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a b s t r a c t

Utilization of nanofibrous matrices for skin wound repair holds great promise due to their morphological
and dimensional similarity to native extracellular matrix (ECM). It becomes highly desired to understand
how various nanofibrous matrices regulate skin cell behaviors and intracellular signaling pathways,
important to tuning the functionality of tissue-engineered skin grafts and affecting the wound healing
process. In this study, the phenotypic expressions of normal human dermal fibroblasts (NHDFs) on
collagen-containing nanofibrous matrices with either isotropic (i.e., fibers collected randomly with no
alignment) or anisotropic (i.e., fibers collected with alignment) fiber organizations were studied by
immunostaining, migration assay and molecular analyses. Results showed that both nanofibrous
matrices supported the attachment and growth of NHDFs similarly, while showing different cell
morphology with distinct variation in focal adhesion formation and distribution. Anisotropic nanofibers
significantly triggered the integrin b1 signaling pathway in NHDFs as evidenced by an increase of active
integrin b1 (130 kD mature form) and phosphorylation of focal adhesion kinase (FAK) at Tyr-397.
Anisotropic matrices also promoted the migration of NHDFs along the fibers, while neutralization of
the integrin b1 activity abolished this promotion. Moreover, the fibroblast-to-myofibroblast differenti-
ation was greatly enhanced for the NHDFs cultured on anisotropic nanofibrous matrices over a period of
48 h. Inhibition of cellular integrin b1 activity by neutralizing antibody eliminated this enhancement.
These findings suggest the important role of integrin b1 signaling pathway in regulating the nanofiber-
induced fibroblast phenotypic alteration and providing insightful understanding of the possible appli-
cation of collagen-containing nanofibrous matrices for skin regeneration.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue-engineered skin grafts have proved to be effective in
closing deep skin wounds despite their suboptimal structure,
composition and function [1]. To better support and facilitate skin
cells to form skin-like tissues, it is necessary for the temporary
scaffolds not only to provide a surface for the cells to reside, but also
to define a cell-friendly microenvironment that maximally recap-
tures the native extracellular matrix (ECM). In this regard,
try, Chemical Biology and
logy, McLean Building Room
A. Tel: þ1 201 216 5556; fax:

bert Wood Johnson Medical
, USA. Tel: þ1 732 235 6164;

Hongjun.Wang@stevens.edu

All rights reserved.
electrospun nanofibrous matrices characterized by ultrafine
continuous nanoscale fibers, high surface-to-volume ratio, high
porosity and variable pore-size distribution have great potential to
mimic the skin ECM in both morphology and composition [2,3]. In
recognition of the superiority of nanofibrous matrices, increasing
efforts have been made to explore the possibility of creating tissue-
engineered skin grafts using electrospun fibers. Clearly, nano-
fibrous matrices support the adhesion, spreading and proliferation
of skin cells [4,5].

Collagen fibrils, a major ECM component known for their
mechanical contribution to skin integrity, provide an interactive 3D
microenvironment to skin cells and regulate their behaviors via cell-
matrix interactions. To bettermimic skin ECM, electrospun collagen
fibers have been fabricated, however, the rapid degradation and
poor mechanical properties determine that either crosslinking or
combination with other materials is necessary to obtain a stable
scaffold. Electrospinning a blend solution of collagen and poly-
caprolactone (PCL), a biocompatible and biodegradable synthetic
polyester, canyield rather stable nanofibers [6,7]. Dermalfibroblasts
EMBZIM EX1020
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showedpreferred adhesion on such collagen-containingnanofibers,
comparable to pure collagen fibers [5,8]. In addition, it has been
noted that organization of nanofibers in thematrices also affects the
behaviors of dermal fibroblasts and adipose stromal cells [9e13],
e.g., fibroblasts cultured on aligned nanofibrous substrates became
elongated with accelerated migration [12]. Although the exact
mechanism is still unclear, it is believed that integrins are involved in
the electrospun nanofiber-regulated cell adhesion [14], and the
activation of various integrins during focal adhesion formationmay
influence cellular phenotype, which is critical to determine the
functionality of tissue-engineered skin grafts in vitro and subse-
quently influence thequality of healedwoundsupon in vivo grafting.

