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Cell differentiation, adhesion, and orientation are known to influence the functionality of both natural and en-
gineered tissues, such as articular cartilage. Several attempts have been devised to regulate these important
cellular behaviors, including application of inexpensive but efficient electrospinning that can produce patterned
extracellular matrix (ECM) features. Electrospun and oriented polycaprolactone (PCL) scaffolds (500 or 3000 nm
fiber diameter) were created, and human mesenchymal stem cells (hMSCs) were cultured on these scaffolds. Cell
viability, morphology, and orientation on the fibrous scaffolds were quantitatively determined as a function of
time. While the fiber-guided initial cell orientation was maintained even after 5 weeks, cells cultured in the
chondrogenic media proliferated and differentiated into the chondrogenic lineage, suggesting that cell orientation
is controlled by the physical cues and minimally influenced by the soluble factors. Based on assessment by the
chondrogenic markers, use of the nanofibrous scaffold (500 nm) appears to enhance the chondrogenic differen-
tiation. These findings indicate that hMSCs seeded on a controllable PCL scaffold may lead to an alternate
methodology tomimic the cell and ECMorganization that is found, for example, in the superficial zone of articular
cartilage.

Introduction

Articular or hyaline cartilage tissue is comprised
of at least four distinct zones, each with a specific cell

and extracellular matrix (ECM) organization or orientation.1–7

Thefourzones—knownassuperficial=tangential,intermediate=
transitional, deep=radial, and calcified zone—naturally func-
tion collectively to provide the low-friction, wear-resistant,
load-bearing tissue on the end of bones in synovial joints. The
specific cell and ECM organization within each cartilage zone
can be attributed to developmental history and to the mechan-
ical forces to which each zone is subjected, thereby supporting
the overall functionality of articular cartilage tissue.8–13

Osteoarthritis, trauma, aging, and developmental disor-
ders commonly result in degeneration or even loss of hyaline
cartilage, which has no or little ability of self-repair due to the
lack of vasculature. It has been shown that early stages of
osteoarthritis and age-associated weakening can lead to al-
terations of the thin surface or superficial zone of articular
cartilage (*200 mm in depth), and its damage.6,10 Degenera-
tion or remodeling of the dense collagenous matrix of the
superficial zone in turn causes changes in the mechanical
behavior of the tissue, as well as release of collagen molecules
into the synovial fluid, stimulating an immune response.5,6

The superficial zone of natural functioning articular car-
tilage consists of primarily flattened ellipsoidal-like chon-
drocytes and a very polarized dense organization of
nanoscale collagen type II fibrils (approximately 20 nm di-
ameter), which are oriented parallel to the plane of the artic-
ular surface.1–7 Compared to the other zones of articular
cartilage, the superficial zone consists of the highest concen-
tration of collagen and the lowest concentration of proteo-
glycans, such as aggrecan.2,3,5,6 Due to the alignment of
chondrocytes and collagen type II fibrils, the thin superficial
zone has the greatest tensile strength found in articular car-
tilage, which is crucial for resisting shear and tensile forces
from the articulating surfaces.2,3 Additionally, the superficial
zone is also important for some compressive strength of the
cartilage tissue and also in the isolation of cartilage from the
immune system by forming an effective seal at the joint sur-
face.2

Similar to chondrocytes in the superficial zone of natural
articular cartilage, cells and ECM fibrils in most natural tis-
sues are not random, but exhibit well-defined patterns and
specific spatial orientation. Recent findings demonstrated that
oriented nanofibrous scaffolds have the potential for engi-
neering blood vessels,14 neural tissue,15 and ligament tissue.16

