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a b s t r a c t

The ability to produce aligned sub-micron fibers may open new avenues for the development of scaffolds
for application in tissue engineering and regenerative medicine. An area of particular interest is functional
restoration of damaged or diseased nerves where the aligned fibers serve to support cell adhesion and
proliferation, and guide neurite outgrowth in the direction of fiber orientation. In this study, we devel-
oped an aligned chitosan–polycaprolactone (chitosan–PCL) fibrous scaffold and investigated how the
fiber alignment influenced nerve cell organization and function in comparison with randomly oriented
fibrous scaffolds and cast films of the same material. Schwann cells (SCs) were shown to attach and prolif-
erate on all the substrates regardless of their topography, demonstrating the cellular compatibility of the
chitosan–PCL material. SCs grown on the aligned chitosan–PCL fibers exhibited a bipolar morphology that
erve oriented along the fiber alignment direction, while those on the films and randomly oriented fibers had a
multipolar morphology. Similarly, the chitosan–PCL material supported neuron-like PC-12 cell adhesion,
and the aligned fibers regulated the growth of PC-12 cells along the fiber orientation. Additionally, PC-
12 cells cultured on the aligned fibers exhibited enhanced unidirectional neurite extension along fiber
orientation and significantly higher �-tubulin gene expression than those grown on chitosan–PCL films
and randomly oriented fibers. Our investigation suggested that the aligned chitosan–PCL fibers can serve

mpro
as a suitable scaffold for i

. Introduction

Peripheral nerve injury is relatively common, often resulting
rom tumor resection, reconstructive surgery or trauma. As of now,
here is no satisfactory solution for repairing long peripheral nerve
aps. Autografting is unsatisfactory on functional recovery and
uffers from site morbidity and multiple surgeries. The use of bio-
ngineered scaffolds as synthetic nerve grafts has been identified as
promising approach, but existing scaffolds have not demonstrated

he efficacy that is comparable to the performance of autografts
Cao, Liu, & Chew, 2009; Prabhakaran et al., 2008). This is largely
ue to the strict requirements for scaffolds used for nerve repair,
navailability of ideal scaffolding materials, and limited knowledge

n the interaction of nerve cells with scaffolds. In addition to meet-

ng general requirements for tissue engineering such as biocom-
atibility, high porosity and biodegradability, the scaffold material
or nerve regeneration should have good pliability for suture and

echanical integrity during implantation to maintain an unim-
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ved nerve tissue reconstruction.
© 2011 Elsevier Ltd. All rights reserved.

peded pathway to support axon regeneration across large nerve
defects, and provide contact guidance for cell migration and axon
outgrowth along the defect gap for enhanced nerve regeneration.

In recent years, fibrous materials have been extensively stud-
ied as promising scaffolding materials for nerve repair, due to their
structural similarity to the extracellular matrix (ECM) proteins of
native tissues that regulate cell behavior and unique mechanical
properties such as high mechanical strength and pliability. Various
synthetic and natural polymer fibers with fiber diameters ranging
from tens to hundreds of nanometers have been fabricated to meet
special property requirements for nerve tissue regeneration. Syn-
thetic polymers such as poly(lactic acid), polycaprolactone (PCL),
and poly(d,l-lactide-co-glycolic acid) (PLGA) have been investi-
gated as fibrous scaffolds due to their slow degradation required
for nerve regeneration and good mechanical properties (Cao et al.,
2009; Ghasemi-Mobarakeh, Prabhakaran, Morshed, Nasr-Esfahani,
& Ramakrishna, 2008; Schnell et al., 2007). However, synthetic
polymers are typically hydrophobic and lack cell-recognition sites
for support of cell adhesion (Cao et al., 2009). Alternatively, natural

polymers such as collagen and chitosan have shown good tissue
compatibility and benign degradation products, but are mechani-
cally weak and have a fast degradation rate. As a result, composite
fibrous scaffolds of synthetic and natural polymers have been inves-
tigated to take the advantages of individual polymers for nerve

dx.doi.org/10.1016/j.carbpol.2011.02.008
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mzhang@u.washington.edu
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egeneration (Ghasemi-Mobarakeh et al., 2008; Jiang, Lim, Mao,
Chew, 2009; Valmikinathan, Defroda, & Yu, 2009). For exam-

le, PCL-gelatin and -collagen randomly oriented fibrous substrates
ave been prepared with improved structural stability and biocom-
atibility compared to the individual polymers. However, many
ynthetic and natural polyblend fibers require chemical crosslink-
ng to retain their structural integrity and improve mechanical
trength (Choi, Lee, Christ, Atala, & Yoo, 2008; Kim et al., 2010),
nd the cytotoxicity of these crosslinking agents can be a challenge
or biomedical applications due to increased toxicity.

