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a  b  s  t  r  a  c  t

In  this  study,  parallel-aligned  poly(propylene  carbonate)  (PPC)  microfibers  with  a  fiber  diameter  of
1.48  ±  0.42  �m were  prepared  by electrospinning  and  modified  by oxygen  plasma  treatment.  Next,  chi-
tosan  nanofibers  with  a  fiber  diameter  size  of  278  ± 98  nm  were  introduced  into  the  PPC fiber  mats  by
freeze  drying.  Morphological  analyses  showed  that  the  PPC  scaffolds  treated  with  0.05  mg/ml  chitosan
solution  provided  the  best  micro  and  nanofiber  structure  with  abundant  chitosan  nanofibers  but  without
the  formation  of films.  Surface  chemical  properties  were  analyzed  by X-ray  photoelectron  spectroscopy
(XPS).  The  initial  water  contact  angle  of  the  scaffolds  decreased  from  122.3  ±  0.4◦ for  neat PPC  scaffolds
to  53.8  ±  1.6◦ for scaffolds  with plasma  treatment  and  chitosan  nanofibers.  The  mechanical  properties
of  the scaffolds  were  affected  by  plasma  treatment  with  Young’s  modulus  experiencing  a  reduction  of
reeze drying
lasma treatment
issue engineering

63%. Meanwhile,  Young’s  modulus  experienced  a 26%  improvement  after  the  introduction  of  chitosan
nanofibers.  Fibroblast  cells  were  cultured  on the  scaffolds  to study  the  effects  of  both  the  plasma  treat-
ment  and  the  introduction  of  chitosan  nanofibers  on  cell  adhesion,  proliferation,  and  morphology.  The
scaffolds  with  PPC microfibers  and  chitosan  nanofibers  showed  a superior  cell  response  in  terms  of  cell

tion,  
attachment,  cell  prolifera

. Introduction

Tissue engineering is an interdisciplinary field that applies
he principles of biology and engineering to develop functional
ubstitutes, such as scaffolds, with or without precursor cells, as
edical therapies for damaged tissues (Boland et al., 2006; Pham,

harma, & Mikos, 2006a). In this field, a highly porous biodegrad-
ble scaffold is essential to accommodate mammalian cells and
uide their growth in three dimensions. Numerous approaches
ave been developed to fabricate scaffolds such as gas foaming, sol-
ent casting/particle leaching, thermally induced phase separation,
D printing, and electrospinning (Hutmacher, 2000). Much atten-
ion has been devoted to the electrospinning technique as a fairly

ccessible processing method that can be used in both synthetic
nd natural polymers. Electrospinning is a versatile technique that
llows the production of fibers with diameters ranging from a few
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∗∗ Corresponding author at: Department of Mechanical Engineering, University of

isconsin, Madison, WI,  USA. Tel.: +1 608 316 4310
E-mail addresses: pmxfpeng@scut.edu.cn (X.-F. Peng), turng@engr.wisc.edu,
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and cell–scaffold  interactions  over  the  other  scaffolds.
© 2014  Elsevier  Ltd. All  rights  reserved.

micrometers down to tens of nanometers (Pham et al., 2006a).
Moreover, fibers with a particular orientation could be fabricated
by modifying the collection device. It has been widely proven that
for some types of cells parallel-aligned fibers can direct cell migra-
tion, control cell shape, induce cell differentiation, and better mimic
the function of the native extracellular matrix (ECM) compared to
random fibers (Guex et al., 2012; Mi  et al., 2014).

Poly(propylene carbonate) (PPC) is an aliphatic polycarbonate
comprised of propylene epoxide and carbon dioxide (CO2) that
was first synthesized in the late 1960s (Inoue, Koinuma, & Tsuruta,
1969). It has recently attracted a lot of attention in the biomedi-
cal field due to its good mechanical properties, cytocompatibility,
and benign degradation by-products of CO2 and water (Kim et al.,
2008; Luinstra & Borchardt, 2012). These properties make it a com-
petitive candidate for tissue engineering applications (Welle et al.,
2007; Zhang et al., 2006, 2007; Zhao, Han, Chen, et al., 2012a).
However, the hydrophobicity of PPC has effectively limited its
applications in tissue engineering (Jing et al., 2014). It has been
generally recognized that the hydrophilicity of a scaffold affects its