During normal wound healing the fibroblast-to-myofibroblast
differentiation can facilitate wound closure by drawing the
wound margins together, however, it would also result in scar
formation if the proper apoptosis of myofibroblasts does not occur
upon the cease of wound contraction [15e18]. Therefore, the
fibroblast-to-myofibroblast differentiation needs to be appropri-
ately balanced for minimum scar formation during the wound
healing. It is well established that transforming growth factor-
b (TGF-b) signaling could induce fibroblast-to-myofibroblast
differentiation [19,20]. However, it is unknown whether the cell-
growing substrate can induce this fibroblast-to-myofibroblast
differentiation independent of TGF-b signaling. A very recent
result that rigid cell culture surface could promote the fibroblast-
to-myofibroblast differentiation suggests a possible correlation
between fibroblast-to-myofibroblast differentiation and their
substrate [21]. Considering that nanofiber organization could
modulate cellular morphology and migration, we therefore
hypothesize that the fiber alignment may also affect fibroblast-to-
myofibroblast differentiation and integrins may be involved as well.

To address this hypothesis together with the attempt to mech-
anistically understand fiber alignment-induced cell migration,
normal human dermal fibroblasts (NHDFs) were seeded on
collagen-containing PCL nanofibrous matrices with either isotropic
nanofiber arrangement (i.e., randomly collected nanofibers with no
alignment, abbreviated as “Iso”) or anisotropic nanofiber arrange-
ment (i.e., collected nanofibers with alignment, abbreviated as
“Aniso”). The elongated cell morphology and accelerated migration
of NHDFs along the fiber orientation were observed in the aniso-
tropic fiber group. Both immunostaining and immunoprecipitation
demonstrated the enhanced activation of integrin b1 by anisotropic
collagen-containing PCL nanofibers. Treatment of NHDFs with
integrin b1 neutralizing antibody clearly blocked the fiber-induced
migration. Elevated expression of a-SMA was detected in NHDFs
cultured on anisotropic matrices by real-time PCR and immuno-
fluorescent staining, demonstrating that fiber alignment indeed
induces fibroblast-to-myofibroblast differentiation. Blocking the
cellular activity of integrin b1 also diminished this fibroblast-to-
myofibroblast differentiation. Clearly, integrin b1 signaling played
a crucial role in regulating the response of NHDFs to the spatial
organization of collagen-containing nanofibers. This finding would
provide a mechanistic guidance for the fabrication of functional
skin grafts using electrospun nanofibers.
2. Materials and methods

2.1. Materials

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained from Oakwood products
Inc (West Columbia, SC). Poly (epsilon-caprolactone) (PCL, Mw ¼ 80,000) was
purchased from SigmaeAldrich (St. Louis, MO) and type I collagen (Coll) was ob-
tained from Elastin Products Inc. (Owensville, MO). 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.
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2.2. Nanofibrous matrix preparation

Nanofibrous matrices of PCL and Collagen at a weight ratio of 3:1 were fabri-
cated using electrospinning as previously described [11]. Briefly, 8% (w/v) solution of
3:1 PCL/Coll was prepared by dissolving PCL and collagen in HFIP. Then, the solution
was loaded into a 3 mL syringe with a 20 gauge stainless steel blunt-tip needle and
electrospun at 15 kV using a custom electrospinning device. The polymer solution
was dispensed using a syringe pump (Kdscientific, Holliston, MA) at 10 mL/min.
Nanofibrous matrices with two types of fiber spatial organizations, isotropic and
anisotropic, were prepared. To fabricate isotropic nanofibrous matrix, PCL/Coll
nanofibers were collected on a grounded stationary aluminum plate surface, while
the anisotropic PCL/Coll nanofibrous matrices were obtained by collecting the
nanofibers onto a customized rotating mandrel (10 cm in diameter). Nanofibrous
matrices collected on glass cover slips under sterile conditions were used for the
studies unless indicated.

To characterize the electrospun nanofiber using a scanning electron microscope
(SEM), fibers were collected on Si 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
NIS-elements BR 3.10 analysis software from Nikon. Tensile properties of the elec-
trospun nanofibrous matrices were measured with a Rheometrics Solid Analyzer
(RSA III; Rheometric Scientific Inc., Piscataway, NJ) at an extension rate of 0.05 mm/s.
All the samples were tested at 15 mm gauge length. Data were analyzed using TA
Orchestrator (New Castle, DE).

The orientation of electrospun nanofibers was determined by using the ImageJ
program (NIH) along with the Oval Profile Plot plugin [22]. Briefly, representative
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 under-
went a radial summation using the Oval Profile Plot pluginwith 360 points such that
the degree interval 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 pre-
sented by plotting this arbitrary scale versus degrees, where the height of peaks
represents a greater degree of alignment at a given angle.

2.3. Cell seeding and culture onto nanofibrous matrix

Normal primary human skin fibroblasts from newborn foreskin (R2F) were a gift
from Dr. James G. Rheinwald of the Harvard NIH Skin Disease Research Center. The
cells were grown in monolayer culture in the Dulbecco’s modified Eagle medium
(low glucose) supplemented with 10% fetal bovine serum and 1% penicillin and
streptomycin (Sigma) at 37 �C in a humidified 5% CO2 atmosphere. Cells were
routinely subcultured and used at passages 5e7.