We previously reported the design and fabrication of a non-
oven fibrous scaffold comprised of well-blended chitosan and
oly(caprolactone) (PCL) with good mechanical and biological
roperties favorable for nerve regeneration (Bhattarai et al., 2009).
hitosan, a natural polymeric material, bears the proxy struc-
ure of glycosaminoglycan, a major component of the native ECM,
hich would provide a microenvironment with favorable physic-

chemical properties for cell adhesion and proliferation (Dang &
eong, 2006; Lee, Jeong, Kang, Lee, & Park, 2009). Commonly pro-
uced from shells of crustaceans (lobsters, crabs, and shrimps),
hitosan has unlimited material sources, and unlike other natu-
al polymers derived from costly mammalian proteins, chitosan
ith a high degree of deacetylation (>85%) evokes minimal foreign

ody response or fibrous encapsulation (Barbosa, Amaral, Águas,
Barbosa, 2010; Jayakumar, Prabaharan, Nair, & Tamura, 2010;

im et al., 2008) which reduces the chance of immune rejection
pon implantation. Produced without chemical crosslinking, the
hitosan–PCL polyblend fibers exhibit enhanced mechanical prop-
rties under both wet and dry conditions compared to PLGA fibrous
onduits and collagen, and enhanced cellular behavior (Bhattarai
t al., 2009), and thus would serve as a improved substrate com-
ared to other PCL–protein constructs.

Studies have shown that the fiber orientation influences cell
dhesion, growth and modulates elongated cellular patterns that
re typical of morphology found in native tissues (Murugan &
amakrishna, 2007; Yao, O’Brien, Windebank, & Pandit, 2009). For
erve regeneration studies, aligned fibers of PCL (Chew, Mi, Hoke,
Leong, 2008), chitosan (Wang et al., 2009), PCL-gelatin (Ghasemi-
obarakeh et al., 2008) and PCL-collagen (Schnell et al., 2007) have

hown improved attachment and growth of nerve cells compared
o random fibers.

In this study, we developed an aligned chitosan–PCL fibrous
caffold by electrospinning and investigated how the fiber align-
ent would influence cell adhesion, proliferation, and organization
ith Schwann cells (SC) and PC-12 cells. SCs were chosen in this

tudy because they serve to support the attachment and growth
f neurons wherein their alignment directs neurite outgrowth
nd promotes nerve regeneration (Sinis et al., 2005). Neuron-
ike PC-12 cells were used to examine the ability of the fibrous
caffold to support neurite extension necessary for nerve regen-
ration (Foley, Grunwald, Nealey, & Murphy, 2005). The cellular
esponses were assessed on chitosan–PCL with three different mor-
hologies: aligned fibers, randomly oriented fibers, and cast films.
ell proliferation was quantified by AlamarBlue assays and cell
orphology was examined by SEM. The ability of the aligned

hitosan–PCL fibrous structure to support PC-12 cell differenti-
tion was identified by neurite outgrowth and up-regulation of
ene expression, assessed by immunocytochemical staining and
eal time PCR, respectively.

