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A sufficient cell source and minimal invasiveness in obtaining human adipose stromal cells (hASCs) hold great
promise for their utilization in wound repair. However, little is known about how cell-residing microenviron-
ments regulate the cellular response. In this study we explored the effects of polycaprolactone (PCL)/collagen
nanofibers with distinct spatial arrangements (aligned and random) on phenotypic expression of hASCs in vitro.
Elongated cell morphology, higher proliferation, and faster migration rate were observed for hASCs cultured on
the aligned nanofibers, showing that hASCs could detect the nanofiber spatial arrangement and then distinc-
tively respond. This study on the expression of extracellular matrix (ECM) related genes in hASCs revealed
higher synthesis capacity for critical ECM molecules including tropoelastin, collagen I, and matrix metallo-
proteinase (MMP)-1 on the aligned nanofibers. Integrins a5, b1, b3, b6, and transforming growth factor (TGF)-b1

were differentially regulated by PCL/collagen nanofiber arrangements. Our results indicate that fiber orienta-
tion-induced phenotypic change of hASCs may be regulated by integrins and TGF-b signaling synergistically.
These findings demonstrate the potential application of hASCs and aligned PCL/collagen nanofibers for ac-
celerated wound repair.

Introduction

In the past two decades, advances in cellular and mo-
lecular biology have significantly improved our under-

standing of wound repair and tissue regeneration and
therefore enhanced our ability to heal difficult wounds.1,2

Tissue-engineered skin substitutes, especially those of au-
tologous skin cells, have proved to be effective in treating
deep wounds.3–7 However, it remains a big challenge to
obtain enough skin cells from patients who have limited
intact skin and fabricate sufficient skin substitutes to treat
large wounds. In this regard, stem cells, with their unique
capability of differentiating into various types of tissue cells,
hold great promise in dermatology to compensate the
shortage of skin cells. Among different stem cells, adipose-
derived stromal cells (ASCs) have drawn particular attention
in consideration of their easy access, minimal invasiveness
and large quantity for tissue harvest, and self-renewal ca-
pacity.8,9 Increasing evidence has shown the advantages of
ASCs in wound repair by promoting the proliferation and
migration of fibroblasts, stimulating the angiogenesis and
accelerating the re-epithelialization from wound edge.10–16

We have also found that 3D dermal substitutes fabricated
from ASCs could stimulate the rapid closure of full thickness
wounds of athymic mice with proper re-epithelialization.16

The wound healing capacity of ASCs is synergistically reg-
ulated by soluble factors as well as the direct interaction with
other neighboring cells and extracellular matrix (ECM).10 In
this regard, the local environment in which ASCs reside
would play a vital role in ASC phenotypic expression and
therefore determine their wound healing capacity. Recently,
electrospun nanofiber scaffolds have received much atten-
tion in wound repair mainly due to their morphological and
dimensional similarity to the ECM of native tissues. With the
capability of incorporating ECM molecules like collagen
into electrospun nanofibers, it is possible for us to formulate
a biomimetic microenvironment close to the native cell-
growing environment. In this regard, it is reasonable to
hypothesize that such nanofiber scaffolds can support cell
growth and better maintain cell phenotype.17–19 During elec-
trospinning, electrospun nanofibers can be oriented in the
collected fiber scaffolds depending on the fiber collection
setup. Studies have shown that oriented nanofibers can guide
the cell adhesion and spatial arrangement of intracellular
cytoskeletal proteins, and as a result lead to the elongation of
cells along the fiber orientation.20–22 However, it is unclear
whether fiber orientation can also regulate the cellular func-
tions (e.g., cell proliferation and migration) and the synthesis
capacity of new ECM such as collagen and elastin, especially
in the case of ASCs, which are critical to wound healing.
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In this study, collagen-containing electrospun nanofibers
with two types of spatial arrangements (aligned = fibers ori-
ented in the same direction; random = fibers collected without
specific orientation) were fabricated and used to culture hu-
man adipose stromal cells (hASCs). The morphology of
hASCs on aligned on random fibers was examined by im-
munofluoresent staining of cytoskeletal proteins. The prolif-
eration and migration of hASCs in association with fiber
orientation were studied. Genes of various integrins and those
involved in ECM synthesis and degradation were investigated
to determine the phenotypic expression. It was found that
fiber orientation greatly affected the cell morphology, prolif-
eration, and migration by differentially regulating the ex-
pression of integrins and the formation of focal adhesion. The
synthesis of collagen I, tropoelastin, and matrix metallopro-
teinase (MMP)-1 by hASCs was also influenced by fiber ori-
entation, in which transforming growth factor (TGF)-b1 might
be involved as suggested by the upregulation of TGF-b1 gene.