The fibroblasts were seeded on the nanofibrous matrices at a density of
5 � 103 cells/cm2 and allowed to attach for 60 min before fully supplemented media
was added. The cells were cultured on the isotropic or anisotropic nanofibrous
matrices for up to 7 days. The effects of nanofiber spatial organization on cell
behaviors were determined throughout the 1-week culture period.

2.4. Immunofluorescence staining

Immunofluorescence staining of cells was performed as described previously
[23]. Briefly, cultured cells were fixed in 4% paraformaldehyde for 20min. Then, they
were permeabilized with 0.2% Triton X-100 in PBS. Afterward, cells were incubated
with the following reagents, respectively: phalloidin-TRITC (Sigma, P1951, 1:500),
anti-integrin b1 antibody against the active conformation of the b1 integrin (Milli-
pore, clone HUTS-4, 1:300), anti-vinculin-FITC (Sigma, F7053, 1:200) and anti-
paxillin (Millipore, clone 5H11, 1:200). For those primary antibodies without fluo-
rescent labels, the cells were further incubated with goat anti-mouse IgG-FITC
conjugate secondary antibody (Caltag, PAB4971, 1:400). Cell nuclei were stained
with DAPI (Sigma, 1:1000). The staining was examined under a Nikon Eclipse 80i
epifluorescent microscope. Fluorescence intensity of stained cells was quantified by
using a multi-mode microplate reader (Synergy� HT, BioTek Instruments, Inc.,
Winooski, VT).

2.5. Cell proliferation

Cell proliferation on nanofibrous matrices was determined by CyQUANT� Cell
Proliferation Assay Kit (Molecular Probes, Inc., Eugene, OR) following the protocol
suggested by the manufacturer. Briefly, A standard curve over cell number was first
created (y ¼ 10.94x þ 28.73, R2 ¼ 0.994). Samples were then harvested on day 1, 3
and 7 (n ¼ 4 per group for each time point). After removal of media and washing
with PBS, the samples were frozen and stored at �70 �C. After collecting all the time
point samples, the samples were thawed at room temperature and then 200 mL of
CyQUANT� GR dye/cell-lysis buffer was added to each sample and incubated for
2e5 min in the dark at room temperature. The fluorescence of cell lysates was
measured using the multi-mode BioTek microplate reader at w480 nm excitation
EMBZIM EX1020



Table 1
Primers for various genes.

Gene Primer sequence

GAPDH Forward: TGGATGGCCCCTCCGGGAAA
Reverse: AGTGGGGACACGGAAGGCCA

b-actin Forward: GAGGAATACAGCCTGTGGGT
Reverse: CAGAAGGTGCAGAGATGATGA

ATCA2 Forward: CTTGGCTTGTCAGGGCTTGTCC
Reverse: AGACCACTGCGCTCCACGTTGA

Integrin b1 Forward: GCTTTCTGTCACCTCTTCTAATCTTT
Reverse: CGTAGGTGAGAGCTGTTGCATAG

C. Huang et al. / Biomaterials 33 (2012) 1791e1800 1793
andw520 nm emission. Cell numbers were calculated based on the standard curve.
In addition, MTT assay for metabolic activity was also performed to confirm the DNA
assay result [24].

2.6. Reverse transcription (RT)-PCR and real-time PCR (Q-PCR) analysis

Total RNA of the cultured cells was isolated using the Trizol reagent and sub-
jected to reverse transcription for the first strand cDNA synthesis with superscript III
reverse transcriptase following the manufacturer’s protocol. RT-PCR was performed
using the Eppendorf Mastercycler� (Hauppauge, NY). Q-PCR was performed with
the Stratagene Mx3000P system (Agilent Technologies, La Jolla, CA) and analyzed as
previously described [25]. Housekeeping genes, GAPDH and b-actin (data not
shown), were used to normalize the target RNA. Primers for Q-PCR in this study
were shown in Table 1.