. Materials and methods
.1. Preparation of chitosan, PCL and chitosan–PCL solutions

Chitosan and PCL solutions were prepared separately, and mixed
o create a stock solution of chitosan–PCL. Chitosan (85% deacety-
lymers 85 (2011) 149–156

lated, Aldrich, St. Louis, MO) was dissolved in 7 wt% trifluoroacetic
acid (TFA, Aldrich) and refluxed at 70 ◦C for 3 h, and PCL was dis-
solved in 2,2,2-trifluoroethanol (TFE, Aldrich, 12 wt%). Immediately
prior to electrospinning, a chitosan–PCL solution was produced by
mixing chitosan and PCL solutions at a ratio of 40:60, resulting
in a final chitosan and PCL weight ratio of 25:75. This ratio was
experimentally determined to produce fibers with a narrow size
distribution and good stability in aqueous media (Bhattarai et al.,
2009). For the chitosan electrospinning solution, 7 wt% chitosan
was diluted with 10% methylene chloride. For the PCL electrospin-
ning solution, a 10% PCL solution in TFE was prepared. To produce
chitosan–PCL films as control samples, the chitosan and PCL solu-
tions were diluted to 1 and 1.7 wt% in their corresponding solvents
to produce a solution that was appropriate for spin-coating. Prior to
spin coating, a chitosan–PCL solution was prepared by mixing the
diluted chitosan and PCL solutions at a ratio of 40:60 to maintain
the same polymer ratio as used for electrospinning.

2.2. Preparation of electrospun fibers and chitosan–PCL films

To produce electrospun fibers, approximately 2 mL of the solu-
tion was placed in a 3 mL syringe and a 200 �L syringe tip was fitted.
The syringe tip was placed approximately 20 cm from a collector,
oriented −25◦ from the horizontal, and a 22 kV voltage supply was
used to charge the solution. The solution was spun towards either
a rotating grounded drum (200 rpm) or a pair of grounded parallel
electrodes (separation distance ∼4 cm), for collecting randomly ori-
ented and aligned fibers, respectively, and the fibers were allowed
to dry overnight in a chemical hood. The collected fiber samples
were attached to a 10 mm diameter coverslip using biocompatible
poly l-lactide (Boehringer, Ingelheim, Germany) dissolved in hex-
afluoroisopropanol (Aldrich) at 3.5 wt%. Chitosan–PCL films (as a
two-dimensional control) were prepared by spin-coating the dilute
chitosan–PCL solution on a round, 10 mm coverslip. Due to the
acidic nature of the solvents used, residual acid may have remained
in the chitosan–PCL. Thus, all the fibers and films were neutralized
with 14% ammonium hydroxide for 5 min, followed by rinsing with
copious amounts of DI water. Samples were sterilized with 70%
ethanol prior to cell seeding. As TFE is soluble in water, the amount
of residual solvent was expected to be minimal.

2.3. Thermogravimetric analysis (TG, DTG)

Thermogravimetric (TG) analysis and differential thermogravi-
metric (DTG) analysis were performed with a Perkin Elmer TGA
7 (Waltham, MA). All analyses were performed with a ∼10 mg
sample placed in an aluminum pan under a nitrogen atmosphere
at 50–750 ◦C. The experiments were run at a scanning rate of
10 ◦C/min. A weight loss profile with temperature including the
maximum thermal decomposition temperature (Tm) was obtained
using Pyris V. 06 software. The chitosan–PCL composition was cal-
culated based on the assumption that the melting peak of pure PCL
corresponded to 100% of the material.

2.4. Fiber and film characterization

To characterize the bonding of the PCL and chitosan, polarized
FTIR spectra of 200 scans at 4 cm−1 resolution were obtained using
a Nicolet 5DX spectrometer equipped with a DTGS detector and
a solid transmission sample compartment. To characterize fiber
morphology, the samples were sputter coated with gold for 30 s

at 18 mA and imaged with a JEOL 7000F SEM (JEOL Ltd., Japan) at
an accelerating voltage of 5–10 kV. The diameter of the electrospun
fibers was determined by measuring one hundred individual fibers
with ImageJ 1.42q software (NIH, Bethesda, Maryland, USA). ImageJ
was used to assess the fiber alignment by superimposing a grid on
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n SEM image and measuring the angle between the fiber and verti-
al grid lines. The mean angle of the fibers was subtracted from the
ndividual fibers to normalize the fiber alignment to a horizontal
eference. A fiber angle histogram within a range of ±90◦ was plot-
ed and the percent of aligned fibers was calculated as the number
f fibers in ±20◦.