protein absorption as well as subsequent cell adhesion on the scaf-
fold (Wilson, Clegg, Leavesley, & Pearcy, 2005). When the contact
angle of the scaffold is higher than 90◦, cells may  struggle to attach
and proliferate well on the surface of the scaffold (Cui et al., 2012).
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A common approach to enhancing the hydrophilicity of bioma-
erials is surface modification, which can be achieved by plasma
reatment. This is a simple and effective method of activating
he hydrophilic groups on the surface of biomaterials or further
ntroducing desired chemical groups onto the surface without sig-
ificantly sacrificing its bulk properties (Chan, Ko, & Hiraoka, 1996;

bnabddjalil et al., 1994; Wang, Cui, & Bei, 2005). Oxygen containing
roups on the surface of the material are formed via plasma treat-
ent, which could improve surface hydrophilicity (Cui & Brown,

002; Lai et al., 2006; Liston, Martinu, & Wertheimer, 1993). This
echnique has been widely used in biomedical applications such as
issue culture polystyrene (TCPS) plates used for cell culture study.
lternatively, the addition of hydrophilic synthesized polymers and
atural materials has also been widely used to improve scaffold
ydrophilicity as well as biocompatibility.

Chitosan has been widely studied as an important tissue
ngineering material in recent years (Busilacchi, Gigante, Mattioli-
elmonte, Manzotti, & Muzzarelli, 2013; Jana, Florczyk, Leung,

 Zhang, 2012; Ji, Annabi, Khademhosseini, & Dehghani, 2011;
evengood & Zhang, 2014; Liu, Wu,  Jiao, Xiong, & Zhou, 2013; Ma
t al., 2003; Martins et al., 2014; Muzzarelli, Greco, Busilacchi,
ollazzo, & Gigante, 2012). As a unique cationic polysaccha-
ide, chitosan has outstanding biocompatibility, bioadhesion, and
iodegradability. There are many methods of introducing chitosan
nto synthesized polymers such as alkaline hydrolysis followed
y grafting-coating (Lao, Tan, Wang, & Gao, 2008; Sahoo, Sasmal,
anda, Phani, & Nayak, 2010), layer-by-layer assembly (Zhu,
ao, He, Liu, & Shen, 2003), photo-initiated grafting (Zhu, Zhao,

 Ma,  2009), and blending (Cooper, Bhattarai, & Zhang, 2011;
undaramurthi, Vasanthan, Kuppan, Krishnan, & Sethuraman,
012). Besides these methods, freeze-drying chitosan solution
ould also introduce chitosan to the scaffolds (Zhao, Han, Chen,
t al., 2012a). The advantage of this method is that the chitosan
anofibers could be introduced deep into the scaffolds rather than
n their surfaces only.

There have been controversies surrounding fibrous scaffolds
ith respect to the optimal fiber diameter for cell culture. Most

esearchers believe that fibrous scaffolds with fiber diameters of
ess than 300 nm would be the best for cell growth since they closely

imic  the structure of native ECM (Christopherson, Song, & Mao,
009). However, these small fiber diameters cause small pores and

ow porosity of the scaffolds, which is a disadvantage for cell pen-
tration and migration (Ju, Choi, Atala, Yoo, & Lee, 2010). Recently,
t was reported that fibrous scaffolds with both microfibers and
anofibers showed superior cell affinity than either microfiber scaf-

olds or nanofiber scaffolds alone (Pham, Sharma & Mikos, 2006b).
n addition, it was also found that polylactic acid (PLA) scaffolds

ith micropores and nanofibril structures showed better proper-
ies and cell responses than scaffolds with only micropores (Zhao,
an, Tu, et al., 2012b). Therefore, fabrication of scaffolds with both
icro and nanostructures might be a future development direction

or tissue engineering scaffolds.
In this study, we prepared parallel-aligned PPC microfibers by

lectrospinning, treated them with oxygen plasma, and then mod-
fied them with chitosan nanofibers by freeze-drying. The aim of
his study was to fabricate novel scaffolds with both micro and
anofiber structures, as well as elevated hydrophilicity and bio-
ompatibility, to be suitable for cell adhesion and proliferation.

. Experimental
.1. Materials

PPC (QPAC® 40) was purchased from Empower Materials, Inc.
ow molecular weight chitosan with a viscosity of 20–300 cP (1
mers 117 (2015) 941–949

wt% in 1% acetic acid), chloroform (CF, ACS reagent) and N, N-
dimethylformamide (DMF, ACS reagent) were purchased from
Sigma-Aldrich (Milwaukee, WI,  USA). All materials were used as
received.