Further, it has also been shown that cell adhesion and
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proliferation is significantly improved on oriented nanofi-
brous scaffolds.14 The present study is therefore focused on
engineering a tissue-like construct that will mimic the super-
ficial zone of articular cartilage using bone marrow–derived
human mesenchymal stem cells (hMSCs) and electrospun
biocompatible polycaprolactone (PCL) scaffolds. Although
several studies have been published to demonstrate that
hMSCs or chondrocytes can be cultured on oriented electro-
spun nanofibrous scaffolds,17,18 attempts to specifically engi-
neer the superficial zone of the articular cartilage are currently
lacking. Here we report that alignment and chondrogenic
differentiation of hMSCs cultured on oriented electrospun
PCL scaffolds are feasible and relatively easy to implement.
hMSCs seeded on the aligned PCL scaffolds maintained the
cell orientation at least up to 5 weeks; such fiber-guided ori-
entation, but not differentiation, was independent of the fiber
size. For example, chondrogenic differentiation was facili-
tated when cells were seeded on a nanofibrous scaffold
(*500 nm diameter). It appears that stem cell–based thera-
peutic application and tissue engineeringmay be enhanced by
physical approaches such as the one presented herein to
control the microenvironment and therefore promote stem
cell differentiation.

Materials and Methods

Electrospinning of PCL fibrous scaffolds

Oriented PCL scaffolds were produced using the electro-
spinningmethod as described previously.19–21All electrospun
polymer fibrous scaffolds were made from PCL with molec-
ular weight of 80 kDa (Sigma-Aldrich, St. Louis, MO). Fibers
were electrospun from a 10% PCL solution dissolved in
methylene chloride=dimethylformamide with a ratio of 75=25
(vol.). The oriented scaffolds were produced by collecting the
fibers on a narrow strip mounted over the sharp edge of a
rotating disk,20–22 resulting in a fibrous scaffold with a clearly
defined orientation in the direction of the disk rotation. The
polymer solution was electrospun from a 5mL syringe with a
hypodermic needle (inner diameter 0.1mm) and at a flow rate
of 1mL=h. A copper electrode was placed in the polymer
solution, and the latter was electrospun onto the sharp edge of
an electrically grounded collector (rotating disk). The strength
of the electric field was 1.1 kV=cm, and the linear speed of the
edge of the disk collector was 10m=s. All experiments were
performed at ambient temperature (*258C) in air with 40%
relative humidity. A scanning electron microscope (SEM;
Hitachi S-3000N, Tokyo, Japan) was used to obtain images of
each type of fibrous PCL scaffold. This instrument has a
tungsten electron source and is capable of imaging specimens
in variable pressures ranging from 1 to 270Pa. Under variable
pressure, nonconducting specimens can be imaged without
coating of conductive film. The accelerating voltage can be
varied over the range 0.3–30 kV with a resolution of 5 nm at
25 kV. Fiber diameters were estimated using an image pro-
cessor (MetaMorph; Molecular Device, Downingtown, PA).
Additionally, to serve as PCL control samples for comparison
of cell orientation and viability, a nonelectrospun randomly
porous PCL filmwas produced by pouring a thin layer of 10%
PCL solution over a flat surface (*1mm thick), which was
then allowed to dry. As the solvent evaporated, a randomly
porous and thin polymer film was produced and removed
from the substrate for subsequent cell culture experiments.

Human mesenchymal stem cell culture

and cell seeding on PCL scaffolds

hMSCs were obtained from the Center for Gene Therapy
(Tulane University, New Orleans, LA). Cells were cultured in
complete growth media consisting of Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) supple-
mented with 15% fetal bovine serum (FBS; Atlanta Biologi-
cals, Lawrenceville, GA), 2mM L-glutamine (Sigma), 1%
antibiotics and antimycotics (final concentration: penicillin
100 units=mL, streptomycin 100mg=mL, and amphotericin B
0.25 mg=mL; Sigma). Cells at passage 3 were used. The elec-
trospun PCL fibers were cut (*2 cm2) and inserted into the 24-
well plates for cell culture. The scaffolds were immersed in
70% ethanol for 1 h, placed in a vacuum chamber for 3 days to
remove any residual organic solvent, and sterilized under UV
light for 6 h on each side. To promote protein adsorption and
cell attachment, the scaffolds were immersed in complete
culture media for 48 h prior to cell seeding. To seed hMSCs
onto the PCL fibrous scaffolds and PCL film (i.e., control
scaffold), cells were pipetted directly onto the scaffolds at a
density of 6�104 cells=cm2 and cultured in complete growth
media for 24 h. For chondrogenesis, the media was replaced
with a chondrogenic differentiation media (4500mg=L D-
glucose, L-glutamine, and 110mg=L sodium pyruvate; In-
vitrogen) that was supplemented with 10 ng=mL TGF-b1
(Research Diagnostics, Concord, MA), 100 nM dexametha-
sone (Sigma), 50 mg=mL ascorbate 2-phosphate (Sigma),
40 mg=mL proline (Sigma), and 1% liquid media supplement
(ITSþ 1; Sigma). Either complete growth media or chondro-
genic differentiation media was replaced every 2–3 days.