To evaluate the structural stability and integrity, the fibers were
ubjected to incubation at 37 ◦C for up to 30 days in lysozyme-rich
BS. After incubation, the fibers were rinsed with DI water, frozen
nd lyophilized to completely dry the samples without changing
he structure of the fibers. The resulting samples were then imaged
ith SEM and TEM to determine changes in morphology and com-
osition phase.

The mechanical properties of the randomly oriented and aligned
hitosan–PCL fibers were measured with an Instron 5543 mechan-
cal tester (Instron Corp, Norwood, MA) with a 10 N load cell at a
train rate of 10 mm/min. The thickness of the specimen was mea-
ured at five different points with an optical microscope and the
alues were averaged. Five samples of each condition were strained
o fracture, and the tensile modulus, yield strength, tensile strength
nd percent elongation at break were averaged.

.5. Cell culture

Schwann cells (SCs, ATTC, RT4-D6P2T, Manassas, VA) were
tably transfected with p-EGFP-N1 using the Effectene Trans-
ection Reagent kit (Qiagen, Valencia, CA) and maintained in
ulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carls-
ad, CA) with 10% fetal bovine serum (FBS, Invitrogen), 1%
enicillin–streptomycin (Invitrogen) and 1 mg/mL G418 sulfate
Fisher Scientific, Pittsburgh, PA). SCs were cultured on samples
t a density of 12,500 cells/well in 24-well culture plates for three
ays. PC-12 cells (ATTC) were cultured on samples at a density of
0,000 cells/well containing F12K media (Invitrogen) with 2% horse
erum (Invitrogen), 1% penicillin–streptomycin and 50 ng/mL nerve
rowth factor (NGF, 2.5 s mouse, Abcam). The samples were cul-
ured with PC-12 cells for seven days with media change every two
ays.

.6. Schwann cell viability and proliferation

A CytoTox 96 Nonradioactive assay (Promega, Madison, WA)
as used to assess the cytotoxicity of chitosan–PCL samples. The

olorimetric assay measures lactose dehydrogenase (LDH) in the
upernatant, which is released upon cell lysis. Samples were cul-
ured with SCs for three days and cell culture plates without
hitosan–PCL were used as control. The media was sampled and
ssayed 1, 2, and 3 days after seeding following the manufacturer’s
rotocol, and the absorbance was measured at 490 nm.

The alamarBlue colorimetric assay (Invitrogen) was used to ana-
yze proliferation of the SCs on chitosan–PCL samples and on a cell
ulture plate. After 1, 2, and 3 days of culture, the samples were
ransferred to new well plates, washed twice with PBS (Invitro-
en), and incubated with 10 vol% alamarBlue in serum-free DMEM
ith 10% FBS for two hours. 300 �L of the assay solution was

ransferred to an opaque 96-well culture plate for fluorescent mea-
urements at 600 nm using a spectrophotometer (SpectraMax M2e,
olecular Devices). The relative fluorescent units were converted
o cell number using a calibration curve produced by measuring
he fluorescence of known cell numbers. Reported cell numbers
ere normalized to the culture area (cm2) to account for the larger

rowth area of the well-plate (1.91 cm2) as compared to the round
overslips (1.13 cm2) used for the chitosan–PCL samples.
lymers 85 (2011) 149–156 151

2.7. Schwann cell morphology analysis

Microscopy analysis was performed to examine the SC attach-
ment to the chitosan–PCL samples. For SEM analysis of SC
attachment, samples were removed from media after three days
of culture, rinsed with PBS, and fixed with Karnovsky’s fixative
overnight. After fixing, samples were briefly rinsed with DI water
and dehydrated with sequential rinses with 50, 75 and 100%
ethanol for 15 min each. Samples were sputter-coated with Au/Pd
for 30 s at 18 mA and imaged with SEM. For fluorescent microscopy
studies, SCs were cultured for three days, rinsed briefly with PBS
to remove debris, and fixed in 4% methanol-free formaldehyde
(Aldrich) for 15 min. The samples were rinsed in PBS and mounted
to a coverslip with Prolong Gold Antifade reagent with DAPI (Invit-
rogen). The samples were cured overnight at room temperature
and imaged with a confocal fluorescent microscope (Zeiss Meta 510
Confocal Microscope, Germany).