2.2. Fabrication of parallel-aligned PPC microfiber scaffolds

Polymer solutions with a concentration of 10 wt% were prepared
by dissolving PPC pellets into the mixed solvents (CF/DMF = 6/4
v/v) and stirring for 12 h at room temperature. The solution was
loaded into a 6 ml  syringe connected to an 18 gauge blunt needle
by Teflon tubing. The desired flow rate was controlled at 0.5 ml/h
via a digital syringe pump (Harvard Bioscience Company) and the
applied voltage was  kept at 18 kV. The parallel alignment was
achieved by collecting the electrospun fibers over a gap formed
between two  parallel conductive copper plates; a setup that was
used in our previous study (Mi  et al., 2014). Due to the electro-
static interactions, the fibers were oriented by the electric field
and stretched to form parallel arrays to cover the gap (Li, Wang,
& Xia, 2003, 2004; Wang, Zhao, Turng, & Li, 2013). The electrospun
fibers were wrapped on autoclave-sterilized stainless steel washers
(inner diameter of 8.33 mm,  McMaster–Carr Co.) for cytocompat-
ibility evaluation. The collected electrospun scaffolds were stored
in a vacuum oven (Thermo Fisher Scientific, USA) at 40 ◦C for 24 h
to eliminate any possible residual solvents inside of the fibers.

2.3. Preparation of plasma-treated PPC scaffolds and
plasma-treated PPC/chitosan hybrid scaffolds

The electrospun scaffolds were treated with oxygen plasma
using a plasma etcher (Plasma Etch Inc., Carson, USA) to stimulate
the scaffold surface in order to improve the hydrophilicity of the
scaffold. The samples were placed in the chamber and treated with
oxygen plasma at a pressure of 0.025 mtorr. The radio power gen-
erating oxygen plasma was 100 W.  The flow rate of oxygen was
50 ml/min and the optimal treatment time was set as 36 s. The
plasma-treated PPC scaffolds were named T-PPC in the following
study.

Chitosan was  dissolved in 0.5% acetic acid at a concentration of
0.03 mg/ml, 0.05 mg/ml, and 0.07 mg/ml, respectively. The plasma-
treated scaffolds were immersed into the chitosan solutions for
2 min  at room temperature. Then the immersed scaffolds were
taken out and placed into liquid nitrogen for 20 min. The frozen
scaffolds were freeze dried for 24 h to remove solvents using a
freeze dryer (Freezone 4.5, Labconco, USA). The plasma-treated PPC
fibers containing chitosan were named T-PPC/CS-3, T-PPC/CS-5,
and T-PPC/CS-7 according to their respective chitosan concentra-
tion.

2.4. Characterization

2.4.1. Scanning electron microscopy (SEM)
The morphologies of the scaffolds were observed by scanning

electron microscopy (SEM) (JEOL, 6500) with an accelerating volt-
age of 10 kV. Prior to imaging, the specimens were sputtered with
gold for 40 s. The fiber orientation angles of the neat PPC fibers were
measured from SEM images using the Image J software. The diame-
ters of the PPC microfibers and chitosan nanofibers were measured
from SEM images as well using the same software. The fiber orien-
tation angle and fiber diameter distribution were calculated from
50 measurements using three SEM images.
2.4.2. X-ray photoelectron spectroscopy (XPS)
The surface chemistry of the scaffolds was analyzed by X-ray

photoelectron spectroscopy (XPS) in order to identify the effect of
plasma treatment as well as the involvement of chitosan. The XPS
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 1s core-level signal was used as a marker for the analysis of the
hitosan on the surface. XPS measurements were performed on an
-ray photoelectron spectrometer with a focused, monochromatic
� X-ray source and a monoatomic/cluster ion gun (Thermo Scien-

ific, USA). A survey scan spectrum was taken and surface elemental
toichiometries were determined from peak-area ratios.

.4.3. Water contact angle (WCA) measurements
To investigate the surface wettability of scaffolds, the water con-

act angle of the scaffolds was measured by a video contact angle
nstrument (Dataphysics, OCA 15) using the sessile drop method.
riefly, a drop of water (4 �L) was dropped onto the surface of the
caffolds. The change of the water bead shape was  recorded and the
urface contact angles were measured at 0, 5, and 10 s. The WCA  of
ach scaffold was the average value of three different spots.

