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Electrospun nanofiber meshes have emerged as a new generation of scaffold membranes possessing a number of
features suitable for tissue regeneration. One of these features is the flexibility to modify their structure and
composition to orchestrate specific cellular responses. In this study, we investigated the effects of nanofiber
orientation and surface functionalization on human mesenchymal stem cell (hMSC) migration and osteogenic
differentiation. We used an in vitro model to examine hMSC migration into a cell-free zone on nanofiber meshes
and mitomycin C treatment to assess the contribution of proliferation to the observed migration. Poly (e-
caprolactone) meshes with oriented topography were created by electrospinning aligned nanofibers on a ro-
tating mandrel, while randomly oriented controls were collected on a stationary collector. Both aligned and
random meshes were coated with a triple-helical, type I collagen-mimetic peptide, containing the glycine-
phenylalanine-hydroxyproline-glycine-glutamate-arginine (GFOGER) motif. Our results indicate that nanofiber
GFOGER peptide functionalization and orientation modulate cellular behavior, individually, and in combina-
tion. GFOGER significantly enhanced the migration, proliferation, and osteogenic differentiation of hMSCs on
nanofiber meshes. Aligned nanofiber meshes displayed increased cell migration along the direction of fiber
orientation compared to random meshes; however, fiber alignment did not influence osteogenic differentiation.
Compared to each other, GFOGER coating resulted in a higher proliferation-driven cell migration, whereas fiber
orientation appeared to generate a larger direct migratory effect. This study demonstrates that peptide surface
modification and topographical cues associated with fiber alignment can be used to direct cellular behavior on
nanofiber mesh scaffolds, which may be exploited for tissue regeneration.

Introduction

B TOMATERIAL-BASED IMPLANTS OFFER a robust therapeutic
strategy to improve tissue regeneration and construct
integration." Acellular approaches for tissue regeneration, in
which the implanted biomaterial recruits endogenous cells for
repair, may be more readily translated into clinical practice
than cell-based therapies.”™ This is due to the technical chal-
lenges of cell delivery and survival, and the commercial diffi-
culties associated with the manufacturing and storage of cells
and obtaining regulatory approval. For purely biomaterial-
based therapies to be effective, the biomaterial is usually re-
quired to function as both a scaffold and a biologically active
agent to provide specific molecular signals for regulating cel-
lular responses.®” The rational design of the material structure
and composition is therefore essential for implant success.

Electrospun nanofiber meshes are a unique type of scaffold
with structural features that, at least by scale, resemble the ex-
tracellular matrix (ECM). In addition, they exhibit large surface
area and high porosity, making them suitable as a scaffold for
guiding tissue regeneration by host cells.*'? In a previous study,
we demonstrated that nanofiber meshes made from a synthetic
polymer are able to support the attachment, colonization, and
osteogenic differentiation of progenitor cells."® Synthetic poly-
mers, however, lack biological ligands, and are not capable
of directing intracellular signaling and response. Nanofiber
meshes have also been fabricated from natural materials such as
collagen and fibrinogen,'*™'® but these are limited by poor me-
chanical strength and handling characteristics for in vivo appli-
cations."”  Approaches that incorporate bioactive molecules
within a synthetic polymer backbone may provide an optimal
combination of biological activity and mechanical integrity.
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Tremendous advances have been made in imparting bio-
functionality to synthetic materials by coating them with
ECM components. These biomimetic material surfaces pres-
ent adhesion motifs to engage the cell signal transduction
machinery for directing cellular responses and tissue repair.®'®
Although adhesive proteins, such as type I collagen, fibro-
nectin, and laminin, have been immobilized on material sur-
faces, these approaches are limited by protein purification and
processing issues and a potential host immunogenic re-
sponse.'”* In addition, the multiple adhesion domains in a
full-length protein may trigger conflicting intracellular signals,
leading to suboptimal tissue repair. Therefore, there is a great
need to develop peptides that mimic specific domains of nat-
ural proteins. These ECM-mimetic peptides can be synthesized
and purified with relative ease, and further, can be designed to
trigger a specific cellular response.”>>” One such peptide that
has been recently investigated is a triple-helical, collagen-
mimetic oligopeptide containing the glycine-phenylalanine-
hydroxyproline-glycine-glutamate-arginine (GFOGER) domain
from residues 502-507 of the o;(T) chain of type I collagen.®*’
It has been shown that the interaction of this adhesion motif
with o,f; integrin mediates osteoblast adhesion, differentia-
tion, and matrix mineralization.>®>' This has been exploited to
enhance the adhesion and osteogenic differentiation of pro-
genitor cells and improve implant integration and bone for-
mation by coating surfaces with the GFOGER peptide.’**
This technique utilizes simple adsorption of the GFOGER
peptide on implant surfaces in physiologic conditions, which
may provide an additional advantage for clinical translation.

Another set of guidance strategies consists of topograph-
ical cues to influence cellular responses. It is now accepted
that surface morphology, including roughness and texture,
modulates cellular responses. For instance, titanium implants
with rough microtopographies reduced the cell number and
increased differentiation of osteoblast-like cells, thereby en-
hancing implant integration.’>>® The electrospinning process
can be easily adapted to obtain fibrous matrices with varying
structures. Fiber alignment, especially, has generated signif-
icant interest due to the fact that a number of native and
regenerating tissues display an ordered architecture. Studies
have shown that alignment of fibers along a particular di-
rection affects cellular attachment and morphology as well as
matrix deposition.**!