Materials and Methods

Materials

Poly(epsilon-caprolactone) (PCL, MW = 80,000), MCDB201
medium, MCDB131 medium, ITS-X, bovine serum albu-
min (BSA), linoleic acid-BSA, L-ascorbate-2-phosphate, b-
mercaptoethanol, recombinant human epithelial growth
factor (rhEGF), recombinant human platelet derived growth
factor (rhPDGF)-BB, and dexamethasone were purchased
from Sigma-Aldrich (St. Louis, MO). Collagen type I was
purchased from Elastin Products Company (Owensville,
MO). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained
from Oakwood Products Inc. (West Columbia, SC). Fetal
bovine serum (FBS) was purchased from American Type
Culture Collection (ATCC, Manassas, VA). All other
reagents and solutions were obtained from Invitrogen
(Carlsbad, CA) except as indicated.

Electrospinning and characterization

Nanofibers were similarly prepared using electrospinning
technique as described previously.17,23 Briefly, collagen type
I solution (8% w/v), and PCL solution (8% w/v) dissolved in
HFIP were mixed thoroughly at a volume ratio of 1:3. The
solution was transferred to a 3 mL syringe attached with a
blunt-tip capillary (inner diameter = 0.9mm) and electrospun
at 10 kV. Steady flow of the solution from the capillary
spinneret was achieved using a syringe pump from KD
Scientific (Holliston, MA), operating at a flow rate from
5 mL/min to 15mL/min. To fabricate random nanofiber
scaffolds, the collecting surface consisted of a stationary
aluminum foil plate, and to collect the nanofibers with de-
sired alignment, a customized rotating mandrel (j = 10 cm)
was used. Nanofibrous scaffolds were collected on square
glass cover slips. All fibers were fabricated under a sterile
condition. To characterize the electrospun nanofiber using a
scanning electron microscope (SEM), fibers were collected on
silicon wafer and sputter coated with gold. The coated fibers
were examined with a LEO 982 FEG SEM. To determine the
diameter of nanofibers, images of five randomly selected
areas were captured and analyzed by analysis software (NIS-
elements BR 3.10) from Nikon. The orientation of electrospun
nanofibers was determined by using the ImageJ program

(NIH) along with the Oval Profile Plot plugin. Briefly, rep-
resentative SEM images of the electrospun fibers were
cropped into a square covering as much of the image as
possible (the images used were 905 · 905 pixels in size).
These cropped images were then processed with a fast
Fourier transform (FFT) and then a circular selection of the
image was made maximizing the amount selected (edges of
the circle were tangent with the edges of the image). This
selection then underwent a radial summation using the Oval
Profile Plot plugin with 360 points such that the degree in-
terval was 1�. The raw data were normalized to 0 and data
from all sets were rescaled to an arbitrary range between 0
and 0.3. The final results were presented by plotting this
arbitrary scale versus degrees, where the height of peaks
represents a greater degree of alignment at a given angle.

Cell seeding and culture

Human adipose stromal cells (hASCs) kindly provided by
Dr. Moscatello from Coriell Institute for Medical Research
(Camden, NJ) were used in this study. Cells were cultured in
the proliferation medium, which consisted of Dulbecco’s
modified Eagle medium (DMEM, low glucose), MCDB201 and
MCDB131 at a ratio of 3:1:1, 0.5% FBS, 1 · ITSX, 0.2% BSA,
1 · linoleic acid-BSA, 100mM L-ascorbate-2-phosphate, 100mM
b-mercaptoethanol, 10 ng/mL rhEGF, 5 ng/mL rhPDGF-BB,
1nM dexamethasone, 1% penicillin, and 1% streptomycin.
Medium was refreshed every 3–4 days. Cell splitting was
performed when the monolayer cells reached 70–80% conflu-
ence. Cells between the second to fifth passages were used in
this study. To seed hASCs onto electrospun fibers, cells were
trypsinized, centrifuged, and resuspended in the proliferation
medium at a final concentration of 1 · 105/mL. hASCs were
then seeded onto various nanofibrous scaffolds (aligned and
random) at a density of 5 · 103 cells/cm2 and allowed to attach
for 60 min before adding more medium to completely immerse
the culture. The culture was kept in a humidified incubator at
37�C with 5% carbon dioxide for designated times. Monolayer
culture of hASCs on glass cover slips served as controls.