Fluorescent cell viability and orientation analysis

Cell viability and orientation analysis were performed 4
days after initial cell seeding onto scaffolds, and subsequently
at 7-, 21-, and 35-day time points. For fluorescence cell via-
bility, cells were stained using a live-dead cell viability assay
(Molecular Probes, Carlsbad, CA). Images were taken from
at least three different and randomly chosen views on each
sample at the different culture time points of 4, 7, 21, and 35
days. Using an image processor (MetaMorph; Universal
Imaging, West Chester, PA), the orientation of each cell was
determined by identifying its major axis with respect to the
horizontal axis. Because the cells were stained with the
CMTMR cell tracker (Molecular Probes), the image processor
efficiently utilized significant differences in the fluorescence
intensity between the CMTMR-loaded cells and background
to identify cell boundaries and themajor andminor axes of the
cell.

Sulfated glycosaminoglycan and DNA extraction

and quantitation

Samples were digested in 100 mL solution of 300mg=mL
papain in 20mMPBS, pH 6.8, 5mMEDTA, 2mMDTT at 608C
for 18 h (all reagents from Sigma-Aldrich). For total sGAG
quantitation, 50 mL of the extract for each sample was used
with the Blyscan� Sulfated Glycosaminoglycan (sGAG) As-
say Kit (Biocolor, County Autrim, UK). Briefly, 1mL of 1,9-
dimethyl-methylene blue dye reagent was added to 50mL of
the extract and allowed to react for 30min. The blue dye binds
to sGAG and forms a purple dye–sGAG precipitate, which
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was separated from the unbound dye solution by centrifu-
gation at 10,000 g. To recover the sGAG-bound dye from the
resulting pellet, 200 mL of dissociation reagent was added.
Absorbance of dye from sGAG samples, chondroitin 4-sulfate
standards, and blanks were quantified spectrophotometri-
cally with a filter (655� 5 nm) on amicroplate reader (Bio-Rad
Laboratories, Hercules, CA). For total DNA analysis, a fluo-
rescent DNA Quantitation Kit (Bio-Rad Laboratories) con-
taining Hoechst 33258, calf thymus DNA standard, and 10�
TENAssay Buffer was used. Briefly, 20 mL from the remaining
50 mL of the DNA=sGAG extract was added to 80mL of
1 mg=mL Hoechst 33258 dye (in 10�TEN Assay Buffer). Dif-
ferent volumes of 10 mg=mL calf thymus DNA were added to
80 mL of 1 mg=mL Hoechst 33258 dye to obtain a standard
calibration curve (ranging from 20 to 100 ng DNA) for con-
verting relative fluorescence units into nanograms of DNA for
samples. The fluorescence of the Hoechst 33258–DNA com-
plex in the samples, standards, and blanks was detected at
excitation=emission wavelengths of 360 nm=460 nm using a
microplate spectrofluorometer (Molecular Devices, Sunny-
vale, CA).

RNA extractions and quantitative real-time PCR

for chondrogenic gene expression

Using quantitative real-time PCR, the mRNA expression of
cartilage-specific genes, such as collagen type II and aggrecan,
were analyzed from samples. RNA was isolated from the
samples by using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. The concentration and integrity
of RNA were estimated spectrophotometrically with a Beck-
man DU-600 Spectrophotometer at A260=280. The RNA sam-
ples were reverse transcribed into first-strand cDNAusing the
SuperScript III First-Strand Synthesis SuperMix Kit for two-
step qRT-PCR (Invitrogen). Gene-specific amplicons from the
cDNA of each sample were amplified and quantitatively
measured by real-time PCR using SYBR Green qPCR Super-
Mix-UDG with ROX kit (Invitrogen) and an ABI Prism
7900HT Sequence Detection System (Applied Biosystems,