.4.4. Tensile properties under dry and wet Conditions
The membranes of neat PPC, T-PPC (plasma-treated PPC), and

-PPC/CS (plasma-treated PPC with chitosan), with thickness of
bout 400 �m,  were cut into the same dimensions, 15 × 10 mm2

length × width), for better comparison among the specimens.
he tensile tests for the dry condition were performed on an
nstron 5565 universal testing machine using a 250 N load cell

ith a crosshead speed of 5 mm/min. The cut specimens were also
mmersed into phosphate buffered saline (PBS, pH = 7.4) at room
emperature for 2 h for the wet condition test. All of the test pro-
edures were the same for both the dry and wet condition tests. At
east four samples were tested for each type of scaffold. The ulti-

ate tensile strength, Young’s modulus, and elongation-at-break
alues were obtained from the stress–strain curves.

.5. Biocompatibility characterization

.5.1. Cell culture prior to seeding
Swiss mouse NIH 3T3 ECACC (European Collection of Cell

ultures) fibroblasts were used for the biological assays. Cells
ere cultured in high-glucose Dulbecco’s Modified Eagle Medium

DMEM, Invitrogen), supplemented with 20% fetal bovine serum
WiCell), 1 unit/ml penicillin (Invitrogen), 1 �g/ml streptomycin
Invitrogen), and 2 mM l-glutamine (Invitrogen), and maintained
n 6-well tissue culture-treated polystyrene (TCPS) plates (BD Fal-
on) prior to testing. The medium was replaced every two days and
ells were passaged with Tryspin-ethylene diaminetetraacetic acid
EDTA) at a 1:40 ratio every 6 days during regular maintenance.

.5.2. Cell seeding
The scaffolds were exposed to sterilizing Ultra-violet (UV) light

or 30 min  on each side and placed into 24-well TCPS plates before
ell seeding. All cell culture experiments were conducted in 24
ell plates that were pre-treated with poly-HEMA to prevent cells

ttaching to the TCPS plates. The poly-HEMA (Sigma) coating was
repared by 2% poly-HEMA solution in 100% ethanol. 3T3 cells
ere dissociated with Tryspin-EDTA for 5 min  prior to seeding. The

ells were then seeded onto the sterilized scaffolds at a density of
0,000 cells/well in the high-glucose 3T3 medium. The medium
as replaced every 2 days.

.5.3. Cell attachment and cell viability
To quantify the cell attachment onto the scaffolds, after 12 h,

he incubation medium was aspirated and the cells were washed
ith PBS twice, fixed with 4% paraformaldehyde (PFA) diluted in

BS, and incubated in 0.05% 4′,6-diamidino-2-phenylindole (DAPI)

n PBS for 5 min  at 37 ◦C. A Nikon Eclipse Ti microscope was used
o image the cells and the number of attached cells were counted
sing Image J software. Six locations on each scaffold were imaged
nd three samples were used to obtain the cell number.
ers 117 (2015) 941–949 943

To confirm the viability of cells cultured on the chosen scaf-
folds, cells were stained with a Live/Dead Viability/Cytotoxicity kit
(Invitrogen). Cell viability was  determined 3 days and 10 days after
seeding. This kit provided an assay to simultaneously visualize both
live and dead cells. The stain utilized green fluorescent Calcein-
AM to target esterase activity within the cytoplasm of living cells,
and red fluorescent ethidium homodimer-1 (EthD-1) to indicate
cell death by penetrating damaged cellular membranes. A Nikon
Eclipse Ti microscope was used to image the cells.

2.5.4. Cell proliferation
To study the cell proliferation on different scaffolds, the cells

cultured on the scaffolds were initially washed twice with PBS to
ensure that the cells collected were not growing in suspension
within the poly-HEMA coated plates. TrypLE (Life Technologies)
was then used for 5 min  at 37 ◦C to detach the cells. After incuba-
tion, the cells were collected and centrifuged at 200 rpm for 5 min.
The supernatant was  then aspirated and the cells resuspended in
600 �L of PBS and filtered prior to analysis. Data was acquired with
an Accuri C6 flow cytometer (BD Biosciences).

2.5.5. Cytoskeleton study
The cytoskeleton organization of the cells was  deter-

mined by phalloidin–tetramethylrhodamine B isothiocyanate
(phalloidin–TMRho, Sigma) staining. For these assays, after 3 days
culture, cells were first washed with PBS twice and then fixed in
4% PFA diluted in PBS for 15 min  at room temperature. Cells were
then washed with PBS and permeabilized with 1% Triton-X in PBS
for 6 min  at room temperature. The cells were washed with PBS
again and treated with 0.3 �M phalloidin–TMRho with DAPI for
1 h at room temperature. Samples were then washed with PBS and
imaged using a Nikon Eclipse Ti microscope.