The purpose of this study was to investigate the effects of
nanofiber functionalization with the GFOGER peptide and
orientation on hMSC function, to identify conditions that
promote osteoprogenitor cell migration and differentiation.
Nanofiber meshes were functionalized with the GFOGER
peptide to improve cell migration and osteogenic differentia-
tion. An oriented topography was obtained by electrospinning
aligned nanofibers to enhance cellular migration. The indi-
vidual and combined effects of nanofiber functionalization
and orientation on hMSC function were investigated. We
hypothesized that functionalizing nanofiber surfaces with the
GFOGER peptide and aligning nanofiber orientation will
modulate cell migration and differentiation in vitro.

Materials and Methods

Electrospinning and nanofiber mesh characterization

Nanofiber meshes were made by electrospinning, and
characterized as described elsewhere.*? Briefly, a 12% (w/v)
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solution of poly (e-caprolactone) (PCL) was made in a 90:10
volume ratio of hexafluoro-2-propanol:dimethylformamide
(Sigma-Aldrich). A 3-mL syringe (Becton-Dickinson) was
filled with the PCL solution and fitted with a 22-gauge blunt-
end needle (Jensen Global, Inc.). The syringe was placed on a
syringe pump (Harvard Apparatus), which was adjusted for
a flow rate of 0.75mL/h. To create a nanofiber mesh with
random fiber alignment (random nanofiber mesh), a flat
copper plate was placed at a distance of 20-23 cm from the
needle tip. To obtain meshes with fibers aligned along the
same direction (aligned nanofiber mesh), plates were col-
lected on a mandrel rotating at ~2500rpm and placed 8-
10 cm from the need tip. The syringe needle was attached to
the positive end of a high voltage power supply (Gamma
High Voltage Research), and the collector was grounded to
create the electrostatic field required for electrospinning.
After applying a voltage of 13-20kV, the polymer solution
was ejected from the needle toward the collector and de-
posited as nanoscaled fibers. The fibers were collected for 45—
60min to obtain meshes with sufficient thickness for cell
culture experiments.

The nanofiber meshes were sputter coated with gold
(Quorum Technologies) and their morphology visualized by
scanning electron microscopy (SEM; Hitachi HTA). A custom
MATLAB® (The MathWorks, Inc.) program was used to
calculate the individual fiber diameter from the SEM images.
The alignment of the fibers was quantified by measuring the
fiber angle relative to the direction of rotation, using the
Image-Pro software (Media Cybernetics, Inc.). In the case of
random nanofiber meshes, the angles were measured with
respect to an arbitrarily set line.

GFOGER peptide preparation and nanofiber
surface coating

The peptide, GGYGGGPC(GPP)sGFOGER(GPP)sGPC,
was synthesized by the Emory University Microchemical
Facility as described previously.** This peptide contains the
GFOGER motif, where O refers to hydroxyproline. The pu-
rified peptide was lyophilized as a trifluoroacetic acid (TFA)
salt. The peptide was reconstituted at a concentration of
10mg/mL in a 0.1% TFA solution containing 0.01% sodium
azide (NaNj3). The stock solution was diluted to 50 pg/mL in
phosphate-buffered saline (PBS; Mediatech, Inc.). Nanofiber
mesh samples were sterilized by ethanol evaporation, wetted
with 70% ethanol, and rinsed with excess PBS. The samples
were then passively coated with GFOGER by submerging
them in the dilute GFOGER solution for 2h at room tem-
perature or overnight at 4°C. For comparison, samples were
coated with a 50 ug/mL purified rat type I collagen (Trevi-
gen, Inc.) solution or left uncoated in PBS. The concentration
for type I collagen (50 png/mL) was chosen to provide satu-
rating levels of the ligand. We have previously shown that
cell adhesion reaches a saturation limit at collagen coating
densities of 10 pg/mL.** After rinsing again with PBS to re-
move any unbound peptide, the samples were ready for
analysis or cell seeding.

Analysis of GFOGER surface coating

The GFOGER adsorbed on the surface of the nanofibers
was visualized and quantified using a biotinylated version of
the GFOGER peptide. Biotin was conjugated to the carboxyl
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end of the peptide using the EZ-Link® Amine-PEGs-Biotin
kit (Pierce Biotechnology), and unreacted biotin was re-
moved by dialysis. To visualize the presence of the peptide
on the nanofiber surface, the GFOGER-coated nanofiber
mesh samples were incubated with 10 pg/mL of fluorescein-
conjugated NeutrAvidin® (Molecular Probes) for 30 min at
room temperature in the dark. After rinsing with excess PBS,
images were taken on an inverted fluorescence microscope
(Axio Observer.Z1; Carl Zeiss) using a fluorescein iso-
thiocyanate filter. The saturation of the surface by GFOGER
was investigated by incubating meshes with varying GFO-
GER concentrations of 0-50 pg/mL. To quantify the amount
of the biotinylated GFOGER peptide adsorbed on the nano-
fiber surface, an enzyme-linked immunosorbent assay (ELISA)
was performed using an anti-biotin antibody. Nonspecific
adsorption of the antibody was first blocked by immersing
the nanofiber meshes in 0.25% heat denatured serum albu-
min with 0.0005% Tween-20, 1mM ethylenediaminete-
traacetic acid (EDTA), and 0.025% NaN3 in PBS for 1h at
37°C. The meshes were then incubated with an anti-biotin
antibody (diluted 1:2000) conjugated to alkaline phosphatase
(ALP; BN-34; Sigma-Aldrich) for 1h at 37°C. An ALP sub-
strate, 4-methylumbelliferyl phosphate, was used at a con-
centration of 60 ng/mL in the diethanolamine buffer (pH 9.5),
to measure the amount of bound antibody. After incubating
the meshes with the substrate solution for 1h at 37°C, the
fluorescence was read on a plate reader (HTS 7000; Perkins-
Elmer) at an excitation of 360 nm and emission of 465 nm.