2.8. Immunocytochemistry

For immunocytochemistry studies of the PC-12 interactions
with chitosan–PCL, the samples were fixed in 4% methanol-free
formaldehyde in PBS for 15 min. The samples were then washed
in ice-cold PBS, and the cell membrane was permeabilized with
0.25% Triton X-100 (Aldrich) in PBS for 10 min. Following permeabi-
lization, the samples were incubated with 10% rabbit serum
(Abcam, Cambridge, MA) in PBS for 30 min to block non-specific
protein binding, and with rabbit monoclonal, LANGF receptor anti-
body (MC-192, Abcam) at a 1:500 dilution in PBS with Triton X-100
overnight at 4 ◦C. The samples were then incubated in a 1:500 dilu-
tion of FITC conjugated rabbit secondary antibody (Abcam) in PBS
for one hour. All incubation steps, except the overnight incuba-
tion, were performed at room temperature, and the samples were
rinsed three times with PBS between each step. The samples were
mounted to a coverslip with Prolong Gold Antifade reagent with
DAPI (Invitrogen). The samples were cured overnight and imaged
with a confocal fluorescent microscope.

2.9. Quantitative RT-PCR analysis of PC-12 cells

PC-12 cells were cultured on samples for seven days, and the
gene expression of GAPDH, �-tubulin and neurofilament-200 (NF-
200) were analyzed. GAPDH was used as a housekeeping gene, and
�-tubulin and NF-200 were used as indicators to the formation
of neurites. To extract the RNA, the samples were rinsed briefly
in PBS to remove serum, covered with RNAlater (Qiagen, Valen-
cia, CA), and frozen at −80 ◦C. Cellular mRNA was collected with a
Qiagen RNeasy Plus kit, the lysis buffer was pipetted firmly over
the substrates to detach cells, and the Qiagen protocol was fol-
lowed. mRNA was concentrated in a 30 �l volume, and mRNA
reverse transcription was performed with a Qiagen Omniscript RT
kit. DNA transcripts were then probed using Qiagen Quantitect
SYBR Green. Thermocycling was performed with a BioRad CFX96
real-time detection system (Bio-Rad, Hercules, CA) at the following
conditions: 95 ◦C for 15 min, 45 cycles of denaturation (15 s, 94 ◦C),
annealing (30 s, 55 ◦C), and extension (30 s, 72 ◦C). The relative
expression of each gene was compared to the expression of GAPDH
to eliminate the effect of cell population, and the results were
normalized to the gene expression of cells on the chitosan–PCL
films.
2.10. Statistical analysis

Statistical analyses of the cytotoxicity, cell proliferation and
PCR study were performed using one-way analysis of variance
(ANOVA). P values less than 0.05 were considered statistically sig-
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Fig. 1. DTG thermograms of chitosan, PCL, and chitosan–PCL fibers.

ificant, and differences between samples within the groups were
valuated using a Student’s t-test.

. Results and discussion

.1. Physicochemical properties of chitosan–PCL fibers

A tissue-engineering scaffold that blends natural and synthetic
aterials must demonstrate physical homogeneity and miscibil-

ty to ensure the structural stability in aqueous media, which is
f vital importance for biomedical applications, and preservation
f the biocompatible properties of the natural material. An impor-
ant advantage of chitosan is its hydrophilic nature and presence
f free amino groups that have been shown to contribute to nerve

ell attachment and extension (Chatelet, Damour, & Domard, 2001;
reier, Montenegro, Shan Koh, & Shoichet, 2005). However, due to
he weak structural integrity and susceptibility to swelling in aque-
us environments, chitosan was incorporated with PCL to produce
mechanically stable material.

ig. 3. Morphology and the degree of alignment of the chitosan–PCL fibers. SEM images a
c, d) aligned chitosan–PCL fibers. Scale bar indicates 5 �m.
Fig. 2. FTIR characterization of PCL, chitosan and chitosan–fibers prepared by elec-
trospinning. The spectra were averaged from 200 scans with a 4 cm−1 resolution.