2.5.6. Statistical analysis
All of the quantitative results were expressed as

mean ± standard deviation (SD). Statistical analyses were car-
ried out by means of a one-way analysis of variance (ANOVA). The
difference between factors was analyzed by a Tukey test. A p-value
less than 0.05 and 0.01 were considered statistically significant.

3. Results and discussion

3.1. Morphology of electrospun and treated PPC fibers

The SEM micrographs of untreated and plasma-treated elec-
trospun aligned PPC fibers are shown in Fig. 1. The original
electrospun PPC fibers are smooth and bead-less, and 95% fibers
aligned within ± 20◦ of the alignment direction (Fig. 1(a) and
(b)). Moreover, after plasma treatment, the surface of the fibers
became rougher with the appearance of more and larger cracks
(Fig. 1(c)) compared to the untreated fibers (Fig. 1(d)). Fig. 2 shows
the morphology of T-PPC/CS with different chitosan concentra-
tions. As can be seen in Fig. 2(a), very few chitosan nanofibers
were detected on the surface of the T-PPC/CS-3 scaffold, with
the amount of chitosan nanofibers increasing at increased chi-
tosan concentrations. The best results were obtained when the
chitosan concentration was 0.05 mg/ml  (Fig. 2(b)), at which the
fiber diameter of PPC microfibers ranged from 0.8 to2.8 �m with
the average value of 1.48 ± 0.42 �m,  and the average diameter of
the chitosan nanofibers was 278.56 ± 98.51 nm,  with fiber diam-
eters ranging from 100 to 600 nm,  as shown in Fig. 2(e) and (f)
respectively. When the chitosan concentration further increased,

some chitosan films were formed besides the nanofibers and cov-
ered the fibrous structure of the electrospun PPC (Fig. 2(c)). For
comparison, untreated PPC fibers were also freeze dried with the
chitosan solution (0.05 mg/ml) as shown in Fig. 2(d). However, it
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ig. 1. SEM micrographs of untreated and plasma-treated PPC microfibers: (a) untr
f  the untreated fiber surface, and (d) morphology of the plasma-treated fiber surfa

as found that very few chitosan nanofibers were introduced, far
ess than those on the plasma-treated PPC scaffolds (Fig. 2(b)).

These results indicated that the oxygen plasma treatment
ffected the presence of chitosan nanofibers on the electrospun
PC fibers. This might have been because the PPC fibers after

lasma treatment exhibited higher wettability leading to more
hitosan solution absorption as compared to the untreated PPC
bers. Therefore, more chitosan nanofibers were introduced on
he plasma-treated PPC fibers afterwards. The incorporation of

ig. 2. SEM images of plasma-treated PPC/chitosan hybrid scaffolds: (a) T-PPC/CS-3, (b) T
nd  (f) fiber diameter range of chitosan nanofibers.
electrospun PPC fibers, (b) fiber orientation angles of aligned fibers, (c) morphology

chitosan with synthetic polymer scaffolds has shown significant
advantages in improving scaffold biocompatibility. It has been dis-
covered that gradient CS/PCL electrospun scaffolds prepared by the
co-electrospinning technique were more favorable for endothe-
lial cell growth than uniform CS/PCL nanofibers (Du et al., 2012).

Moreover, it has been reported that scaffolds with both micro
and nanostructures were favorable for cell growth. For example,
electrospun PCL scaffolds at suitable thicknesses with multi-
layer nanofiber/microfiber structures could influence rat marrow

-PPC/CS-5, (c) T-PPC/CS-7, (d) PPC/CS-5, (e) fiber diameter range of PPC microfibers,
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tromal cell attachment, spreading, and infiltration (Pham et al.,
006b). Therefore, it is expected that the involvement of chitosan
anofibers in PPC microfibers could improve the scaffold biocom-
atibility as well as the structural affinity to cells. Since the scaffolds
ith 0.05 mg/ml  chitosan solution showed the best morphological

esults, these scaffolds were used to do the following studies and
he name of these scaffolds was abbreviated as T-PPC/CS.