Foster City, CA). Reactions were carried out at 508C for 2min,
958C for 2min, 50 cycles of 958C for 15 s, and 608C for 30 s,
followed by a melting curve analysis. Samples were loaded in
duplicate in 96-well plate with a final volume of 25 mL, con-
taining cDNA generated from 1 mg RNA and mixed with
SYBR Green Mix and cartilage-specific primers. These gene
primers were purchased from Sigma-Aldrich (Genosys). The
cartilage-specific oligonucleotide primers used were aggre-
can, 50-TGAGGAGGGCTGGAACAAGTA-CC-30 and 50-
GGAGGTGGTAATTGCAGGGAACA-30, and collagen type
II, 50-CAGGTCAAGAT-GGTC-30 and 50-TTCAGCACCTGT
CTCACCA-30. The housekeeping gene Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), 50-GGGCTGCTTTT
AACTCTG-GT-30 and 50-GCAGGTTTTTCTAGACGG-30, was
used as an endogenous reference for RNA loading of samples.
Fold induction and expression levels for each target genewere
calculated using the comparative Ct method, which can be
expressed as 2�([DCt, test]�[DCt, control]), where Ct was threshold
cycle, and DCt, test and DCt, control presented the difference
between Ct target and Ct reference of test samples and control
samples.

Statistical analysis

Data were expressed as the mean� standard deviation
(SD). The cell angle distributions on each scaffold sample
were statistically analyzed with Student’s two-tailed t test,
with p> 0.05 being considered not statistically significant. For
PCL film scaffolds used as control, there was no preferential
direction of cell orientation and the average cell angle values
were not determined.

Results

Electrospun PCL fibrous scaffolds

SEM imaging was first performed to observe the structural
morphology of fibers in each of the three electrospun PCL
scaffolds of oriented fibers that have an average fiber diameter
of approximately 500 nm (492� 120 nm; Fig. 1A) and 3000 nm

FIG. 1. SEM images of oriented electrospun PCL fibrous scaffolds. The average fiber diameter was estimated using an
image processor: (A) 500 nm; (B) 3000 nm. (C) shows nonelectrospun porous PCL film.
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(2796� 845 nm; Fig. 1B). The majority of the fibers in the ori-
ented fibrous scaffolds were aligned with respect to each
other. The nonelectrospun PCL film (Fig. 1C), which served as
a control scaffold, consisted of a randomly porous surface
with average pore sizes of approximately 100–250mm. Based
on the SEM images, all electrospun PCL scaffolds demon-
strated interconnected pores that are likely suitable for cell
viability and proliferation. In addition, the oriented fibrous
network density could be sufficient to provide a suitable
substrate for cell adhesion and spreading.

Cell viability and orientation on PCL scaffolds

hMSCs seeded (6�104 cells=cm2) on the PCL fibrous scaf-
folds were imaged using laser scanning confocal microscopy
to determine the effect of electrospun PCL fiber orientation on
cell alignment. To test the cell viability and fluorescently vi-
sualize the cell morphology, cells were loaded with calcein
fluorophore (Molecular Probes). For example, as shown in

Figure 2, hMSCs seeded on the nanofibrous (500 nm; Fig. 2A)
or microfibrous (3000 nm; Fig. 2B) scaffolds and incubated in
the normal growth media showed a preferential orientation
along the direction of the fibers. To quantify the extent of cell
orientation, at least 75 cells from each sample were selected
randomly and their orientation with respect to the reference
(i.e., horizontal axis) was determined using the MetaMorph
image processor. Based on this analysis, a histogram of the cell
orientation angle distribution was created and displayed next
to the fluorescent image in Figure 2. As expected, cells seeded
on the nonelectrospun PCL film showed no preferred direc-
tion of orientation, which is confirmed by the corresponding
histogram of the orientation angles (Fig. 2C). When cells
were incubated in the chondrogenic media, similar results on
cell orientation were observed on the nano- or microfibrous
scaffolds (Fig. 2D and E, respectively), and again virtually no
prevailing cell orientation on the PCL film (Fig. 2F)was found.
The chondrogenic factors do not appear to alter significantly
the cell orientation guided by the PCL fibers. However, one