Immunofluorescent staining

The morphology and adhesion of hASCs onto nanofibrous
scaffolds were evaluated by immunofluorescently staining the
cytoskeletal proteins and vinculin. Briefly, after fixation in 4%
paraformaldehyde for 20 minutes the culture was permeabi-
lized with 0.5% Triton X-100 (Fisher Scientific, Fair Lawn, NJ),
and then incubated with phalloidin-tetramethyl rhodamine
isothiocyanate (TRITC) (Sigma, 1:500), anti-a-tubulin (DSHB,
1:25), anti-vinculin conjugated with fluorescein isothiocyanate
(FITC) (Sigma, 1:50), anti-vimentin (Biovision, Mountain View,
CA, 1:20) or anti-aSMA (a-smooth muscle actin) conjugated
with Cy3 (Sigma, 1:200) for 60 min at room temperature in
dark. For those primary antibodies without fluorescent labels,
the cells were further incubated with goat anti-mouse IgG-
FITC conjugate secondary antibody (Caltag, PAB4971, 1:400)
or goat anti-rabbit IgG-Alexa Fluor 594 conjugate secondary
antibody (Molecular Probes, A11037, 1:500). Cell nuclei were
stained with 4¢,6-diamidino-2-phenylindole (DAPI) (Sigma,
1:1000). Excessive fluorescent conjugate was removed by
washing with phosphate buffered solution (PBS). DAPI was
used to stain cell nucleus. The staining was examined under a
Nikon Eclipse 80i epifluorescent microscope (Nikon, Japan).
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Cell proliferation

Cell proliferation on electrospun nanofibers (n = 4) was
determined by DNA assay using a CyQUANT� Cell Pro-
liferation Assay Kit (Molecular Probes, Inc., Eugene, OR) as
described previously.24 Briefly, the samples harvested at
different times were digested with proteinase K solution
(Sigma). Two hundred microliters of CyQUANT� GR dye/
cell-lysis buffer was added to each sample and incubated at
room temperature for 2–5 minutes. The fluorescence inten-
sity was measured with excitation at 480 nm and emission at
520 nm using a Synergy� HT Multi-Detection Microplate
Reader (BioTek Instruments Inc., Winooski, VT).

Cell migration

A collagen gel drop assay was developed and used to an-
alyze cell mobility on nanofibrous scaffolds. In this assay, a
small drop of collagen gel suspended with a high density of
hASCs was placed on top of the nanofibrous scaffolds and
then the cell migratory behavior out of gel was evaluated by
optical microscopy. Briefly, hASCs was carefully resuspended
in neutralized type I collagen solution (6 mg/mL in 0.01 M
HCl) at a final concentration of 2 · 106 cells/mL and then
droplets of 10mL cell/gel suspension were added onto the
scaffold surface. Upon solidification of collagen gel at 37�C for
30 min, cell/gel droplets were completely covered with cul-
ture medium. After incubation for 3 and 7 days, samples were
fixed in 4% paraformaldehyde, subsequently stained with
methylene blue, and then examined under a stereo micro-

scope (Nikon SMZ1500). Cell migration on different scaffolds
was determined by measuring the longest distance that the
cells migrated away from the boundary of gel drop.

Gene expression

Gene expression (n = 4 per group) was measured using re-
verse transcriptase polymerase chain reaction (RT-PCR) at 1, 3,
and 7 days. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Valencia, CA). The isolated RNA was reverse tran-
scribed into complementary DNA (cDNA) using the Super-
Script First-Strand Synthesis System (Promega, Madison, WI),
and the cDNA product was then amplified using recombinant
Taq DNA polymerase (Promega). Expression of integrinsa2, a5,
aV, b1, b3, b6, MMP-1, MMP-2, MMP-9, TGF-b1, tropoelastin,
type I collagen, type III collagen, vimentin, and a-SMA (ACTA-
2) were determined over time. b-actin served as housekeeping
gene. Primer sequences for various genes are listed in Table 1.
All genes were amplified for 30 cycles in a thermocycler (Ep-
pendorf Mastercycler gradient, Brinkmann, Westbury, NY).
Semiquantitative analysis of gene expression was performed,
and band intensity was normalized to that of b-actin.