2.7. Immunoprecipitation

Cells were lysed in radioimmunoprecipitation assay buffer (50 mM Tris, pH7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% deoxycholate) containing protease and
phosphatase inhibitor cocktails. Protein concentrations were determined using
bicinchroninic acid reagents (Pierce). For immunoprecipitation, equal amounts of
proteins were precleared with protein G agarose and then incubated with anti-
integrin b1 antibody (HUTS-4) and protein G agarose overnight. Immunoprecipi-
tates were washed and analyzed by non-reducing SDS-PAGE and western blotting.
Fig. 1. Characterization of isotropic and anisotropic electrospun PCL/Coll nanofibrous matri
isotropic (A) and anisotropic (B). (C) Normalized intensity plots against the angle of acquisit
diameter based on SEM images. Scale bar: 5 mm.
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2.8. Western blotting

Cellular protein lysates were extracted from homogenized specimens in 150mM
NaCl, 10 mM Tris (pH 7.2), 0.1% SDS, 1% Triton X-100, 1% deoxycholate, and 5 mM
EDTA. The protein lysates were denatured in Laemmli buffer at 90 �C for 15 min.
Then they were loaded on a 10% SDS-PAGE gel, and subjected to electrophoresis
under reducing conditions. Proteins were transferred onto a polyvinylidene
difluoride membrane (Kodak, Rochester, NY) following the standard protocol. After
blocking in 5% fat-free milk in PBS for 1 h, the membrane was incubated overnight
with primary antibody at 4 �C. Antibodies used in Western blotting are as follows:
Anti-FAK (Millipore, 05-537, 1:5000), Anti-FAK-Tyr397 (BD biosciences, 611806,
1:1000), Anti-integrin b1 (Millipore, MAB2079Z, 1:1000; MAB1987, 1:1000), Anti-
GAPDH (Millipore, MAB374, 1:5000), Anti-b-actin (Sigma, A5316, 1:5000). The
membrane was washed, and then incubated with horseradish perox-
idaseeconjugated secondary antibody (Invitrogen, 1:4000) at room temperature.
Detection was performed using enhanced chemiluminescence (ECL, GE Health, UK).

2.9. Wound healing assay

In vitro CytoSelect� 24-WellWoundHealing Assay Kit purchased fromCell Biolabs
Inc. (San Diego, CA) was used to evaluate the migratory behavior of fibroblasts. Briefly,
5 � 104 fibroblasts suspended in culture media were seeded onto the surfaces of
nanofibrous matrices with inserts in the middle. After 24 h, the insert was removed to
generate a consistent 0.9 mmwound gap in the middle. Cells were allowed to migrate
into the wound gap on either isotropic or anisotropic nanofibrous matrices for 24 and
48 h. After fixation, cells were stained with methylene blue and images of the wound
gap were taken to analyze the migration distance of fibroblasts. At least 10 represen-
tative points along the “wound” of each samplewere used for evaluating themigration
rate from 4 separate samples (n ¼ 4) for each time point.

2.10. Statistical analysis

Each experiment was repeated at least 3 times on different days and data were
expressed as the mean � SD. All the cytotoxicity and cell attachment measurements
were collected in triplicate for each group. An unpaired student t-test was used to
evaluate the significance among experimental groups. A value of p < 0.05 was
considered statistically significant.
ces. SEM image of nanofibrous matrices with two types of fiber spatial organizations:
ion for isotropic and anisotropic nanofibrous matrices. (D) The measured average fiber

EMBZIM EX1020



Fig. 2. Cellular morphology of human dermal fibroblasts on isotropic and anisotropic PCL/Coll nanofibrous matrices. Immunofluorescent staining of intracellular cytoskeleton protein
of F-actin (red/orange) and nuclei with DAPI (purple/blue) (A), and focal adhesion proteins of vinculin (green) (B) and paxillin (green) (C). White arrows indicate spatial distribution of
F-actin, vinculin or paxillin. Scale bar: 50 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

C. Huang et al. / Biomaterials 33 (2012) 1791e18001794
3. Results

3.1. Characterization of PCL/collagen nanofibrous matrices

Using the established electrospinning condition as described in
Materials and Methods, PCL/Coll nanofibers collected on a rotating
mandrel or on a stationary surface had distinct spatial arrange-
ments (anisotropic versus isotropic) (Fig. 1A and B). A majority of
the fibers (w90%) collected on the rotating mandrel aligned in the
same direction as the rotation. To better analyze the fiber align-
ment, FFT analysis was performed on the SEM images of randomly
selected area (n ¼ 5) to characterize the anisotropy and assign
a numerical value to fiber orientation. The narrow peak of the
normalized intensity values in anisotropic matrices (Fig. 1C) indi-
cated that PCL/Coll nanofibers aligned along a single axis (Fig. 1B).
In contrast, the lack of significant peak for the fibers collected on
a stationary surface demonstrated no preferred fiber orientation in
the isotropic matrices (Fig. 1C). The average fiber diameter for both
matrices was comparable (Aniso, 313.33 � 69.52 nm vs. Iso,
331.11 � 112.05 nm) (Fig. 1D). Close examination of the nanofiber
surface with SEM revealed a relatively smooth surface for both
isotropic and anisotropic nanofibers (data not shown). Compared to
isotropic matrices, the freestanding anisotropic matrices showed
higher ultimate stress (Aniso, 1.07 � 0.19 MPa vs. Iso,
0.60 � 0.09 MPa) and Young’s modulus (Aniso, 8.98 � 3.72 MPa vs.
Iso, 2.83 � 0.60 MPa) in the alignment.
Fig. 3. Cell proliferation on either isotropic or anisotropic PCL/Coll nanofibrous
matrices for up to 7 days determined by DNA assay (n ¼ 4).
3.2. Cellular morphology and proliferation