FIG. 2. Quantitative assessment of fiber-guided cell orientation. Viable hMSCs (green) cultured in normal growth media for
4 days on electrospun oriented PCL fibrous scaffolds of average fiber diameters of 500 nm (A), and 3000 nm (B), as well as on
nonelectrospun PCL film (C). Images of viable hMSCs cultured in the chondrogenic differentiation media for 4 days on
electrospun oriented PCL scaffolds of average fiber diameters of 500 nm (D) and 3000 nm (E), and on nonelectrospun PCL
film (F). Adjacent to each cell image are histograms representing the corresponding distributions of cell orientation angles
with respect to the horizontal axis. Approximately 80 cells (except those on the PCL film) were used to construct the
histograms. Scale bar denotes 75 mm. Color images available online at www.liebertonline.com=ten.
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noticeable difference was that the cells in the chondrogenic
media were not as elongated as those found in the normal
growth media, suggesting that cell shape was likely affected
by the chondrogenic factors. In addition, cells seeded on the
microfibrous scaffolds appear to be better oriented than those
on the nanofibrous scaffolds.

The efficacy of oriented PCL fibrous scaffolds in main-
taining a long-term cell alignment of hMSCs was quantita-
tively analyzed over a period of 5 weeks either in growth
media or in chondrogenic media. Although visual inspections
of the histograms indicate that the majority of cells on the
nano- or microfibrous scaffolds are indeed oriented along a
dominant direction (that of the underlying fibers), the cell
orientation as a function of time is assessed by calculating the
standard distribution of the cell orientation angle. While the
oriented cells would have a minimal standard deviation (SD),
the randomly distributed cells are expected to show large SDs.
hMSCs seeded on the PCL scaffolds and placed in the normal
growthmediamaintained their orientation for at least 5weeks
(Fig. 3A), and this fiber-guided cell orientation wasminimally
influenced by the chondrogenic factors. hMSCs aligned along
the fibers and undergoing biochemically directed chondro-
genic differentiation also maintained their orientation (Fig.
3B). For example, the SD of the cell angles for hMSCs cultured
on PCL nanofibers for 4 days in the chondrogenic media was
228 and did not vary substantially over the 5-week differen-
tiation period. In comparison, hMSCs seeded on the PCL film
in the chondrogenic media showed an SD of the cell orienta-
tion angle as large as 608. hMSCs cultured on the fibrous PCL
scaffolds demonstrated consistent alignment for initial and
long-term culture, independent of fiber diameter and culture
media condition.

Cell proliferation and chondrogenic differentiation

Total DNA amounts were next analyzed by a DNA assay
kit to measure the cell proliferation. Figure 4 shows the av-
erage of total DNA amounts measured at days 1 and 35 from
hMSCs cultured in the growth or chondrogenic media and
seeded on the electrospun oriented PCL fibrous scaffolds of
fiber diameter 500 nm (Fig. 4A), 3000 nm (Fig. 4B), and the
nonelectrospun PCL film (Fig. 4C). The differences between
the total DNA amounts from hMSCs on all scaffold samples
and in either culture media condition were found to be not
statistically significant, although a slight decrease was ob-
served for the cells seededon thePCLfilmfor 5weeks (Fig. 4C).
Therefore, the PCL fiber size does not appear to affect the cell
proliferation. Using sGAG as a chondrogenic differentiation
marker, the total sGAG amounts synthesized at days 1 and 35
were quantified using a GAG assay kit. Figure 5 summarizes
the ratio of the average amounts of total sGAGmeasured from
hMSCs cultured in the growth or chondrogenic media and
seeded on the PCL fibrous scaffolds of 500 nm fibers (Fig. 5A),
3000 nm fibers (Fig. 5B), and on the nonelectrospun PCL film
(Fig. 5C). Results fromday 1 showed that all samples, whether
cultured in the growth or chondrogenic media, had a baseline
value of approximately 1mg sGAG=mg DNA. As expected,
following a 35-day culture, samples cultured in the chon-
drogenic media showed a significant increase in the GAG
content. Such an increase is clearly noticeable in hMSCs see-
ded on the nanofibrous PCL scaffold (Fig. 5A).While the GAG
content measured from the cells seeded on the nanofibrous