Statistical analysis

Each experiment was repeated at leastthree3 times on dif-
ferent days and data were expressed as the mean – standard
deviation. All the cytotoxicity and cell attachment measure-
ments were collected in triplicate for each group. Unpaired
student t-test was used to evaluate the significance between

Table 1. Primer Sequences Used for Reverse Transcription-Polymerase Chain Reaction

Gene Expression Analysis

Gene 5¢–3¢ Primers

ITGa2 Sense 5¢-CAGAATTTGGAACGGGACTT-3¢
Anti-sense 5¢-CAGGTAGGTCTGCTGGTTCA-3¢

ITGa5 Sense 5¢-GTGGCCTTCGGTTTACAGTC-3¢
Anti-sense 5¢-AATAGCACTGCCTCAGGCTT-3¢

ITGaV Sense 5¢-GATGGACCAATGAACTGCAC-3¢
Anti-sense 5¢-TTGGCAGACAATCTTCAAGC-3¢

ITGb1 Sense 5¢-CCAAAAGCTCAGGACAAAGC-3¢
Anti-sense 5¢-GCTTGCATCTGTGGTCTTCA-3¢

ITGb3 Sense 5¢-ACACTGGCAAGGATGCAGTGAATTGTAC-3¢
Anti-sense 5¢-CGTGATATTGGTGAAGGTAGCGTGGC-3¢

ITGb6 Sense 5¢-TCTGGAGTTGGCGAAAGG-3¢
Anti-sense 5¢-TCCACCGGGTAGTCCTCA-3¢

Collagen I Sense 5¢-TGCTGGCCAACTATGCCTCT-3¢
Anti-sense 5¢-TTGCACAATGCTCTGATC-3¢

Collagen III Sense 5¢-CCAAACTCTATCTGAAATCC-3¢
Anti-sense 5¢-GGACTCATAGAATACAATCT-3¢

MMP1 Sense 5¢-CTGCTTACGAATTTGCCGACAGA-3¢
Anti-sense 5¢-GTTCTAGGGAAGCCAAAGGAGCTG-3¢

MMP2 Sense 5¢-GGCCCTGTCACTCCTGAGAT-3¢
Anti-sense 5¢-GGCATCCAGGTTATCGGGGA-3¢

MMP9 Sense 5¢-TGTACCGCTATGGTTACAC-3¢
Anti-sense 5¢-CCGCGACACCAAACTGGAT-3¢

Vimentin Sense 5¢ -ATTGAGATTGCCACCTACAGGAAGC-3¢
Anti-sense 5¢ -TGATGCTGAGAAGTTTCGTTGATAA-3¢

ACTA2 Sense 5¢ -TCGTGCTGGACTCTGGAGATGGTGT-3¢
Anti-sense 5¢ -TGAAGGATGGCTGGAACAGGGTCTC-3¢

b-actin Sense 5¢- GAGGAATACAGCCTGTGGGT-3¢
Anti-sense 5¢CAGAAGGTGCAGAGATGATGA-3¢

MMP, matrix metalloproteinase; ACTA2, alpha actin 2.
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experimental groups. A value of p < 0.05 was considered sta-
tistically significant.

Results

Nanofiber meshes with various fiber orientations

By collecting the nanofibers either on a grounded rotating
mandrel or on a grounded stationary flat surface, nanofiber
meshes with fibers oriented either in one direction (i.e.,
aligned) or in all x-y directions (i.e., random) were obtained.
SEM examination clearly showed various spatial arrange-
ments of collected fibers (Fig. 1a vs. 1b). To better charac-
terize the orientation, the SEM images of obtained nanofibers
were analyzed with a fast Fourier transform (FFT) and the
analysis results were shown in Figure1 (c–e). More than 90%
electrospun nanofibers aligned in one direction in the aligned

scaffolds, and no preferred orientation could be identified in
the random scaffolds. Based on the SEM images, the average
fiber diameter in the aligned scaffolds seemed slightly
smaller than that of the random ones (Table 2), but there was
no significant difference. SEM examination at a high mag-
nification revealed that both aligned and random 3:1 PCL/
collagen nanofibers had a smooth surface (data not shown).

Attachment and morphology of hASCs
on nanofiber meshes

The inclusion of collagen in PCL electrospun nanofibers
favored the adhesion and spreading of hASCs. As the cell
morphology was defined by the arrangement of intracellular
cytoskeletal proteins, immunofluorescent staining for F-actin
and a-tubulin was performed on the hASCs cultured on