TG/DTG analysis was performed to estimate thermal stability
and the composition of individual polymers in the chitosan–PCL
fibers (Fig. 1). Characteristic thermal degradation peaks of compo-
nent polymers in the blended chitosan–PCL fibers were identified
by comparing with the thermal degradation behaviors of chitosan
and PCL fibers. Furthermore, the TG/DTG analysis also assessed
the susceptibility of PCL to hydrolytic degradation by the triflu-
oroacetic acid during the electrospinning process. As shown in

Fig. 1, a slight mass loss in chitosan fibers was observed at ∼100 ◦C,
which is related to the loss of bonded water in chitosan that had
not been completely removed by the ambient drying process. The
weight loss of the chitosan–PCL fiber at the same temperature was

nd histograms illustrating the percentage of alignment (±20◦) of (a, b) random and
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Fig. 5. Schwann cell interactions with chitosan–PCL. (a) Cytotoxicity of the materials
ig. 4. Stress–strain curves of randomly oriented and aligned chitosan–PCL fibrous
atrices tested at a strain rate of 10 mm/min. The mechanical properties are aver-

ged from five individual tests. Also shown are the mechanical moduli and yield
trength.

inimal. This suggests that the blend fibers contain much less
oisture, which can be attributed to the presence of hydrophobic

CL and its intermolecular interaction with chitosan. At a max-
mum weight loss temperature of chitosan, Tmax-chitosan, ∼220 ◦C,
oth chitosan and chitosan–PCL samples showed weight loss due
o thermal decomposition of the chitosan polysaccharide. How-
ver, the chitosan–PCL fibers have significantly lower mass loss
han the chitosan fibers due to the presence of PCL. The thermox-
dative degradation of PCL occurred at Tmax-PCL of ∼390 ◦C. The
hitosan–PCL fibers also had a Tmax-chitosan–PCL at ∼390 ◦C, but
xhibited a depressed weight loss peak, due to the presence of
hitosan that suppressed PCL crystallinity. These results indicate
imilar thermal stability of the PCL both in the chitosan–PCL and
CL fibers, illustrating that degradation of PCL did not occur during

lectrospinning with TFA. The distinct single step weight loss peak
f PCL at 390 ◦C was used as a reference to estimate the percent-
ge of PCL in the chitosan–PCL fibers. Considering the area of the
eak at 390 ◦C was 100% weight loss of the PCL sample, the weight
ercentage of PCL in the chitosan–PCL fibers was estimated to be
measured in terms of LDH levels and (b) Schwann cell proliferation on control well-
plates (control), chitosan–PCL films, randomly oriented and aligned chitosan–PCL
fibers after three days of cell culture.

approximately 58 ± 4%, consistent with the original composition of
chitosan and PCL. This result indicates that chitosan–PCL is ther-
mally stable, and no loss or degradation of the chitosan and PCL
occurred during the electrospinning process.

The bonding between PCL and chitosan in chitosan–PCL fibers
was characterized by FTIR (Fig. 2). The spectrum of chitosan
fibers showed a basic adsorption band of carboxylate ions at the
1400–1790 cm−1 region, with a maximum at 1675 cm−1 that over-
lapped the bands of amide and amino groups. The strong absorption
band of PCL at 1720 cm−1 corresponds to the carbonyl groups.
The characteristic absorption bands of the chitosan–PCL fiber were
observed at 1675 and 1530 cm−1, corresponding to the stretch-
ing of amide and protonated amine groups resulted from residual
TFA in the electrospinning solution (Sangsanoh & Supaphol, 2006).
This result indicates that representative amine and amino groups
remained in the chitosan–PCL fibers. No additional peaks except the
characteristic peaks of PCL and chitosan in the chitosan–PCL blend
fibers were observed, indicating no covalent bonding between the
polymers occurred (Elzein, 2004; Pawlak & Mucha, 2003). Possible
physical interactions, such as the intermolecular hydrogen bonding
between the carbonyl group of PCL and hydroxyl or ammonium ions
of chitosan between the chitosan and PCL, remain. The synthesized

chitosan–PCL fibers were incubated in phosphate buffered saline
(PBS, pH 7.4) and cell culture media for two weeks and no swelling
was observed, indicating the chitosan–PCL fibers are capable of
retaining its structural integrity in an aqueous environment.
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ig. 6. SEM images of SCs (a) chitosan–PCL films, (b) randomly oriented, and (c) ali