scaffold but cultured in the growth media did not show
substantial increase fromday 1 to 35, approximately a fivefold
rise in the GAG content was found when the cells were
incubated in the chondrogenic media. In contrast, although
hMSCs seeded on the microfibrous scaffold and cultured in
chondrogenic media also demonstrated a large increase in the
GAG content by day 35, the relative increase when compared

FIG. 3. Time-dependent changes of the SD of cell angle
measurements. Cultured either in normal growth media (A)
or chondrogenic differentiation media (B), the cell angle
measurements were performed at day 4, 7, 21, and 35. SDs of
the measurements were calculated for cells aligned on the
nanofibrous (black bars), microfibrous (open bars) scaffolds,
and on the non-electrospun PCL film (hatched bars). The fi-
ber-guided initial cell alignment was essentially maintained
for at least 35 days.
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to hMSCs cultured in the growth media was about twofold
(Fig. 5B). Based on the GAG content measurements, only the
nanofibrous scaffold suppressed the GAG expression in
the absence of the chondrogenic factors. Finally, we used
quantitative real-time PCR to measure the gene expressions
of collagen type II and aggrecan (e.g., two additional chon-
drogenic markers). As shown in Figure 6, the expression of
collagen type II was upregulated in all samples cultured in the
chondrogenic media for 35 days, especially on the nanofibrous
PCL scaffold (500 nm), where a nearly 30-fold increase was
measured. The aggrecan gene expression was also measured,
and the cells seeded on the nanofibrous scaffold resulted in
about a fivefold rise. Interestingly, while cells seeded on the
control PCL film also expressed an elevated level of the ag-
gregan genes, it appears that the aggregans were down-
regulated on the microfibrous scaffold (Fig. 6).

Discussion

The present study was designed to demonstrate the feasi-
bility of hMSCs to maintain viability, orientation, and prolif-
eration when cultured for 35 days on aligned electrospun
nano- and microfibrous PCL scaffolds. Viable and aligned
hMSCs were also cultured in media containing TGF-b1 and
induced to chondrogenically differentiate on the nano- and
microfibrous scaffolds. Results indicate that hMSCs were able

to maintain cell alignment on both types of fibrous PCL
scaffolds, but chondrogenically differentiated to a greater
extent when cultured on the nanofibrous scaffold. For exam-
ple, hMSCs cultured in the chondrogenic differentiation me-
dia and seeded on the nanofibrous scaffold produced the
highest levels of sGAG and mRNA specific to collagen type II
and aggrecan. The level of collagen type II from nanofibrous
scaffolds far exceeded any levels measured from the other
scaffold types. This may indicate that such oriented nanofi-
brous PCL scaffolds may be better suited for engineering the
superficial zone of articular cartilage, which naturally has a
high content of collagen type II ECM compared to other car-
tilage zones.

We have recently demonstrated that an oriented nanofi-
brous scaffold can be used to guide cell alignment along the
nanofibers.22Aligned cells could be then used to remodel and
modulate the regenerated ECM andmicroenvironment.23 The
cell arrangement onto an oriented nanofibrous scaffold could
be due to contact guidance and=or cytoskeletal reorgani-
zation. It has been previously shown that cell elongation
induced by the aligned PCL nanofibers is expected to reor-
ganize the cytoskeletal structures that regulate the cell mor-
phology, adhesion, and locomotion.24 Unlike microfilaments
found in typical spread hMSCs on 2D substrates that can be
described as large actin stress fibers and terminate at focal
contact sites on the cell membrane,25,26 hMSCs cultured on

FIG. 4. Total DNA amount measured at days 1 and 35. hMSCs cultured in growth media (open bars) or chondrogenic
differentiation media (black bars) on electrospun oriented PCL fibrous scaffolds of average fiber diameters of 500 nm (A) and
3000 nm (B), as well as on nonelectrospun PCL film (C). Results represent the mean� SEM of three independent experiments.