FIG. 1. Representative scanning electron
microscope images of random (a) and
aligned (b) nanofiber meshes. Fast Fourier
transform output images of random (c) and
aligned (d) nanofiber meshes, where circular
line indicates radial projection. (e) Pixel in-
tensity plots against the angle of acquisition
for a random (red) and an aligned (blue)
nanofiber meshes. Note the distinctive peak
in aligned meshes. Color images available
online at www.liebertonline.com/tea
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PCL/collagen nanofibers for 3 days. Both F-actin and a-
tubulin staining showed that hASCs on random nanofiber
surfaces had a polygonal morphology without preferred
orientation, while those on aligned nanofiber surfaces elon-
gated along with the nanofiber orientation, showing a typical
spindle-like morphology (Fig. 2). The intracellular cytoskel-
etal protein fibers also oriented in the same direction as the
electrospun nanofibers on the aligned PCL/collagen nano-
fiber surfaces and were more compacted as compared to
those on the random nanofiber surfaces. The morphology
remained similar for the entire experiment time (up to 7
days). To better quantify the morphology difference of
hASCs on aligned and random fibers, fluorescent images of
five randomly selected fields were analyzed using the NIH
ImageJ analysis software. As shown in Table 3, the average
cell area on aligned PCL/collagen nanofibers was consis-
tently lower than that on the random nanofibers for both
days 1 and 7 despite no statistical significance ( p > 0.05). The
average cell area increased approximately one fold after
cultured for 7 days compared to that from day 1. The long/
short axis ratio of hASCs, an indicator of cell polarity, was
also calculated (Table 3). Clearly, the cells on aligned fibers
remained constantly elongated with the long/short axis ratio
as high as 17, more than three times of the random ones. The
formation of cell/fiber focal adhesion was evaluated by im-
munofluorescent staining of vinculin, a protein involved in
the connection of focal adhesion point to cytoskeletal actin. It
was found that vinculin of hASCs cultured on the aligned
fibers showed long spikes with the same orientation as the
fibers (Fig. 3b). In contrast, on random fibers vinculin were
short strokes without preferred orientation (Fig. 3a).

Cell proliferation and migration

Cell proliferation on aligned and random nanofiber meshes
was evaluated by DNA assay. Continuous cell proliferation
was observed for hASCs on both aligned and random nano-
fibers. However, cells on aligned nanofibers proliferated faster
than those on random fibers (Fig. 4), and this trend remained
for all the times investigated. The migration of hASCs on the
aligned and random fiber surfaces was determined by a col-
lagen gel drop assay. Obviously, cells migrated out of the
original droplet after 3 days on both aligned and random fiber
surfaces. Interestingly, an isotropic hASC migration was ob-
served on the random nanofibers, while an anisotropic mi-
gration was observed on the aligned nanofibers (i.e.,
accelerated migration along the fiber alignment in contrast to
an inhibited migration perpendicular to fiber alignment) (Fig.
5). Besides, hASCs migrated in a longer distance on the aligned
nanofiber meshes than they did on the random fibers. The
migration distance away from collagen gel was measured on
the samples stained with methylene blue (n = 3 per time point).
The results showed that hASC migration along the aligned
fibers was more than two times faster than that on the random
fibers, while the migration perpendicular to fiber alignment
was less than half of that on the random one (Fig. 6).

Expression of integrins

To determine whether integrins were involved in the fiber-
orientation induced cell phenotypic change, gene expression

Table 2. Mean Diameters of Nanofiber Meshes

Fiber group Composition Mean diameter (nm)

Random PCL/Collagen 407 – 193
Aligned PCL/Collagen 323 – 98

FIG. 2. Representative fluorescent
images of human adipose stromal cells
(hASC) cultured for 3 days on random
(a, c) and aligned (b, d) nanofiber meshes.
Cells were stained with phalloidin-
tetramethyl rhodamine isothiocyanate
(TRITC) (red) for filament-actin (a, c) or
stained with Cy3-conjugated anti-a-
tubulin (green). Cell nuclei were stained
blue with 4¢,6-diamidino-2-phenylindole
(DAPI). Double-head arrow indicates the
fiber orientation. Scale bar: 50mm. Color
images available online at www
.liebertonline.com/tea

Table 3. Measurement of Cell Spreading

on Nanofiber Meshes

Random Aligned

Mean cell area (mm2) Day 1 6228 – 2732 4140 – 1766
Day 7 1348 1 – 4836 10969 – 773

Long/short axis ratio Day 1 3.4 – 1.5 17.4 – 6.6*
Day 7 3.2 – 1.2 11.3 – 4.0*

*Statistically significant, p < 0.001.
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for integrins (a2, a5, av, b1, b3, and b6) in hASCs was analyzed
using RT-PCR (Fig. 7). The results showed that gene ex-
pression of a2 and av was not affected by various fiber and
glass cover slip (controls) surfaces (data not shown). Western
blot was also performed to determine the protein level of a2

and av integrins on the cell membranes. Again, no noticeable
difference was identified (data not shown). However, in-
tegrins a5, b1, b3, and b6 were significantly regulated by fiber
orientation. A significant upregulation of b6 integrin was
observed after 3 days. The fiber orientation upregulated the
gene expression of integrins b1 and b3 as early as day 1 and
remained for the rest of the experimental times (Fig. 7a, b).
Somehow, the fiber orientation down-regulated integrin a5

expression for all the times investigated.