Human mesenchymal stem cell culture

The Center of Gene Therapy at Tulane University kindly
provided the human mesenchymal stem cells (hMSCs). The
isolation of the cells has been described previously by Sekiya
and coworkers.*® Briefly, bone marrow aspirates were taken
from the iliac crest of normal adult donors, the nucleated cells
were isolated with a density gradient, and only the cells that
adhered to the plate after 24 h were cultured further. Passage 1
cells frozen in 1-mL aliquots were shipped us. To expand a
culture, the cells were thawed and plated at a density of 50
cells/cm? in alpha minimum essential medium (Invitrogen),
supplemented with 16% fetal bovine serum (Atlanta Biologi-
cals), 100U/mL penicillin, 100 ug/mL streptomycin, and
2mM L-glutamine (Invitrogen). This is termed the hMSC
growth media. After the cells reached a confluency of ~70%,
they were harvested with 0.25% trypsin-EDTA (Invitrogen),
counted, and either expanded again or seeded on nanofiber
meshes. Passage 2-3 hMSCs were used in all experiments.

Investigating cell migration on nanofiber meshes
in an in vitro model

Rectangular samples (8 mmx12mm) were cut from ran-
dom and aligned nanofiber mesh sheets, sterilized, and coated
with GFOGER or collagen, or left uncoated in 24-well tissue
culture plates. A 0.9-mm-wide sterile stainless steel strip was
then placed on the nanofiber mesh to create a region without
cells (Fig. 5A). For aligned nanofiber meshes, the strip was
placed perpendicular to the fiber orientation. Samples were
submerged in 800 pL of hMSC growth media, after placement
of a dead weight on the edges to prevent them from floating.
hMSCs were then seeded on the nanofiber mesh samples at a
density of 40,000 cells/cm?® in 200 uL. of hMSC growth media.
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After 24 h, the strip was removed, and the cell migration into
the gap was observed at various time points.

Cell migration was analyzed by staining the nuclei with
4’ 6-diamidino-2-phenylindole (DAPL Molecular Probes) and
counting cells in the gap. Some samples were, in addition,
stained with rhodaminephalloidin (Molecular Probes) to vi-
sualize the cell alignment. After samples were taken down,
they were rinsed with PBS and fixed with 4% formaldehyde
for 10 min. The samples were then incubated in 0.05% Triton-
X (Sigma-Aldrich) for 5min, rinsed in PBS, and incubated in
5U/mL rhodaminephalloidin for 20 min. After a PBS rinse
step, the samples were incubated in 5 png/mL DAPI for 5 min.
Samples were finally washed in excess PBS to remove any
unbound dye, and images were taken on an inverted fluo-
rescence microscope (Carl Zeiss). The DAPI images were
further processed using Image] (NIH) to count the cell nuclei,
and thereby quantify the cell number. Three fields of view
along the gap were analyzed for each sample, and the mean
cell number per field is presented, along with the standard
error of the mean. To investigate the number of cells attached
on day 0, four locations outside the gap were analyzed.

Role of cell proliferation in the cell migration model

To investigate the influence of cell proliferation on the mi-
gration of cells on nanofiber meshes, mitomycin C was used to
block proliferation. Mitomycin C, which is a known inhibitor
of cell proliferation, crosslinks the strands of DNA, thereby
inhibiting DNA replication.**** The effect of mitomycin C on
hMSC proliferation was first studied on tissue culture plates.
hMSCs were plated at a density of 20,000 cells/ cm?, and after
24h, they were incubated with 10pug/mL mitomycin C for
60 min. Control samples remained in culture media. Cell pro-
liferation was assessed using 5-bromo-2’-deoxyuridine (BrdU)
labeling, according to the manufacturer’s instructions (FLUOS;
Roche Diagnostics). Forty-eight hours after cell seeding, the
cells were incubated in hMSC growth media containing 10 uM
BrdU for 24 h in the incubator. Cells were fixed with an etha-
nol-based fixative for 45 min, and denatured with 4 M HCI for
20 min to allow for antibody access. After neutralizing the pH
with PBS, the cells were incubated with a monoclonal anti-
BrdU antibody conjugated with fluorescein for 45 min at 37°C.
The cells were finally stained with DAPI for the total number
of cells and analyzed using fluorescence microscopy. Nine
fields were examined in a 3x 3 grid pattern, and the number of
BrdU-positive cells along with the DAPI stained cells were
counted. Data are presented as the BrdU and DAPI cell counts,
as well as the proportion of BrdU-positive cells.

