONS

The present study represents an innovative strategy to fabricate
the composite fibers of a barely spinnable polymer (cellulose)
using its precursor (cellulose acetate) and subsequent post-
electrospinning treatment. In this study, PCL/CL-based
nanofibers were fabricated through the postmodification of
electrospun PCL/CA nanofibers. CA and PCL solutions were
blended to fabricate composite PCL/CA fibers, and subsequent
hydrolysis by NaOH solution resulted in PCL/CL composite
fibers. In situ regeneration of cellulose chain into the PCL fibers
was confirmed by XRD, FT-IR, and TGA. As-fabricated
nanofibers exhibited structural integrity, high wettability, and
enhanced mechanical properties compared to the PCL and
PCL/CA nanofibrous scaffolds. The ability for biomimetic
mineralization throughout the matrix and excellent cellular
compatibility revealed that as-synthesized PCL/CL composite
scaffolds might be a potential candidate for future tissue

regeneration applications.

JSp-SvgE

Figure 11. SEM images showing cell attachment on different scaffolds; (a, b) PCL/CA, (c, d) PCL/CL, and (e, f) SBF-incubated scaffolds at 3 days

(3, ¢, e) and 7 days (b, d, f).
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Figure 12. Confocal microscopy. Cells on scaffolds were stained with DAPI to display blue (nuclei) and ActinGreen 488 to display green
(cytoskeleton). MC3T3-El activity on different scaffolds (a, b) PCL/CA, (c, d) PCL/CL, and (e, f) SBF-incubated PCL/CL mat. (a, c, e) represent

3 days, and (b, d, f) represent 7 days incubation.
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