FIG. 5. Normalized sGAG content measurement at days 1 and 35. hMSCs cultured either in growth media (open bars) or in
chondrogenic differentiation media (black bars) on electrospun oriented PCL fibrous scaffolds having average fiber diameters
of 500 nm (A) and 3000 nm (B), as well as on nonelectrospun PCL film (C). Results represent the mean� SEM of three
independent experiments.
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aligned PCL scaffolds showed much different actin cytoskel-
etal organization. For example, hMSCs seeded on the random
nanofibrous scaffolds and cultured in hMSC growth media
for 4 days displayed elongated cell morphologies and densely
concentrated actins, and some actin filament bundles were
predominantly aligned in the same direction as the adjacent
nanofibers (Fig. 7; see Ref. 22). In addition, thin fibrous tether-

like actin structures connecting the hMSC with the neigh-
boring aligned nanofiber bundle were also observed. Unlike
themembrane tethers (devoid of actins) formed by attaching a
microbead to the cell membrane and pulling it away from the
cell body,25,26 these thin fibrous structures contain actins and
likely adhesion proteins. Although it remains to be further
studied, these findings could lead to the notion of unique
hMSC binding characteristics to the nanofibers that may in-
fluence not only cell alignment but also improved cell differ-
entiation (Figs. 5 and 6). We are currently examining these
unique structures to test for the presence of focal adhesion
proteins such as integrins and other intracellular proteins.

Our results are consistent with a previous report that vas-
cular smooth muscle cells cultured on aligned polymeric
nanofibrous scaffolds also develop similar fibrous connec-
tions.14 It should be noted, however, that the images reported
therein providing evidence of possible cell–nanofiber adhe-
sions were obtained using SEM. In contrast, our findings
show that not only similar fibrous connections are found in
the hMSC–nanofiber interactions, but also actin filaments are
likely involved in the development of these unique adhesion-
like structures. It is also interesting to note that the dense actin
networks observed in the elongated hMSCs cultured on ori-
ented nanofibrous scaffolds appear similar to the cytoskeleton
observed in mature articular chondrocytes, especially at the
articular surface,27 suggesting that the use of oriented nano-
fibrous polymeric scaffolds could be advantageous to better
mimic articular cartilage tissue.28–31

In order to function properly, cells seeded in a scaffold
must be able to communicate with their environment via
appropriate biochemical, bioelectrical, and topological sig-
nals. The topography and composition of the microenviron-
ment (i.e., native ECM) affect cellular functions, such as
adhesion, morphology, proliferation, motility, gene expres-
sion, and apoptosis. It is well known that the physical

FIG. 6. PCR analysis of gene expressions for chondrogenic
markers. The collagen type II gene (black bars) and aggregan
gene (hatched bars) expression was measured from cells
cultured in the chondrogenic differentiation media for 35
days on the nano- or microfibrous scaffolds and PCL film.
GAPDH was used as a housekeeping control. The compar-
ative CT method was used to show the fold-increases of the
PCR results from samples cultured for 35 days in the chon-
drogenic differentiation media to those at day 1.