.2. Morphology and mechanical properties of chitosan–PCL
bers

The morphology of aligned and randomly oriented fibers was
xamined with SEM. As shown in Fig. 3a and c, randomly oriented
nd uniaxially aligned fibers had mean diameters of 405.0 ± 59.8
nd 408.2 ± 76.6 nm, respectively. The degree of fiber alignment
as evaluated as the percentage of fibers oriented ±20◦ from the
orizontal, and the fiber alignment was 40.7% and 90.1% for the
andomly oriented and aligned chitosan–PCL fibers, respectively
Fig. 3b and d). Although the random fibers had 40.7% alignment,

he broad distribution of fiber angles with respect to a horizon-
al indicates a random orientation. Alternatively, the aligned fibers
isplayed a narrow distribution of fiber orientation.

Ideally, a nerve guide should have a Young’s modulus approach-
ng that of nerve tissues to resist in vivo physiological loading

ig. 7. Fluorescence images of Schwann cells on chitosan–PCL films, randomly oriented an
ransfected with p-EGFP-N1 (left column, green) and the nuclei were stained with DAPI
isted on the right column. Scale bars represent 20 �m. (For interpretation of the referen
rticle.)
hitosan–PCL fibers after three days of cell culture. Scale bars represent 10 �m.

during nerve regeneration and provide sufficient strength and flex-
ibility to be implanted and sutured during implantation (Gu, Ding, &
Liu, 2010). It is generally accepted that Young’s modulus of periph-
eral nerves (for example, a rabbit tibial nerve) in the longitudinal
direction is in the range of 0.50 MPa (Gu et al., 2010). As shown
in Fig. 4, the mechanical properties of the randomly oriented and
aligned chitosan–PCL fibers differed considerably. The tensile mod-
ulus, yield strength, tensile strength and percent elongation for the
aligned fibers were all greater than those for the randomly oriented
fibers. Notably, the aligned chitosan–PCL fibers exhibited better
ductility, which is favorable for material handling.
3.3. Biological properties of chitosan–PCL fibers

To evaluate the influence of sample topography on SC cyto-
toxicity and cell proliferation, SCs were cultured for three days

d aligned chitosan–PCL fibers after three days of cell culture. Cells were permanently
(middle column, blue). The merged images of GFP and DAPI for each material are
ces to color in this figure legend, the reader is referred to the web version of the



A. Cooper et al. / Carbohydrate Polymers 85 (2011) 149–156 155

F omly oriented and (c) aligned chitosan–PCL fibers after seven days of cell culture. Cells
w with DAPI (blue). The arrow in (c) indicates the direction of fiber alignment. Scale bars
r the reader is referred to the web version of the article.)
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ig. 8. Neuronal immunostaining of PC-12 cells on (a) chitosan–PCL films, (b) rand
ere immunostained with ALDH1A1 antibody (green) and the nuclei were stained

epresent 10 �m. (For interpretation of the references to color in this figure legend,

n chitosan–PCL films, random and aligned chitosan–PCL fibers,
nd cell culture plates (as control). The cell toxicity was tested by
easuring the presence of lactose dehydrogenase (LDH), a cyto-

lasmic enzyme released from damaged cells. The cell number was
easured with an alamarBlue assay and normalized to the sample

urface area (cm2). As shown in Fig. 5a, the LDH levels were approx-
mately the same for all of the chitosan–PCL samples, regardless of
opography, and were comparable to the level exhibited by SCs on
he cell culture plates (p > 0.05). This result indicates that neither
he chitosan–PCL material nor the material topography induced
dditional cell injury or death. As shown in Fig. 5b, SC proliferation
n all of the material samples increased during the 3-day period and
o significant difference in cell proliferation between the samples
as identified, suggesting the material topography did not signifi-

antly (p > 0.05) influence cell proliferation under the conditions of
his study.