The effect of mitomycin C was next studied in the cell mi-
gration model on nanofiber meshes. Cells were seeded on
rectangular nanofiber mesh samples at a density of 40,000 cells/
cm?, as above. Twenty-four hours postseeding, mitomycin C
was added to the media at a final concentration of 10 pug/mL,
and incubated for 60 min. The media were slowly aspirated,
fresh media were added, and the stainless strip was removed.
After a further 48 h, the samples were taken down, stained with
DAPI, and analyzed for cell migration into the gap.

Osteogenic differentiation and total DNA content
on nanofiber meshes

Random and aligned nanofiber mesh samples were coated
with GFOGER, collagen, or left uncoated. hMSCs were
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seeded on circular mesh samples (diameter: 12 mm), cut us-
ing biopsy punches (Acuderm), at a density of 20,000 cells/
cm?. Four days after seeding, the hMSC growth media
were replaced with osteogenic media, which consist of the
hMSC growth media supplemented with 10nM dexametha-
sone, 6mM [-glycerol phosphate, 50 ng/mL ascorbic acid 2-
phosphate, and 50 ng/mL L-thyroxine (Sigma-Aldrich). Media
were changed every 34 days and the samples were cultured
for 3 weeks. The samples were analyzed for DNA content,
ALP activity, and calcium deposition, as described previous-
ly."* Briefly, cells were lysed by freeze-thawing three times.
The cell extract was used to measure the DNA amount by the
PicoGreen®dsDNA Quantitation Kit (Molecular Probes) and
the ALP activity by the use of p-nitrophenyl phosphate. The
calcium content of a separate set of mesh samples was deter-
mined by using the dye Arsenazo III, after overnight incuba-
tion in 1N acetic acid.

Data analysis

Data were analyzed using analysis of variance (ANOVA)
and Tukey’s tests for pairwise comparisons. Whenever re-
quired, the raw data were transformed using a natural
logarithmic transformation to make the data normal and the
variance independent of the mean.*® The Student’s t-test was
used for two-sample comparison, while analyzing cell ad-
hesion efficiency (Fig. 5C). Other statistical tests that were
performed for specific comparisons are mentioned in the
Results section. The significance level for the above analyses
was set at p<0.05. Minitab® 15 (Minitab, Inc.) was used for
all statistical analysis.

Results
Nanofiber mesh morphology and alignment

PCL nanofiber meshes were produced by electrospinning
and characterized by analyzing SEM images. Interconnected,
nonwoven fibers that were mostly bead free were obtained
(Fig. 1A). The resulting nanofiber mesh is a porous structure,
but due to the multiple fiber layers, the effective pore size
appeared to be <2 pm, much less than hMSC dimensions. A
flat stationary collector was used to obtain random nanofiber
meshes with no dominant fiber orientation. The mean and
median fiber diameters for random meshes were found to be
168 and 123nm, respectively. The distribution of fiber di-
ameters indicated that the highest frequency occurred for
fibers between 75 and 125nm, with 90% of the fibers be-
tween 50 and 300 nm. To obtain aligned nanofiber meshes, a
rotating mandrel was used to orient the fibers along the di-
rection of rotation of the mandrel surface. In this case, the
mean and median fiber diameters were observed to be 256.4
and 227.4nm, respectively. The fibers of the aligned meshes
were found to be significantly larger in diameter than those
in the random meshes (Mann-Whitney test; p <0.001; non-
parametric Mann-Whitney test chosen due to non-normality
of fiber diameter data). The angle of the fibers with respect to
an arbitrary line was measured to quantify fiber alignment
(Fig. 1B). Although there is a moderate spread in the orien-
tation of the aligned fibers, a preferred fiber direction was
observed, with 89% of the fibers between —45° and +45°.
For random meshes, this metric was calculated to be only
52%. Using a z-test for proportions to compare the percent-
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FIG. 1. Fiber and cell alignment on nanofiber meshes. (A)
Scanning electron microscopy (SEM) images of random and
nanofiber meshes at 2000 x magnification. (B) The fiber angle
was measured from the SEM images and the distribution
plotted to assess the fiber alignment. Fibers had a preferen-
tial orientation in the aligned mesh only. (C) Human mes-
enchymal stem cells (hMSCs) were seeded on random and
aligned nanofiber meshes, and the cell alignment was ob-
served by staining with rhodaminephalloidin. Images are at
10 x magnification. hMSCs aligned along the fiber direction
in the case of the aligned nanofiber mesh. Color images
available online at www. liebertpub.com/tea

ages of aligned fibers, alignment was found to be signifi-
cantly higher in the case of aligned meshes (p<0.0001).
hMSCs seeded on aligned nanofiber meshes exhibited a po-
larized morphology along the preferred fiber direction, while
in the case of random nanofiber meshes, the cells did not
display any regular orientation (Fig. 1C).