Expression of ECM related genes

As part of the phenotypic expression of hASCs, the ca-
pability of regulating ECM turnover is a crucial measure. In
this regard, the gene expression of major ECM proteins re-
lated to wound healing (i.e., collagen type I [Coll I], collagen
type III [Coll III] and tropoelastin [TPE]) were particularly
investigated. Interestingly, higher gene expression of Coll I
was observed for the hASCs cultured on aligned nanofibers
compared to those on random nanofibers on days 3 and 7
(Fig. 7a, b), while no difference was observed in the ex-
pression of Coll III (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertonline.com/tea).
Significantly higher expression of TPE was found on the
aligned nanofibers, but only on day 1 (Fig. 7a, b). ECM de-
grading matrix metalloproteinase (MMP-1, MMP-2, MMP-9)
were also investigated. Gene expression of both MMP-2 and
MMP-9 was not significantly different between the aligned
and random nanofibers (data not shown). Gelatin zymo-
graphy further confirmed the gene result with no significant
difference in MMP-2 enzymatic activity between the two
groups (Fig. 8). In contrast, noticeably high MMP-1 was
consistently found in the hASCs cultured on aligned nano-
fibers (Fig. 7a, b). Gene expression for TGF-b1, an important
ECM regulator, was also studied. It was found that TGF-b1

was highly upregulated by aligned nanofibers (Fig. 7a, b).

Fibroblastic differentiation of hASCs on nanofibers

To determine the fibroblastic differentiation of hASCs on
nanofibers, gene expression for vimentin, a reliable fibro-
blast marker, was evaluated using RT-PCR. Semi-
quantitative analysis showed that gene expression for
vimentin was similarly detected on hASCs cultured on
aligned or random nanofibers (Fig. 9a). Immunofluorescent
staining for vimentin further confirmed the gene expression

FIG. 3. Representative fluorescent
images of the distribution of vinculin in
hASCs cultured on random (a) and
aligned (b) nanofiber meshes. Vinculin
was stained green with fluorescein iso-
thiocyanate (FITC) and cell nuclei were
stained blue with DAPI. Arrowheads
indicate the vinculin and double-head
arrow indicates the fiber orientation. Scale
bar: 50mm. Color images available online
at www.liebertonline.com/tea

FIG. 4. Proliferation of human adipose stromal cells on
nanofiber meshes. Cell amount was determined by DNA
assay. *Statistically significant, p < 0.05.

636 FU AND WANG



result. hASCs had a strong fluorescent staining for vimentin
on both nanofiber meshes despite a distinct variation in
spatial arrangement (spindle [aligned] vs. polygonal [ran-
dom]; Fig. 9b), suggesting a fibroblastic phenotype. This
observation remained consistent for all the time points up to
7 days (data not shown). a-SMA, involved in wound con-
traction, normally appeared in the wound myofibroblasts.
To assess whether nanofiber orientation regulated the ex-
pression of a-SMA in hASCs, cells cultured on nanofiber
meshes were immunofluorescently stained for a-SMA. No
obvious myofibroblastic differentiation was detected in the
hASCs either on aligned or random nanofibers (Fig. 9b).
The expression level for a-SMA gene, (i.e., ACTA-2) was
checked using RT-PCR. A low level expression was de-
tected and it was comparable between aligned and random
culture groups (Fig. 9a).

Discussion

The advantages of electrospun nanofibers in promoting
cell adhesion and maintaining cell phenotype, which mainly
comes from the morphological similarity to native ECM fi-
brils, have been well recognized.19 As a result, extensive ef-
forts have been made to explore the possible utility of such
nanofibers for regenerating a variety of tissues including
skin.25–31 It is known that native ECM not only provides a
substrate for cells to attach, but also regulates cellular func-
tion via cell/matrix interactions. Inclusion of ECM molecules
(e.g., type I collagen) into electrospun nanofibers can better
recapitulate the bioactivity of ECM32 and therefore lead to
cell/nanofiber interactions similar to the cell/ECM interac-
tions in tissues. With the presence of type I collagen in
electrospun nanofibers, hASCs can rapidly attach and spread
on PCL/collagen nanofibers (Fig. 2). Moreover, fiber ar-
rangements (aligned vs. random; Fig. 1) have a significant
impact on the morphology of attached hASCs: cytoskeletal
proteins (F-actin and a-tubulin) oriented along with the
PCL/collagen nanofibers in the aligned group, but no pre-
ferred orientation in the random group (Fig. 2). Meanwhile,
the hASCs on aligned PCL/collagen nanofibers are more
elongated (long/short axis ratio: 11–17 [aligned] vs. 3 [ran-
dom], p < 0.001) with a lower mean cell area (Table 3). Al-
though higher Young’s modulus was measured on aligned
PCL/collagen fibers in the orientation in other study com-
pared to that of random ones (8.98 – 3.72 MPa vs.
2.83 – 0.60 MPa), the mechanical contribution to fiber-
induced hASC response can be neglected in this study due to
the use of rigid glass coverslips to collect nanofibers for cell
culture, and no fiber detachment from coverslip surface has
been observed during the culture. In addition, comparable
fiber diameter has been measured between aligned and
random nanofibers (Table 2); therefore, it is reasonable to
hypothesize that the striking variation in cell morphology
and other behaviors mainly comes from fiber arrangement.
This fiber organization-induced cell morphology change has
been reported for several types of cells, including cardio-
myocytes, crucial ligament fibroblasts, and dermal