Although the in vitro assays above illustrated the cellular bio-
ompatibility of the chitosan–PCL, the direct cellular interactions
ith the material surface also plays an important role in tissue

egeneration. For example, SC morphology and directionality is a
ey contributing factor to neuritogenesis (Chen, Yu, & Strickland,
007; Más Estellés, Vidaurre, Meseguer Dueñas, & Castilla Cortázar,
008). The influence of aligned chitosan–PCL fibers on regulat-

ng cell adhesion and spreading was investigated by incubating
Cs on aligned chitosan–PCL fibers and comparing to SCs incu-
ated on randomly oriented chitosan–PCL fibers and chitosan–PCL
ast films. SCs cultured on the materials for three days were
xamined with SEM. As shown in Fig. 6, SCs grown on different
hitosan–PCL samples exhibited substantially different morpholo-
ies. SCs on the films and randomly oriented fibers had multiple
ocal adhesions resulting in a multipolar morphology and flatter
ell bodies. Alternatively, SCs on the aligned chitosan–PCL fibers
ppeared to interact with individual aligned fibers, exhibiting an
xtended, bipolar morphology that oriented along the fiber direc-
ion, which enhanced the cellular alignment. Confocal fluorescence
mages (Fig. 7) further illustrate the cellular morphology on the dif-
erent samples. Although bipolar SCs were observed on the film and
andomly oriented fibers, they were not aligned. The preferential
lignment of SCs on the aligned fibers mimicked the early morphol-
gy necessary for the formation of Büngner bands to guide axonal
egeneration (Más Estellés et al., 2008).

During nerve regeneration, axon growth and neurite exten-
ion occur in response to chemical and physical cues elicited from
he local microenvironment. To evaluate the potential of aligned

hitosan–PCL fibers to serve as a scaffold for nerve regeneration,
euron-like PC-12 cells were cultured on the chitosan–PCL samples

or seven days, and analyzed for neurite extension using a neu-
onal marker and gene expression analysis. The neurite extension
as observed by immunostaining PC-12 cells with antibody against
Fig. 9. �-Tubulin and neurofilament-200 (NF-200) gene expressions of PC-12 cells
on chitosan–PCL films, randomly oriented and aligned chitosan–PCL fibers after
seven days of cell culture. Asterisks denote significant difference (p < 0.05) compared
to the aligned chitosan–PCL fibers.

nerve growth factor (NGF) receptor. As shown in Fig. 8, confocal flu-
orescence images of PC-12 cells showed a topographical response
of cells to the aligned chitosan–PCL fibers, with neurite extension
parallel to the fiber orientation (white arrow in Fig. 8c). PC-12 cells
on the film and randomly oriented chitosan–PCL fibers exhibited
shorter and randomly oriented neurites.

In addition to the morphological response to the material topog-
raphy, the gene expressions of NF-200 and �-tubulin by PC-12
cells were monitored using real-time PCR. NF-200, a neurofila-
ment is associated with cell differentiation and neurite growth
(Lariviere & Julien, 2004). �-Tubulin, a dimer required for micro-
tubule formation, is a major cytoskeletal component of neurite
extension (He, Zhang, Yang, & Ding, 2009). As shown in Fig. 9,
NF-200 expression was comparably expressed on all the samples,
demonstrating that the chitosan–PCL scaffolds supported PC-12
differentiation. Notably, �-tubulin expression by PC-12 cells on the
aligned chitosan–PCL fibers was three times greater than that on
the randomly oriented fibers and films, illustrating that the aligned
fibers enhanced neurite extension, consistent with cellular mor-
phological analysis shown in Fig. 8c, where PC-12 neurites showed
enhanced directionality along the fiber orientation.

4. Conclusions

Aligned chitosan–PCL fibers provide a favorable environment
for nerve cell proliferation, and function. The highly aligned

chitosan–PCL fibrous scaffolds were shown to direct SC attachment
resulting in characteristic cell morphology necessary for nerve
regeneration as compared to chitosan–PCL film and randomly
oriented fibers. The fiber alignment enhanced the neurite exten-
sion and directionality of PC-12 cells, demonstrating the increased
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ellular responses induced by oriented fiber topographies. PC-12
ells on the aligned fibers showed up-regulation of differentiation-
pecific gene expressions. Our study suggests that the chitosan–PCL
bers elicit chemical and topographical cues for the modulation
f neuritogenesis and could serve as a potential scaffold for nerve
egeneration. The developed chitosan–PCL fiber system could be
otentially applied to other tissue types due to the demonstrated
issue compatibility of the constituent polymers.
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