GFOGER coating of nanofiber meshes

The collagen-mimetic peptide, GGYGGGPC(GPP)sGFO-
GER(GPP)sGPC, containing the GFOGER motif, was syn-
thesized by stepwise solid-phase procedures.”®*”*® The
GFOGER peptide was passively adsorbed on the surface of
nanofiber meshes at a concentration of 50 pg/mL. The ad-
sorbed peptide was visualized by coating the meshes with a
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biotinylated GFOGER peptide and incubating in a fluores-
cein-conjugated NeutrAvidin. The images revealed that the
peptide coated the individual fibers uniformly over the entire
mesh area (Fig. 2A). An ELISA was performed to quantify
the amount of the GFOGER peptide adsorbed on the nano-
fibers with varying peptide concentrations. The saturation
curve indicated that the relative surface density increased
with increasing peptide concentrations, with the surface be-
ing saturated at a concentration of ~20 ug/mL (Fig. 2B). The
peptide concentration, at which the surface is 50% saturated,
was calculated to be 3.5 ug/mL. For all further experiments,
a peptide concentration of 50 ug/mL was used to ensure
saturation of the surface for maximal biological responses.

Cellular migration on nanofiber meshes

An in vitro model was developed to study the effect of
GFOGER coating and fiber alignment on cellular migration
on top of nanofiber meshes. A cell-free region was created on
the mesh, and the migration of hMSCs into this gap was
examined by analyzing the DAPI stained images. To observe
baseline migration, we first performed the experiments with
uncoated, random nanofiber meshes. We verified that a cell-
free region was generated in day 0 samples. The mean gap
width was found to be 0.87+0.02mm, consistent with the
width of the stainless steel strip (0.9 mm). The cell count in
the gap was found to be negligible on day 0. The ability of
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FIG. 2. Glycine-phenylalanine-hydroxyproline-glycine-
glutamate-arginine (GFOGER) coating of nanofiber meshes.
(A) Biotinylated GFOGER was passively adsorbed on nano-
fiber meshes, and the coating visualized using fluorescein-
conjugated NeutrAvidin®. (B) The amount of GFOGER adsorbed
on nanofiber meshes with varying GFOGER concentrations was
quantified by an enzyme-linked immunosorbent assay. Color
images available online at www liebertpub.com/tea
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GFOGER coating and fiber alignment to enhance cellular
migration in this model was studied on day 2 after strip
removal. Some samples were coated with collagen to com-
pare to the collagen-mimetic GFOGER peptide. The DAPI
images revealed that the gaps on the GFOGER-coated me-
shes were completely confluent with cells (Fig. 3B). Aligned
and collagen-coated meshes displayed moderately more cell
migration than random and uncoated meshes, respectively.
The cell numbers were determined in two regions: the entire
gap and the middle-third of the gap. The middle-third region
of the gap was analyzed as a more stringent measure of
cellular migration. Analysis of the cell counts indicates that
both coating and fiber alignment had a significant effect on
cell migration in both the regions (Fig. 3C, D). In the entire
gap region on random meshes, GFOGER-coated samples
displayed higher cell numbers, compared to both uncoated
and collagen samples. On aligned meshes, both GFOGER-
and collagen-coated samples had higher cell counts than the
uncoated samples. Fiber alignment enhanced cell migration
on uncoated and collagen-coated samples. However, this
effect was not seen on the GFOGER-coated meshes, probably
due to the fact that the gap was saturated with cells, even
on the GFOGER-coated random meshes. Analysis of the
middle-third region of the gap revealed that the cell counts
displayed the following order for both random and aligned
meshes: GFOGER > Collagen >Uncoated. Fiber alignment
enhanced the cell migration on both uncoated and collagen-
coated samples, similar to the observation in the entire gap.

One potential reason for the observed enhancement in cell
migration due to GFOGER could be due to higher number of
cells having attached on GFOGER-coated samples on day 0.
To investigate whether GFOGER coating had a significant
effect on cell adhesion efficiency, we counted the cells that
attached outside the gap on day 0. The cell counts were
observed to be equivalent in both the uncoated and GFO-
GER-coated groups, indicating that GFOGER coating did not
modify the cell adhesion efficiency (Fig. 3E). This result
shows that both sets of samples start with a comparable
number of cells on the gap border.

Effect of cell proliferation on the migration of cells
on nanofiber meshes

To assess the contribution of cell proliferation to the cell
migration observed on nanofiber meshes, we blocked pro-
liferation by treating the cells with mitomycin C, a known
inhibitor of cell proliferation, 24 h after seeding. We verified
that mitomycin C was able to inhibit proliferation of hMSCs
on tissue culture plates by staining with BrdU, a marker of
cell proliferation (Fig. 4). The results demonstrate that 48 h
after mitomycin incubation, the number of proliferating cells
(BrdU positive) decreased, thereby reducing the total num-
ber of cells (seen with DAPI staining) at this time point. In
the absence of mitomycin C, the proportion of proliferating
cells during the 24-h period was 84.1%. This proportion de-
creased significantly to 6.4% in the presence of mitomycin C,
indicating that mitomycin C effectively blocked proliferation
in hMSCs.