.2. Chemical composition of the scaffolds

XPS was used to analyze the surface chemistry of electrospun
PC, T-PPC, and T-PPC/CS scaffolds. According to the chemical struc-
ure of PPC, XPS analysis of the PPC scaffolds indicated that the
urface was dominated by carbon and oxygen. Generally, the ele-
ental composition of plasma-treated samples would change due

o surface oxidation. High-resolution peak analysis of carbon 1s
as performed on the three groups of scaffolds to detect the chem-

cal functional groups present at the surface. As shown in Fig. 3(a)
nd (b), three components of C 1s core level peak were exhib-
ted in the PPC and T-PPC scaffolds, corresponding to the aliphatic
arbon bonds (C C), carbon single bonded to oxygen (C O), and
arboxyl functional groups (C O) located at about 284, 286, and
89 eV, respectively. Based on previous reports, plasma-induced
olar groups such as oxygen-containing groups tend to increase
nd thus enhance the hydrophilic behavior of polymers (Cui &
rown, 2002; Lai et al., 2006; Lianos, Quet, & Duc, 1994; Liston
t al., 1993; Martins et al., 2009). As was expected, the content
f oxygen-containing groups (e.g., C O and C O) increased after

lasma treatment (Fig. 3(b)). For the T-PPC/CS scaffold, a third peak
elonging to nitrogen from amino groups was detected in the whole
urvey scans, besides the two main components of carbon and
xygen, which verified the existence of chitosan in the scaffold

ig. 3. (a) High resolution C 1s core level signals of PPC, T-PPC, and T-PPC/CS scaffolds. (b) 

urvey  scans of PPC, T-PPC, and T-PPC/CS scaffolds.
ers 117 (2015) 941–949 945

(Fig. 3(c)). The C N bond was also separated from the C 1s core
level peak; its content was  about 8.5%. Hence, the XPS analyses con-
firmed that the plasma treatment and the freeze dried chitosan led
to different surface chemistries, which in turn affected wettability,
and consequently, cell attachment.

3.3. Surface wettability of the scaffolds

Water contact angles reflect the hydrophilicity of the scaf-
folds, which affect protein absorption and subsequent cell adhesion
on the scaffolds. Hence, contact angle measurements were car-
ried out on PPC, T-PPC and T-PPC/CS to investigate the effects
of plasma treatment, as well as the involvement of chitosan, on
surface hydrophilicity. The results are shown in Fig. 4. It was
demonstrated that neat PPC scaffolds were hydrophobic with a
water contact angle higher than 110◦ and the angle did not change
very much during the 10 s recording. However, after plasma treat-
ment, the initial water contact angle decreased from 122.3 ± 0.4◦ to
91.4 ± 2.1◦. Furthermore, the sample showed a water contact angle
of 53.8 ± 1.6◦ after introducing chitosan nanofibers. In addition, the
water contact angles of T-PPC and T-PPC/CS scaffolds decreased to
0◦ within 10 s. These results suggested that plasma treatment and
chitosan nanofiber introduction could significantly enhance scaf-
fold hydrophilicity. These improvements should be helpful for cell
adhesion and proliferation.

3.4. Mechanical properties of the scaffolds
The mechanical properties of the PPC, T-PPC and T-PPC/CS scaf-
folds were characterized by tensile tests; the results are shown
in Fig. 5 and summarized in Table 1. At both dry and wet  condi-
tions, the PPC scaffolds showed the highest mechanical properties

Functional group compositions of PPC, T-PPC, and T-PPC/CS scaffolds. (c) The whole
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Fig. 4. Water contact angle values of PPC, T-PPC, and T-PPC/CS scaffolds at 0, 5, and 10 s.

Table 1
Tensile test statistical results of PPC, T-PPC, and T-PPC/CS scaffolds at dry and wet conditions presented as average ± standard deviation.