FIG. 7. Fluorescent images of reorganized microfilaments. Following 4 days of cell culture on a nanofibrous scaffold,
microfilaments were visualized using rhodamine-phalloidine. Cells seeded on a typical culture dish demonstrate a spread
cellular morphology and formation of thick bundle of stress fibers (A). In contrast, cells seeded on the nanofibrous PCL
scaffold exhibit an elongated cellular morphology, as expected. Moreover, stress microfilament bundles were much less
pronounced, but instead regions of concentrated actins were clearly seen (B). The actin-containing tether-like adhesions
between cells and fibers (circled region) were observed only when the cells were cultured on the nanofibrous scaffold, and
therefore appear to be unique for cell adhesion to nanofibers. Because the PCL fibers were imaged using reflection mode,
distinction between fluorescently labeled microfilaments and nanofibers may not be obvious in this composite image. An
arrow was drawn in the image to indicate the location of a PCL nanofiber. A magnified image (C) better illustrates the cell
attachment to a nanofiber through a tether-like adhesion mechanism that utilizes F-actins.
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structure of native ECM has nanoscale dimensions. The high
surface-to-volume ratio of polymer nanofibrous scaffolds and
the nanoscale diameter of the fibers, which mimic natural
ECM matrix such as collagen fibrils, are likely to provide
optimal conditions for cell attachment and growth. Indeed
many types of cells have been shown to attach to and organize
around fibers with diameters smaller than those of the cells,
due to interaction of nanoscale cell membrane receptors such
as integrins with the nanofibers.32–34 Considering the diame-
ter of the fibers produced by electrospinning for tissue engi-
neering applications, it has been shown by others that
endothelial cells adhered and proliferated markedly better on
polymer nanofibers (300–1200 nm) than on microfibers
(7 mm),35 and that polymer nanofibers (500–900 nm) promote
and regulate specifically the chondrocyte phenotype more
efficiently than microfibers (15–20mm).31 Nanofibrous scaf-
folds produced by electrospinning biocompatible polymers,
especially with controlled orientation, may also be ideal
for engineering many specific types of tissues.36,37 Macro-
scopically, the thin tissue-like constructs engineered in this
study resembled the superficial zone of articular (hyaline)
cartilage tissue and were generally mechanically strong for
handling. Characterization of the mechanical properties of
these thin electrospun nanofibrous PCL scaffolds is currently
underway. We note that the elastic modulus of a single elec-
trospun polymeric nanofiber can be as high as 1GPa,38,39 and
that oriented polymeric nanofibrous scaffolds have mechan-
ical properties in the MPa range, similar to native soft ortho-
pedic tissues.40 In addition, a nano tensile tester has been
applied to measure the tensile strength of electrospun fibers
(40MPa for 1.4 mm diameter).38 It is interesting to note that
this mechanical property decreased with increasing fiber di-
ameter. We also note that seeding cells on these PCL fibers is
not expected to significantly alter their mechanical properties.

Characterization of mechanical properties is indeed im-
portant for assessing the functionality of any engineered
tissue constructs. However, the aim of this work is to dem-
onstrate the feasibility of engineering the superficial zone of
articular cartilage by matching cell shape and alignment.
Building upon this work, engineering a more functional ar-
ticular cartilage tissue using a layer-by-layer approach in
which the aligned superficial zone could be integrated with
the middle zone and radial zone now appears feasible.

Conclusion

In the present study, we have successfully cultured hMSCs
on oriented nano- and microfibrous electrospun PCL scaffolds
aswell as a randomporous PCL film in either growthmedia or
chondrogenic differentiation media, and quantitatively mea-
sured the cell orientation and proliferation, and chondrogenic
markers. Taken together, our findings suggest that engineering
an oriented ECM environment to regulate tissue alignment
could be optimized by oriented electrospun nanofibers, and
that specific tissue engineering applications, such as creating
the superficial zone of articular cartilage, may be significantly
improved by a combination of stem cells and nanofibrous
scaffolds. Finally, additional experiments are currently under-
way to elucidate with molecular details the apparent cell ad-
hesion mechanism(s) between hMSCs and nanofibers (Fig. 7)
that could potentially play an important role in nanofiber-
mediated stem cell differentiation. The hMSC adhesion on 2D

substrates,41 or in 3D collagen scaffolds42 has been shown to be
much different than that of terminally differentiated cells (e.g.,
osteoblasts). We note that differential adhesion to nanoscale
features has also been observed and reported elsewhere. For
example, both fibroblasts and osteoblasts exhibited decreased
proliferation when cultured on substrates with nanofeatures
and suppressed formation of actin network.43,44 While our
findings are consistent with the lack of actin fibers in cells
cultured on nanotopographical features, hMSCs do not exhibit
significant decrease in proliferation when cultured on the PCL
fibers (Fig. 4), however. We postulate that the differential for-
mation of cell type–dependent focal adhesion is likely to reg-
ulate stem cell behaviors in the nanoenvironment, including
chondrogenic differentiation.
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