The effect of inhibiting cell proliferation on the migration
of hMSCs on nanofiber meshes was next investigated.
hMSCs were seeded on nanofiber meshes, with a stainless
steel strip placed on top, and allowed to attach for 24 h (Fig.
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FIG. 3. Effect of coating and fiber alignment on cell migration. (A) Schematic of cell migration model. A stainless steel strip
is placed on the nanofiber mesh sample before seeding to create a cell-free region. After 24 h, the strip is removed and cell
migration into the gap is observed by fluorescence microscopy. The larger rectangle covers the entire gap created by the strip,
whereas the narrower rectangle represents the middle-third of the gap. (B) Images of 4’,6-diamidino-2-phenylindole stained
nanofiber mesh samples illustrating the differences in the degree of cell migration. Scale bar is 1 mm and applies to all images. (C,
D) The number of cells present in both entire gap as well as the middle-third of the gap was counted to quantify cell migration.
Analysis of variance revealed that both GFOGER coating and fiber alignment enhance cell migration. (E) Effect of GFOGER on
initial cell adhesion. The cell adhesion efficiency was investigated by quantifying the number of cells that attached outside the
gap on day 0. There was no effect of GFOGER coating on cell adhesion efficiency. * Indicates significantly greater than uncoated
with same fiber orientation. ** Indicates significantly greater than collagen with same fiber orientation. $ Indicates greater than
random orientation with same coating. Significance was set at p <0.05. Color images available online at www liebertpub.com/tea

5A). The cells were incubated with mitomycin C for 60 min,
and the strip was removed. After 48 h of strip removal, the
samples were stained with DAPI and analyzed for cell mi-
gration before (Fig. 5B, C). The analysis of both the entire gap
and the middle-third gap regions revealed that in the ab-
sence of mitomycin C, both GFOGER coating and fiber
alignment enhanced cell migration, as observed previously.
With mitomycin C incubation, the overall cell migration
decreased, indicating that cell proliferation contributed sig-
nificantly to the observed cell number. In the presence of
mitomycin C, only the aligned, uncoated mesh samples had

a significantly higher cell count than the random, uncoated
mesh samples, in the entire gap region. In contrast, in the
middle-third of the gap, the random, GFOGER-coated sam-
ples demonstrated a significantly higher migration than the
random, uncoated samples. Further, the aligned, uncoated
group displayed a higher cell count than the random,
GFOGER-coated group. These results suggest that cell pro-
liferation contributed to the observed cell migration on me-
shes, and that proliferation has a larger influence on
migration due to GFOGER coating, compared to fiber
alignment.
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FIG. 4. Effect of mitomycin C (MMC) on hMSC proliferation
on tissue culture plastic. Cells were incubated with mitomycin
C 24h postseeding to block proliferation, and proliferation
was assessed by 5-bromo-2’-deoxyuridine (BrdU) staining that
ended 48h after mitomycin C incubation. (A) The number of
BrdU and 4’,6-diamidino-2-phenylindole (DAPI) stained cells
were counted in a 3 x3 grid pattern. Data are presented as the
BrdU and DAPI cell counts, as well as the proportion of BrdU-
positive cells. * Indicates significantly less than without MMC
(p<0.05). (B) BrdU and DAPI images illustrating that cell
proliferation was inhibited by mitomycin C. Scale bar is
200 pm and applies to all images. Color images available on-
line at www liebertpub.com/tea

Influence of nanofiber coating and alignment on total
DNA content and osteogenic differentiation

Cells were seeded on circular nanofiber meshes and cul-
tured in either hMSC growth or osteogenic media for 21
days. This experiment did not involve the use of a stainless
steel strip, and the cells were uniformly distributed on the
mesh. The effect of coating and fiber alignment on DNA
content in osteogenic media was first investigated. ANOVA
revealed that GFOGER coating had an overall significant
effect on the amount of DNA, but there were no significant
individual differences between the groups (Fig. 6A).

The influence of nanofiber coating and alignment on the
osteogenic differentiation of hMSCs in osteogenic media was
assessed by measuring the ALP activity and calcium depo-
sition. Analysis of ALP activity data revealed that both
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FIG.5. Role of cell proliferation in the cell migration model.
(A) Time sequence of steps in this experiment. After seeding,
cells were allowed to attach for 24h, following which they
were incubated with mitomycin C and the stainless strip was
removed. Samples were taken down 48 h after strip removal.
(B) The cell counts demonstrated that blocking proliferation
resulted in reduced migration, indicating that both prolifer-
ation and migration contribute to cell migration. (C) In the
middle-third gap, GFOGER coating and alignment resulted
in a higher number of cells in the gap, even under mitomycin
C incubation. * Indicates significantly greater than random
uncoated with same MMC condition (p<0.05). $ Indicates
significantly greater than random GFOGER with same MMC
condition (p <0.05).
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coating and fiber alignment had a significant effect on the
ALP activity, and that the GFOGER-coated samples dis-
played a higher ALP activity than the uncoated and collagen-
coated groups (Fig. 6B). In the case of random nanofiber
meshes, the GFOGER group also demonstrated a signifi-
cantly higher ALP activity than the uncoated and collagen
groups, whereas, on aligned meshes, the GFOGER group
displayed a significantly higher activity than the collagen
group only. Fiber alignment was found to reduce the
ALP activity in the case of GFOGER- and collagen-coated
samples.
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FIG. 6. Effect of coating and fiber alignment on cell number
and osteogenic differentiation of hMSCs in osteogenic media.
Cells were seeded on circular nanofiber mesh samples and
cultured in osteogenic media for 21 days. (A) DNA amount.
No significant differences were seen in the amount of DNA
between groups. (B) Alkaline phosphatase (ALP) activity.
Samples coated with GFOGER demonstrated increased ALP
activity, whereas those with aligned fibers displayed a re-
duction in ALP activity. (C) Calcium deposition. GFOGER
coating enhanced calcium deposition by hMSCs on nanofiber
meshes. Fiber alignment did not have a significant overall
effect.