Dry Wet

Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%) Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%)

f
m
t
c
i
T
d
t
u
t

F
u

PPC 7.2 ± 1.0 429.6 ± 55.4 191.3 ± 32.3 

T-PPC  4.0 ± 0.9 153.9 ± 36.3 201.3 ± 19.9 

T-PPC/CS 5.0 ± 0.8 193.2 ± 34.5 210.7 ± 36.0 

ollowed by T-PPC/CS and T-PPC. This means that the plasma treat-
ent caused the breakage of some chemical bonds of PPC in order

o introduce oxygen bonds, which led to a reduction of mechani-
al properties (recall from Fig. 1(d) that cracks on the fiber surface
ncreased after plasma treatment). The mechanical properties of
-PPC/CS were higher than T-PPC under dry conditions, while the

ifference was not obvious under wet conditions. This is because
he chitosan nanofibers provided additional strength to the scaffold
nder dry conditions, while this effect disappeared once the chi-
osan nanofibers were hydrated. Overall, the scaffolds tested under

ig. 5. Representative stress–strain curves for PPC, T-PPC, and T-PPC/CS scaffolds
nder dry and wet conditions.
6.9 ± 1.2 419.9 ± 51.2 202.1 ± 23.6
3.8 ± 0.3 122.6 ± 5.6 204.6 ± 34.9
4.5 ± 0.4 128.4 ± 5.2 227.3 ± 28.1

wet conditions showed inferior mechanical properties to those
tested under dry conditions due to the plasticizing effect of water.
The reduction of mechanical properties of PPC scaffolds in the
wet conditions was not very significant due to its hydrophobicity.
Although the plasma treatment caused a reduction of mechanical
strength in the scaffolds, the mechanical properties of the treated
scaffolds were still comparable to many human tissues, such as
cancellous bone and cartilage, for which the tensile strength and
Young’s modulus are about 5 MPa  and 50–100 MPa  for cancellous
bone, and 4 MPa  and 15 MPa  for cartilage, respectively (Mi  et al.,
2013). Therefore, the T-PPC/CS scaffolds prepared here have the
potential to be used for many tissue applications.

3.5. Cell viability and proliferation

Cell attachment on the scaffolds was  investigated by staining
the cell nucleus using DAPI. Fig. 6 shows the quantitative anal-
ysis results of cell attachment and the fluorescent microscopic
images of cells on the scaffolds. It was  found that the cell attach-
ment on T-PPC scaffolds was higher than that of PPC scaffolds,
while it was  lower than that of T-PPC/CS scaffolds. This might
have been due to the plasma treatment changed the surface wett-
ability of the scaffolds by incorporating oxygen-containing groups.
The presence of chitosan on the T-PPC/CS scaffolds facilitated cell
attachment by providing additional hydrophilic amino groups. The
enhanced wettability of the scaffolds might have been relevant to
the absorption of serum-derived proteins, which could have further
influenced cell attachment by changing the interactions between

the cells and the scaffolds (Baker et al., 2006; Lai et al., 2006).

The cell viability results are shown in Figs. 7 and 8(a). Con-
sistent with the cell attachment results, the cell viability on the
T-PPC and T-PPC/CS scaffolds was enhanced. The cells were found



X. Jing et al. / Carbohydrate Polymers 117 (2015) 941–949 947

F fter 4
T

t
p
s
t
T
t
&
c
c
h
a
s
t
s
G
T

F
a

ig. 6. (a) Cell attachment statistical results of PPC, T-PPC, and T-PPC/CS scaffolds a
-PPC/CS scaffold.

o grow towards one direction on the scaffolds because of the
arallel-aligned PPC microfibers. Most cells showed spindle-like
hapes on the T-PPC/CS scaffolds after 3 days and 10 days cul-
ure, demonstrating a flourishing living state of fibroblast cells.
his might be attributable to the improved biocompatibility by chi-
osan nanofibers on the scaffolds (Skotak, Leonov, Larsen, Noriega,

 Subramanian, 2008). In addition, it was found that the average
ell viability of all scaffolds was higher than 85% after 10 days of
ulture. Moreover, it should be noted that the T-PPC/CS scaffolds
ad an average 95% live cells at day 3 and an average 98% live cells
t day 10 indicating good biocompatibility of the scaffolds. Fig. 8(b)
hows the cell proliferation results after 3 days and 10 days cul-

ure. Cell proliferation was found to increase with culture time,
imilar to the trend observed on TCPS (control) (Prabhakaran, Kai,
hasemi-Mobarakeh, & Ramakrishna, 2011). At day 3 and day 10,
-PPC/CS showed the highest cell population followed by T-PPC

ig. 7. Day 3 and Day 10 live/dead assays showing 3T3 fibroblast cells cultured on (a, d) P
nd  dead cells were indicated by red fluorescence (the images on the first and second row
 h seeding. DAPI staining of 3T3 cells on (b) PPC scaffold, (c) T-PPC scaffold, and (d)

scaffolds and neat PPC scaffolds. The difference between T-PPC/CS
and PPC scaffolds was statistically significant. These results agreed
with cell attachment and cell viability tests which further proved
that plasma treatment and the involvement of chitosan nanofibers
in the electrospun PPC microfibers were favorable for cell attach-
ment, survival, and proliferation.