To determine the cell morphology on various nanofibrous
matrices, NHDFs cultured on either isotropic or anisotropic
Page 8 of 14
nanofibrous matrices collected on glass cover slips, were immu-
nostained for focal adhesion proteins, vinculin and paxillin. The
actin cytoskeleton was visualized with TRITC-labeled phalloidin.
After 3-day culture, F-actin staining showed that NHDFs appeared
to be polygonal on the isotropic matrices without preferred
orientation despite certain orientation of actin filaments within
individual cells (Fig. 2A, arrows). Interestingly, the cells on aniso-
tropic matrices became elongated with a majority of the actin
filaments oriented in the same direction as aligned PCL/collagen
nanofibers (Fig. 2A). Close examination of the organization of actin
EMBZIM EX1020
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filaments showed that they remained as compact bundles instead
of individual actin filaments like those on isotropic matrices. The
staining for focal adhesion associated proteins indicated that
nanofiber orientation affected the spatial distribution of focal
adhesion plaques on cell membranes. On anisotropic matrices, long
segments of vinculin were stained along the nanofiber alignment,
but on the isotropic matrices no preferred orientationwas observed
(Fig. 2B, arrows). On both matrices, vinculin clusters mainly located
on the circumferential region of cell membranes directly contacted
with nanofibers. Similarly, elongated paxillin was observed along
the fiber alignment on the anisotropic matrices and randomly
distributed paxillin was seen on the isotropic matrices (Fig. 2C,
arrows). They evenly distributed across the cell membrane on both
matrices.

The proliferation of NHDFs on both PCL/Coll nanofiber matrices
was determined by DNA assay and MTT assay for up to 7 days. No
Fig. 4. PCL/Coll anisotropic nanofibrous matrix activates integrin b1 in human dermal fib
anisotropic matrices. White arrows indicate the distribution of active integrin b1. (B) Quanti
significant, p < 0.01. (C) Q-PCR analysis of integrin b1 gene expression in isotropic and anis
1.5 mg proteins were immunoprecipitated with monoclonal antibody HUTS-4 that reacts w
cell lysates were detected for the total integrin b1 by western blotting under non-reducing
Integrin b1 immunoblots were quantified by densitometry and normalized against the loadi
matrices (Aniso) compared to those on isotropic ones (Iso). Scale bar: 50 mm.
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statistical difference was identified between the two groups on day
1, 3 and 7 (Fig. 3 and Supplemental Figure). A time-dependent
increase of cell number on both nanofibrous matrices demon-
strated the biocompatibility and supportiveness of PCL/Coll nano-
fibers for fibroblast proliferation.

3.3. Activation of integrin b1 in fibroblasts by anisotropic
nanofibrous matrices

Integrins of the b1 subfamily are the major ECM receptors
present in fibroblasts. Integrin b1 is synthesized and partially gly-
cosylated on rough endoplasmic reticulum (ER). This precursor is
further processed in Golgi apparatus by glycosyltransferases to
generate fully glycosylated mature form prior to transport to the
plasma membrane. In fibroblasts cultured on the plastic surface,
the ECM-cell interaction activates integrin b1 and induces focal
roblasts. (A) Immunofluorescent staining of active integrin b1 on either isotropic or
fication of fluorescent intensity of active integrin b1 with a fluorometer. ** Statistically
otropic groups. (D) Immunoprecipitation for active integrin b1. Cell lysates containing
ith the activated epitope of human integrin b1. The immunoprecipitates and the input
conditions. GAPDH was used as a loading control. (E) Quantification of immunoblots.
ng control GAPDH. Integrin b1 activation was enhanced in cells cultured on anisotropic
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Fig. 5. Western blotting analysis of FAK phosphorylation (Tyr-397) in human dermal
fibroblasts on PCL/Coll nanofibrous matrices. b-actin was used to normalize the protein
input.
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adhesion formation. However, little is known about the modulation
of integrin b1 activity by nanofibrous matrices. To examine the
activation of integrin b1 in NHDFs by various nanofibrous matrices,
immunofluorescent staining was performed 3 h after the cells were
seeded to detect the active conformation of integrin b1 using the
monoclonal antibody HUTS-4. As shown in Fig. 4A (arrows),
a significant amount of active integrin b1 was observed on the edge
of NHDFs cultured on the anisotropic matrices compared to those
on the isotropic matrices. Although the cells did not spread
completely, which resulted in the enriched strong signals of
integrin b1 in cell bodies, the activation of integrin b1 at the newly
formed cellular edge was detected. The active integrin b1 mainly
located along the anisotropic nanofibers with a similar anisotropic
pattern. Furthermore, quantitative analysis of active integrin b1 by
measuring the fluorescence intensity of labeled cells confirmed
that active integrin b1 level was significantly higher on the aniso-
tropic matrices than that on the isotropic ones (p < 0.01) (Fig. 4B).
Similarly, immunoprecipitation with the antibody HUTS-4 pulled
down the 130 kDmature, active form of integrin b1 (Fig. 4D), which
was increased by 58% in the cells on the anisotropic matrices
compared to those on the isotropic ones (Fig. 4E). The under gly-
cosylated immature integrin b1 (105 kD) was not detected in the
immunoprecipitates. Both semi-quantitative analysis of integrin b1
gene expression by Q-PCR and total integrin b1 protein level by
western blot revealed that there was no significant difference
between isotropic and anisotropic groups (Fig. 4CeE). These results
suggest that the alignment of nanofibers may induce integrin
signaling by activating integrin b1 without modulating the total
integrin b1 level.