FIG. 5. Optical images of hASCs migrated out of the col-
lagen gel borderline (green broken line) on random (a, g, h)
or aligned (b, c, d, e, f) nanofiber meshes for 3 days (c, e, g)
and 7 days (d, f, h). Cells were fixed and stained blue with
methylene blue. White arrow indicates the fiber orientation
and green solid lines indicate the frontline of migrated cells.
Green arrows show the maximum travel distance. (a) and
(b): overview of hASC migration after 7 days; (c) and (d): cell
migration parallel to fiber alignment; (e) and (f): cell mi-
gration perpendicular to fiber alignment. Color images
available online at www.liebertonline.com/tea

FIG. 6. Quantitative measurement of hASC migration on
nanofiber meshes. Aligned-ll: migration parallel to fiber
alignment; Aligned-t; migration perpendicular to fiber
alignment. **Statistically significant, p < 0.01.
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fibroblasts.22,33,34 Although the exact mechanism is not fully
understood, studies have shown that various integrins such
as a2b1 are involved in fiber-induced cell adhesion.35,36 It is
believed that integrins, particularly those involved in focal
adhesion formation, are important in regulating cell mor-
phology.37 Indeed, the size and spatial distribution of focal
adhesion plaques in hASCs seems well correlated with cell
morphology and are controlled by fiber arrangement, as
observed from the immunofluorescent staining of vinculin.
Compared to short and random focal adhesion plaques
formed on random PCL/collagen nanofibers (Fig. 3a), long
focal adhesion plaques were observed for hASCs cultured on
the aligned fibers and they also oriented in the fiber align-
ment (Fig. 3b). The distinct vinculin distribution would in-

evitably lead to corresponding cytoskeletal arrangement as
shown in Figure 2.

In this study, we also found that aligned PCL/collagen
nanofiber meshes promoted the proliferation and migration
of hASCs. Approximately 15% increase in cell number was
consistently observed in the aligned group compared to
random one ( p < 0.05) (Fig. 4), contradicting to the results
observed with ligament fibroblasts,34 in which no significant
difference in cell proliferation was noted between aligned
and random nanofibers. We believe that the mitosis of fully
differentiated cells like ligament fibroblasts will not be af-
fected by the fiber organization, however, pluoripotent cells
like hASCs may have various mitotic responses as a result of
the commitment to different cell lineages induced by

FIG. 7. Gene expression of
hASCs cultured on random
(Rdm) and aligned (Alg)
nanofiber meshes and glass
coverslips (Ctr). (a)
Representative electrophore-
sis gel. (b) Semiquantitative
analysis of gene expression.
The data presented were
normalized with b-actin.
*Statistically significant,
p < 0.05 and **p < 0.001. Color
images available online at
www.liebertonline.com/tea
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substrate topography.38,39 Accelerated migration of hASCs
was also observed on the aligned nanofibers, however, only
in the direction parallel to fiber alignment, but not in the
perpendicular direction (Figs. 5, 6). This fiber orientation
regulated cell migration was similarly reported with other
cells.40 Cell migration is controlled by a highly orchestrated
set of events involving the polymerization and depolymer-
ization of actin filaments and the exertion of force through

actinomyosin mediated contraction.41,42 The role of integrins
in cell migration has been well recognized for both their in-
volvement in binding to ECM and in regulating the turnover
of intracellular cytoskeletal proteins.43 Gene expression for
several integrin genes was particularly studied in this study
and indeed a notable difference was observed between
aligned and random nanofibers. Significantly higher ex-
pression of integrins b1 and b3 were consistently observed in
the aligned group (Fig. 7). It is known that both integrin b1

and b3
43,44 are involved in cell migration, which suggests that

accelerated hASC migration on aligned fibers may be the
result of elevated integrins b1 and b3. Our ongoing efforts
will further determine whether integrin b1 plays the deter-
minant role by using a gene knockout model. In the gene
expression study, significantly lower a5 was observed in the
aligned group. Previous studies have shown that integrin
a5b1 negatively regulates cell proliferation.45 The down-
regulated a5 integrins may partially explain the promoted
cell proliferation on the aligned group.