Under osteogenic stimulation, hMSCs deposited calcium
on the nanofiber meshes, indicative of an osteoblast pheno-
type (Fig. 6C). GFOGER coating significantly enhanced cal-
cium deposition on both random and aligned meshes,
compared to uncoated meshes. In addition, on random me-
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shes, GFOGER-coated samples demonstrated a significantly
higher calcium deposition than collagen-coated samples.
Collagen coating increased the calcium levels only in the case
of aligned meshes. Fiber alignment did not have an overall
significant effect on calcium deposition, although a reduction
was observed in the case of uncoated meshes.

Discussion

In this study, we developed bioactive nanofiber meshes
with ordered topography for enhancing tissue repair. Na-
nofibers were functionalized by passive adsorption of the
collagen-mimetic GFOGER peptide, and the nanotopo-
graphy was patterned by aligning nanofiber orientation.
The effects of these parameters on the migration, prolifer-
ation, and osteogenic differentiation of hMSCs were
studied. Our results indicate that nanofiber surface func-
tionalization and orientation modulate cellular behavior,
individually and in combination. GFOGER coating and fi-
ber alignment enhanced hMSC migration on nanofiber
meshes. Both cellular proliferation and individual cell mi-
gration contributed to the observed migration, with pro-
liferation exerting a larger influence on migration due to
GFOGER coating, compared to fiber alignment. In contrast,
only GFOGER coating enhanced the osteogenic differenti-
ation of hMSCs.

The migration of hMSCs into a gap region on top of na-
nofiber meshes was studied in vitro using a modified version
of the scratch wound healing assay, which is performed
frequently to study migration on tissue culture plastic.*>*
Cell migration was investigated because it is an important
initial step in recruiting endogenous progenitor cells for tis-
sue repair in vivo. In addition to analyzing the entire gap
region, we also measured cell migration in the middle-third
area of the gap to isolate cells that infiltrated farther as a
more stringent measure of migration. It is possible that
some of the cells located just inside the gap boundary may be
there simply due to the division of cells outside the gap,
rather than due to an active response to nanofiber surface
modification.

The functionalization of nanofiber surface with GFOGER
resulted in the largest increase of hMSC migration (as much
as a 16-fold increase), higher than both collagen coating and
fiber alignment. Whereas cells did not completely occupy the
gap region on uncoated meshes even after 5 days (results not
shown), the gap in the GFOGER-coated samples was con-
fluent with cells, after just 2 days. To investigate whether the
groups started with comparable number of cells at the gap
boundary, we measured the cell adhesion efficiency at 24 h,
the time of strip removal. It was observed that this was in-
deed the case, with no difference detected between the
number of cells outside the gap. This result is different from
previous published work,**** where GFOGER improved
adhesion efficiency on tissue culture plastic/glass after a 1-h
attachment period. However, the comparable adhesion effi-
ciency of uncoated nanofiber meshes to GFOGER-coated
samples is likely due to the highly textured surface and a
longer cell attachment period. It should also be noted that
GFOGER coating displayed a significantly larger effect on
cell migration compared to collagen coating, even though
their effects on cell adhesion have been shown to be equiv-
alent previously.**
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The alignment of fibers enhanced hMSC migration into
the gap along the alignment direction on uncoated and col-
lagen-coated meshes. Fiber alignment did not appear to in-
fluence migration for the GFOGER-coated groups, however,
this may be due to the time period (48-h poststrip removal)
utilized in the experimental protocol. We hypothesize that
the lack of alignment effect on GFOGER-coated samples was
due to the fact that the gap in these samples was already
confluent with cells, even on random meshes, and there was
no additional room for cells to infiltrate on aligned meshes.
This hypothesis remains to be tested in future experiments,
where shorter time periods will be studied. However, our
current data clearly support the enhanced migration effect of
aligned fibers on uncoated and collagen fibers. Although
individual fibers were not perfectly oriented along a single
direction, the cells that attached to the meshes aligned
themselves along the fiber direction. This contact guidance
may explain the improved migration of cells into the gap.
Contact guidance due to fiber alignment has been reported
previously by Yang ef al. and Bashur et al., where they ob-
served an increase in cell spreading and aspect ratio on
aligned meshes.*"*" The fiber diameter in the case of aligned
meshes was found to be higher than that in random meshes
(256 nm vs. 168 nm). This was probably due to differences in
the electrostatic fields between the stationary and rotating
collector setups. Although different configurations of the
rotating mandrel were attempted, we did not find it feasible
to get similar fiber diameters, while maintaining good fiber
alignment. It is possible that the difference in fiber diameter
may contribute to the observed differences in cell behavior
on aligned nanofiber meshes. However, the fibers are still in
a narrow submicron range, and the cells may not be able to
sense the subtle differences in fiber diameter. This hypothesis
is supported by studies that have reported insignificant dif-
ferences in cell function with varying fiber diameters within
the submicron range.”®”!