3.4. Phosphorylation of FAK in fibroblasts enhanced by anisotropic
nanofibrous matrices

The differential activation of integrin b1 by nanofibrous
matrices suggests the possibility that various nanofiber spatial
organizations may trigger outside-in signaling in NHDFs through
integrin b1. It is known that FAK, one of the most critical integrin
signaling molecules, is activated through autophosphorylation at
tyrosine 397 upon integrin b1 activation. To confirm this, the FAK
phosphorylation level in cultured NHDFs was determined by
western blotting. It was found that FAK phosphorylation at Tyr-397
was significantly increased in the NHDFs cultured on anisotropic
matrices despite a comparable expression of total FAK on both
isotropic and anisotropic matrices (Fig. 5). Thus, our results suggest
that fiber organization in nanofibrous matrices may regulate the
integrin-FAK signaling pathway in NHDFs.

3.5. Role of integrin b1 in fibroblast migration on various
nanofibrous matrices

In order to evaluate the effects of various fiber organizations (i.e.,
isotropic vs. anisotropic) on NHDF migration, an in vitro wound
healing assay was performed by culturing cells on various matrices
with “wound gaps” created by an insert (Fig. 6A). The culture
stained with methylene blue after 24 and 48 h revealed that the
migration of NHDFs was significantly regulated by the underlying
nanofiber organization. On the isotropic matrices, NHDFs barely
migrated into the “wound gap” after 24 h culture and only provided
a moderate wound coverage (about 50%) after 48 h (Fig. 6A and B).
In contrast, on the anisotropic matrices, NHDF migration into the
wound area was greatly enhanced along the fiber alignment and
the “wound gap” was completely closed by 48 h (Fig. 6A and B). In
order to determine the role of integrin b1 in fibroblast motility on
these collagen-containing nanofibers, we also did the wound
healing assay by blocking the NHDF integrin b1 activity with
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integrin b1 neutralizing antibody. Apparently, the antibody signif-
icantly inhibited NHDF migration on the anisotropic fibers. Even
after 48 h, the “wound gap” remained unclosed (Fig. 6A) and only
approximately 60% wound closure was achieved (Fig. 6B). These
results suggested that the promotion of fibroblast migration on
anisotropic collagen-containing nanofibrous matrices is mediated
by b1 integrins.

3.6. Promotion of myofibroblastic differentiation by anisotropic
nanofibers

Differentiation of fibroblasts into myofibroblasts and the
consequent wound contraction are important processes in wound
healing. The expression of alpha-smooth muscle actin (a-SMA) is
considered as a specific marker for myofibroblast differentiation. To
address whether the organization of PCL/Coll nanofibers regulated
the fibroblast-to-myofibroblast differentiation, NHDFs cultured on
isotropic and anisotropic nanofibrous matrices were examined for
their gene expression of a-SMA by using both RT-PCR and Q-PCR. A
significantly higher expression of a-SMA gene (ACTA2,
NM_001613.2) was measured on the NHDFs cultured for 48 h on
the anisotropic matrices in comparison to those cultured on the
isotropic matrices (Fig. 7A and B). Consistent with the gene
expression results, immunofluorescent staining for a-SMA further
confirmed that nanofiber alignment indeed stimulated the
fibroblast-to-myofibroblast differentiation of NHDFs, evidenced by
a significant increase of a-SMA positive cells in the cultured NHDFs
(Fig. 7C and D). To examine whether integrin b1 was involved in
myofibroblastic differentiation, integrin b1 neutralizing antibody
was added to the culture while culturing NHDFs on various
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nanofibrous matrices. It was found that with the integrin b1
neutralizing antibody, the percentage of a-SMA positive cells was
significantly reduced on the anisotropic matrices (Fig. 7C and D),
suggesting that integrin b1 was involved in the regulation of
fibroblast-to-myofibroblast differentiation by anisotropic
nanofibers.