Further studies on several ECM-related genes showed that
tropoelastin, collagen I, and MMP-1 were all upregulated by
the aligned PCL/collagen nanofibers (Fig. 7). Active ECM
synthesis and degradation is crucial to wound healing, espe-
cially in the case of a significant loss of tissue. Elevated ex-
pression of ECM-related genes implies the activation of ECM
turnover, which may favor the migration and proliferation of

FIG. 8. Semiquantification of matrix metalloproteinase
(MMP)-2 activity as measured by zymography.

FIG. 9. Fibroblastic differentiation of hASCs
on nanofiber meshes. (a) Gene expression for
vimentin (day 1) and alpha-actin-2 (ACTA-2)
(day 3). (b) Immunofluorescent images for vi-
mentin (day 1) and alpha-smooth muscle actin
(a-SMA) (day 3). Double-head arrow indicates
the fiber orientation. Scale bar: 50mm. Color
images available online at www.liebertonline
.com/tea
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fibroblast and keratinocytes and therefore facilitate wound
healing. Our previous study demonstrated that increased
deposition of collagen by hASCs in the skin grafts could sig-
nificantly promote wound closure with accelerated re-
epithelialization.16 TGF-b1 signaling, known for its essential
role in regulating ECM turnover and the expression of in-
tegrin subunits that facilitate keratinocyte and fibroblast
migration, and in inducing myofibroblastic differentiation that
is involved in wound contraction,46–50 can come from either
new synthesized TGF-b1 or those of activated latent ones.51,52

Although no TGF-b1 was supplemented to the culture in this
study, upregulation of TGF-b1 gene was observed for hASCs
cultured on both aligned and random nanofibers, and a sig-
nificantly higher TGF-b1 expression was particularly observed
in the aligned group (Fig. 7). Cumulative evidence indicates
that integrins b6 can activate latent TGF-b through possible
binding to latent association protein (LAP) to release the
active TGF-b.53–55 Indeed, elevated gene expression for in-
tegrin b6 was observed for hASCs cultured on aligned na-
nofibers (Fig. 7). Thus, aligned nanofibers may not only
promotes the synthesis of new TGF-b1 (most likely latent
one) by hASCs, but also elevates the synthesis of integrin b6

to activate the latent TGF-b1 for initiating TGF-b1 signaling,
which greatly regulates the production of new ECM mole-
cules (collagen I and tropoelastin 52 and MMP-156). How-
ever, the increased TGF-b1 did not induce hASCs to further
differentiate into myofibroblastic phenotype (Fig. 9b),
which instead still retained a high expression of fibroblastic
marker protein of vimentin (Fig. 9a). Clearly, the enhanced
migration and proliferation of hASCs as well as promoted
ECM turnover by aligned PCL/collagen nanofibers would
be beneficial to regenerate large wounds in consideration of
both abundant hASCs and the biocompatible and biode-
gradable nanofibers. Our ongoing efforts that focus on the
in vivo evaluation of the effect of hASCs and PCL/collagen
nanofibers on wound healing will provide critical evidence
to the in vitro findings reported in this study.

Taken together, it is clear that hASCs can detect the
spatial arrangement of nanofibers by exhibiting various cell
morphologies initially upon their attachment and then
distinctively respond by showing various cell prolifera-
tions, migration, and synthesis of new ECM molecules. The
fiber orientation-induced phenotypic change of hASCs is
most likely regulated by integrins and TGF-b signaling
synergistically.

Conclusions

This study for the first time systematically explored the
effects of PCL/collagen nanofibers with distinct spatial fiber
arrangements (aligned and random) on cellular response of
hASCs in vitro. Our results clearly show the behavioral dif-
ference of hASCs on nanofibers in response to various spatial
arrangements. hASCs grown on aligned scaffolds have
elongated morphology, higher proliferation and migration
rate, and higher synthesis of ECM molecules, all of which
occur during wound healing process. Moreover, differential
expression of integrins and TGF- b1 on various nanofiber
scaffolds suggests their involvement in regulating the dis-
tinct cell behavior. These findings demonstrate the potential
application of hASCs and aligned PCL/collagen nanofibers
for accelerated wound repair.
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