The observed migration of cells on nanofiber meshes oc-
curs either due to the physical migration of individual cells,
or due to cell proliferation, or a combination of both. To
isolate the individual contributions, we blocked proliferation
by incubating the cells with mitomycin C. In the absence of
proliferation, the migration was reduced in all groups, in-
dicating that the migration on nanofiber meshes is depen-
dent, in part, on cell proliferation. It is possible that part of
the reduction in total cell numbers may be due to a decrease
in the viability of hMSCs due to mitomycin C; however,
previous reports suggest that this is not a significant factor.”
The reduction in migration was especially high for the
GFOGER-coated samples, in which the improvement in mi-
gration was abolished, when measured in the entire gap
region. In the middle-third gap region, however, GFOGER
coating still enhanced cell migration, indicating that at least
some of the positive effects of GFOGER coating on migration
are due to cell migration. This also suggests that the cell
counts in the middle-third gap region are a more sensitive
measure of cell migration than those in the entire gap.
Compared to the GFOGER samples, the aligned meshes
were less affected by the inhibition of proliferation, and
demonstrated more migration in both the gap regions.
Overall, these results suggest that proliferation contributed
to the hMSC migration that was observed on nanofiber
meshes. Kark et al. reported similarly that the gap closure on
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tissue culture plates, by rat MSCs in response to platelet re-
leasate, was due to the combined effects of individual cell
migration and proliferation.*” The mode of migration on
GFOGER-coated samples appears to be more dependent on
proliferation, whereas it is more dependent on direct mi-
gration in the case of aligned meshes.

The mechanisms for the improved cellular migration on
GFOGER-coated nanofiber meshes are likely related to the
adhesive properties of the collagen-mimetic GFOGER pep-
tide. It is now known that the GFOGER hexapeptide, which
is a sequence in the a;(I) chain of type I collagen, is a major
binding site for the a,p; 1'n’cegrin.28'48 The o,p; integrin is
abundantly expressed in a wide variety of cells, including
MSCs.” Since the engagement of integrins with ECM mol-
ecules regulate the adhesion-related function of cells, which
include migration and proliferation, it is likely that the
GFOGER-o,; integrin interaction may be driving the mi-
gration on nanofiber meshes.”* Senger et al. demonstrated
that blocking the o, integrin by a soluble antibody resulted
in ~40% inhibition of endothelial cell migration toward type
1 collagem.58 In addition, Reyes and coworkers have reported
that cell adhesion was greater and specific to the a,p; in-
tegrin, when titanium surfaces were coated with GFOGER,
compared to uncoated, RGD-coated, and even serum-coated
samples.®® Finally, the GFOGER peptide has been shown to
promote the formation of mature integrin-mediated focal
adhesions, an important event for postadhesion intracellular
signaling.**

The effects of the mesh fiber orientation and GFOGER
coating on the proliferation and differentiation of hMSCs on
nanofiber meshes were also investigated. Proliferation was
studied indirectly by determining the DNA content as a
measure of the cell number. However, this provides only a
snapshot of the number of cells at any time point, and any
changes in the DNA content could be due to the differences
in cell attachment, viability, and proliferation rate. Since the
cell attachment and viability were not significantly affected
by the mesh design, the DNA amount may be interpreted to
be largely determined by the proliferation rate. We have
quantified the DNA amount in the first week of culture and
observed a higher DNA content on the GFOGER-coated
meshes in osteogenic media, suggesting an early enhance-
ment of proliferation by GFOGER (data not shown). How-
ever, by 21 days, there was no significant effect of GFOGER
coating on the DNA content.

The osteogenic differentiation of hMSCs on nanofiber
meshes was evaluated by measuring the ALP activity and
the calcium deposition. ALP is a membrane-bound enzyme
that hydrolyzes phosphate esters during mineralization, and
is considered a marker of early osteogenic differentiation.”
On the other hand, calcium deposition is an end point
measure of matrix mineralization. GFOGER coating en-
hanced both the ALP activity and calcium deposition, indi-
cating that the peptide is able to promote differentiation of
hMSCs to an osteoblast-like phenotype. The GFOGER-a,f¢
integrin interaction has been implicated in mediating osteo-
blast adhesion, differentiation, and matrix mineraliza-
tion.>*?! Reyes and coworkers have previously reported the
osteogenic differentiation of immature osteoblasts and rat
MSCs when cultured on GFOGER-coated surfaces.*** They
demonstrated that the peptide triggers signaling path-
ways that result in the upregulation of Runx2/Cbfal, a
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transcriptional activator essential for osteogenic differentia-
tion.**®"%% In contrast to GFOGER coating, fiber alignment
did not have an overall positive effect on osteogenic differ-
entiation, and in some groups resulted in a reduction in ALP
activity and calcium deposition. This may be due to the cells
being more migratory on aligned meshes.

In conclusion, this study demonstrates that nanofiber
orientation and surface functionalization modulate hMSC
migration and osteogenic differentiation. Coating nanofibers
with the collagen-mimetic peptide GFOGER enhanced the
migration, proliferation, and osteogenic differentiation of
hMSCs, likely by engaging the o,f; integrin receptor. Fiber
alignment increased cell migration on nanofiber meshes
along the direction of fiber orientation due to contact guid-
ance, but did not demonstrate a positive effect on osteogenic
differentiation. Overall, these results indicate that modulat-
ing nanofiber mesh design parameters related to fiber ori-
entation and surface functionalization represent promising
biomaterial-based strategies for improving cell function and
tissue regeneration.
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