4. Discussion

The utilization of biomimetic nanofibers for wound healing and
tissue-engineered skin grafts has shown multifold advantages in
promoting tissue formation and facilitating wound closure, while
insightful understanding of nanofiber-regulated phenotype of
fibroblasts becomes an emerging demand. In this study, we have
shown that anisotropic PCL/collagen nanofibers could activate the
integrin b1 in the membrane of NHDFs and increase the phos-
phorylation of FAK, a critical downstream kinase of integrin
signaling. By using a wound healing model and antibody blockade
treatment, we have demonstrated that the accelerated fibroblast
Fig. 6. Migration of human dermal fibroblasts on PCL/Coll nanofibrous matrices in wound he
matrices with an insert in the middle. After 12 h, the insert was removed to generate a 0.9 m
24 and 48 h using methylene blue staining. (B) Quantification of the “wound gap” distan
p < 0.01. Scale bar: 300 mm. (For interpretation of the references to colour in this figure le
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migration on anisotropic PCL/collagen nanofibers is mediated by
integrin b1. More importantly, we have found that these anisotropic
nanofibers significantly promote the fibroblast-to-myofibroblast
differentiation, but the blockade of integrin b1 activity abolishes
this differentiation. These findings suggest that integrin b1-FAK
signaling is an important mechanism to regulate the migration
and differentiation of fibroblasts on collagen-containing nano-
fibrous matrices.

Increasing evidence has shown that the cellular microenviron-
ment greatly regulates cellular responses such as adhesion,
spreading, proliferation and migration. This regulation is closely
related to the substrate rigidity and topography via mechano-
transduction in addition to chemical stimulation [21,26e28].
Several studies have investigated the effect of electrospun nano-
fiber organization on the morphology and migration of fibroblasts
[9e12]. Consistent with those observations, we also found that
NHDFs became elongated on anisotropic nanofibrous matrices
(Fig. 2). Although higher Young’s modulus was indeedmeasured on
freestanding anisotropic PCL/Coll nanofibrous matrices along the
aling assay. (A) cells (5 � 104 per matrix) were seeded on either isotropic or anisotropic
m “wound gap”. Cells were allowed to migrate into the wound gap, and visualized after
ce between the front lines of migrating fibroblasts (n ¼ 4). ** Statistically significant,
gend, the reader is referred to the web version of this article.)