3.6. Cytoskeleton study

The cell morphology was examined by culturing the 3T3 fibro-
blast cells on the scaffolds for 3 days then stained with phalloidin
to gain a better understanding of the cellular response to the scaf-

folds. Overall, the cells migrated in one direction which was the
same as the PPC fiber alignment direction. Furthermore, some cells
showed an elongated shape in this direction. The presence of chi-
tosan nanofibers in the T-PPC/CS scaffolds did not have any adverse

PC, (b, e) T-PPC, and (c, f) T-PPC/CS scaffolds. Live cells showed green fluorescence
s are the results on Days 3 and 10, respectively).
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ig. 8. (a) Cell viability statistical results of 3T3 fibroblast cells cultured on PPC, T-P
ultured  on PPC, T-PPC, and T-PPC/CS scaffolds at Day 3 and Day 10 time points. C
caffolds after 3 days of culture.

ffects on cell alignment. In particular, it was found that cells on the
-PPC and T-PPC/CS scaffolds presented a spindle shape, especially
n the T-PPC/CS scaffolds where cells showed obvious extended
seudopodia of filaments, indicating that there were good interac-
ions between the cells and the scaffolds. On the other hand, cells
n the PPC scaffolds were more elliptical, without showing clear
seudopodia (Fig. 8(c)). In contrast, cells on T-PPC and T-PPC/CS
caffolds were more stretched out, and some cell nuclei were elon-
ated along the cell spreading direction (shown in Fig 8(d) and (e)).
t is likely that cell adhesion was more limited on the neat PPC scaf-
olds due to the hydrophobicity of the scaffolds and the cells could
ot migrate freely, which resulted in lower cytoskeleton tension.
he hydrophilicity of the T-PPC and T-PPC/CS scaffolds facilitated
he adsorption of fibronectin or vitronectin proteins (Yildirim et al.,
010), which further enhanced the cell adhesion and led to the
resence of cell pseudopodia. Chen et al. also found that plasma
reated poly(l-lactide) scaffolds were more favorable for endothe-
ial and smooth muscle cell growth (Cheng, Lee, Komvopoulos,
an, & Li, 2013). After introducing chitosan nanofibers, the actin
undles of the cells were more obvious and the cells were more
tretched out, demonstrating that the cells flourished more on the
-PPC/CS scaffolds. It has been reported that chitosan provided a
icroenvironment with favorable physicochemical properties for

ell adhesion and proliferation (Dang & Leong, 2006; Lee, Jeong,
ang, Lee, & Park, 2009). The advantages of chitosan nanofibers in
lectrospun parallel-aligned PPC microfibers were proved in our
resent study as well.

. Conclusions

In this study, electrospun parallel-aligned PPC microfibers
ere treated with oxygen plasma and chitosan nanofibers were
ntroduced by freeze drying in order to develop novel tissue engi-
eering scaffolds with both micro and nanofiber structures, as
ell as high biocompatibility and favorable cellular responses. It
as found that electrospun PPC microfibers could achieve 95%
d T-PPC/CS scaffolds. (b) Cell proliferation statistical results of 3T3 fibroblast cells
leton study of 3T3 fibroblast cells cultured on (c) PPC, (d) T-PPC, and (e) T-PPC/CS

of fibers aligned within ±20◦, with average fiber diameters of
1.48 ± 0.42 �m. The 0.05 mg/ml  chitosan solution provided the best
nanofiber structure, with an average chitosan nanofiber diameter
of 278.56 ± 98.51 nm.  This fibrous scaffold contains both micro and
nano fibers has the similar structure of native ECM. The plasma
treatment on the scaffolds led to higher water contact angles,
and the addition of chitosan nanofibers further improved scaffold
hydrophilicity. Although plasma treatment caused a reduction in
scaffold mechanical properties, the scaffolds were still capable of
many tissue applications. 3T3 fibroblast cell culture results sug-
gested that the plasma treated and chitosan-incorporated T-PPC/CS
scaffolds showed the highest cell adhesion, cell viability, and cell
proliferation as compared to neat PPC and plasma treated T-PPC
scaffolds. Moreover, the cells on the T-PPC/CS scaffolds flourished,
showing typical spindle shapes and extended pseudopodia.
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