EMBZIM EX1020



C. Huang et al. / Biomaterials 33 (2012) 1791e18001798
alignment compared to isotropic ones (aniso, 8.98 � 3.72 MPa vs.
iso, 2.83 � 0.60 MPa), this mechanical contribution could be
neglected in this study due to the use of rigid glass cover slips as
collection surfaces for both matrices and being used through the
entire study. In addition, the comparable average nanofiber diam-
eters in bothmatrices (331 nm vs. 313 nm) also exclude the possible
contribution of fiber diameter. Thus, this morphology variation
mainly comes from the fiber organization, and is plausibly
controlled by the formation and distribution of focal adhesion
plaques between nanofibers and cell membrane. As shown in Fig. 2,
long segment staining of both paxillin and vinculin was observed
along the aligned PCL/Coll nanofibers and located on the cell-
nanofiber contact regions. The formation of focal adhesions is
mediated by integrin receptors on the cell surface. The engagement
of integrins to ECM ligands leads to integrin activation (outside-in
Fig. 7. Myofibroblastic differentiation of human dermal fibroblasts on PCL/Coll nanofibrous m
level on either isotropic or anisotropic nanofibrous matrices. (C) Immunostaining of cellul
positive cells. The DAPI stained cell nuclei were used for normalization. ** Statistically sign
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signaling) and activated integrins in turn recruit focal adhesion
proteins such as paxillin, vinculin, talin, and kindlin to the cell-
matrix adhesion site. The binding of talin and kindlin to the
integrin b cytoplasmic tail can further enhance integrin activation
(inside-out signaling). It is unclear, however, whether these
signaling events are regulated by anisotropy of cell adhesive
microenvironment. Our new data showed that anisotropic PCL/Coll
nanofibers could selectively enhance integrin b1 activation (Fig. 4B
and D) and the activated integrin b1 mainly located in the front
edge of fibroblasts along both the polarized F-actin filaments inside
the cell and the outside nanofibers (Fig. 4A). We speculate that the
polarized distribution of F-actin filaments, which are connected to
integrins through talin and kindlin, may be involved in the ampli-
fication of integrin activation. This nanofiber-induced activation of
integrin b1 may be further transmitted to its downstream effectors.
atrices. (A) RT-PCR and (B) Q-PCR analyses of cellular a-SMA (ACTA2) gene expression
ar a-SMA proteins on isotropic and anisotropic matrices. (D) Quantification of a-SMA
ificant, p < 0.01. Scale bar: 100 mm.
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FAK, a cytoplasmic protein tyrosine kinase, is an important medi-
ator of integrin signaling and co-localizes with integrin b1 at focal
adhesions. The phosphorylation of FAK primarily occurs at the Y397
site upon integrin b1 activation [29,30]. In this study, FAK phos-
phorylation at Y397 in NHDFs was significantly elevated on
anisotropic nanofibrous matrices despite a constant expression of
FAK on both matrices. Phosphorylated FAK may regulate multiple
cellular functions such as cell adhesion and migration by further
activating downstream signaling molecules such as Src and PI3K
[31]. Cell migration is a complex and highly coordinated process,
greatly depending upon dynamic integrin-matrix interactions
[32e34]. Previous study illustrated the establishment of integrin-
mediated focal adhesions at the front protrusions and the disas-
sembly of these adhesion complexes at the tail region of migrating
fibroblasts [35]. In our study, the abrogation of facilitated cell
migration by integrin b1 neutralizing antibody (Fig. 6) implies the
crucial role of integrin b1 signaling in fibroblast migration on
anisotropic PCL/Coll nanofibers and the increased phosphorylation
of FAK at Y397 may induce the rapid turnover of focal adhesions at
the trailing edge to promote cell motility [36e38].

Fibroblast-to-myofibroblast differentiation, important to the
reconstruction of connective tissue during wound healing, is
promoted by TGF-b1 and mechanical stress [19,39e41]. In TGF-b1-
regulated myofibroblastic differentiation, FAK expression is critical
to both ERK and p38 activation that are required for TGF-
b1einduced a-SMA expression [42]. Spatial organization of FAK is
well connected to the intracellular distribution of a-SMA stress
fibers and greatly correlated with the mature of myofibroblastic
differentiation [43]. Whereas in the present study no exogenous
TGF-b1 was supplemented to the culture, to our surprise, higher
expression of a-SMA gene (ACTA2) was still detected on the NHDFs
cultured on anisotropic PCL/Coll nanofibrous matrices (Fig. 7A and
B). Fluorescent staining for a-SMA further confirmed this obser-
vation (Fig. 7C and D). Interestingly, the blockade of integrin b1
activity with neutralizing antibody almost completely abolished
the a-SMA promotion effect by anisotropic PCL/Coll nanofibers
(Fig. 7C and D). It has been noted that anisotropic PCL/Coll nano-
fibers could activate integrin b1 and promote the phosphorylation
of FAK (Figs. 4 and 5). The phosphorylation of FAK may lead to the
activation of ERK and p38 mediators for a-SMA [42]. Further
investigation on the ERK and p38 activity on anisotropic PCL/Coll
nanofibers is necessary to confirm the regulatory involvement of
this pathway. Additionally, it has been reported that fibroblast-to-
myofibroblast transition in collagen gel could be promoted by
interstitial fluid flow, as a result of the aligned force imposed on the
fibroblasts by fluid flow [44]. However, in this study no medium
flow was offered to the culture, which excluded this possible
contribution. Necessary to mention, although in this study the
potential contribution of mechanical differences between isotropic
and anisotropic matrices to the cellular responses was neglected
considering that the same highly rigid glass cover slips were used
for the collected PCL/Coll nanofibers, studies on the mechanical
stimuli are surely required for creating tissue-engineered skin
grafts [45].

5. Conclusions

The present study demonstrated the dual functions of integrin
b1 in mediating both fibroblast migration and fibroblast-to-
myofibroblast differentiation on anisotropic collagen-containing
nanofibers. NHDFs cultured on anisotropic PCL/collagen nano-
fibers showed elongated cell morphology, distinct distribution of
focal adhesions, accelerated cell migration and promoted
fibroblast-to-myofibroblast differentiation. The activation of the
integrin b1-FAK signaling pathway by anisotropic nanofibers and
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the elimination of nanofiber-induced cellular responses by blocking
integrin b1 activity both prove the important role of integrin b1
signaling in fibroblast migration and differentiation regulated by
various spatial arrangements of collagen-containing nanofibers.
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