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Tissue engineering is a possible method for long-term repair of cartilage lesions, but current tissue-engineered
cartilage constructs have inferior mechanical properties compared to native cartilage. This problem may be due
to the lack of an oriented structure in the constructs at the microscale that is present in the native tissue. In this
study, we utilize contact guidance to develop constructs with microscale architecture for improved chon-
drogenesis and function. Stable channels of varying microscale dimensions were formed in collagen-based and
polydimethylsiloxane membranes via a combination of microfabrication and soft-lithography. Human mesen-
chymal stem cells (MSCs) were selectively seeded in these channels. The chondrogenic potential of MSCs seeded
in these channels was investigated by culturing them for 3 weeks under differentiating conditions, and then
evaluating the subsequent synthesized tissue for mechanical function and by type II collagen immunohisto-
chemistry. We demonstrate selective seeding of viable MSCs within the channels. MSC aligned and produced
mature collagen fibrils along the length of the channel in smaller linear channels of widths 25–100 mm compared
to larger linear channels of widths 500–1000 mm. Further, substrates with microchannels that led to cell alignment
also led to superior mechanical properties compared to constructs with randomly seeded cells or selectively
seeded cells in larger channels. The ultimate stress and modulus of elasticity of constructs with cells seeded in
smaller channels increased by as much as fourfolds. We conclude that microscale guidance is useful to produce
oriented cartilage structures with improved mechanical properties. These findings can be used to fabricate large
clinically useful MSC–cartilage constructs with superior mechanical properties.

Introduction

Arthritis currently affects over 49 million in-
dividuals in the United States, who suffer from severe

joint pain caused by articular cartilage damage.1 Because
cartilage lacks a vascular system, it cannot recruit the nec-
essary regenerative cells to repair these lesions.2–4 Therefore,
measures must be taken to repair cartilage lesions; however,
present cartilage repair techniques appear to provide less
than ideal repair tissue.5 Tissue engineering (TE) is viewed as
a promising method for long-term repair of cartilage lesions.
In this approach, mesenchymal stem cells (MSCs) or chon-
drocytes have been combined with biodegradable scaffolds
or extracellular matrix (ECM)-derived acellular scaffolds and
growth factors to produce cartilage constructs in vitro.6–20 TE
constructs have been shown to be biochemically similar to
native cartilage, however, they have inferior mechanical
strength compared to native cartilage. This has been attrib-

uted to a lack of an oriented microscale structure in TE
constructs, which is present in the native tissue, and prevents
these constructs from reaching a clinically viable tissue.21

Mathematical models suggest that, within native articular
cartilage, the organization of the ECM as shown in Figure 1
provides the depth-dependent mechanical strength neces-
sary for everyday load bearing. The increase in mechanical
strength from the surface of the cartilage to the deep zone is
attributed to the ECM alignment.22,23

The goal of this study was to test the hypothesis that
microscale substrate features would cause differentiating
MSCs to preferentially arrange themselves and to deposit an
oriented cartilage ECM on a scale similar to native articular
cartilage. To reach this goal, we used contact guidance,
which in previous studies, has been shown to influence cell
orientation, migration, and functions.24,25 In particular,
Manwaring et al. showed that substrate features caused
alignment of cells, which in turn could align ECM proteins.26
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Despite these studies, the effects of contact guidance on stem
cell differentiation and chondrogenesis are poorly under-
stood. To our knowledge, no study has shown the effect of
contact guidance on human MSC (hMSC)-based chon-
drogenesis; specifically, the effects of contact guidance on the
synthesized type II collagen and on the mechanical proper-
ties of the resulting constructs are not known.

Using contact guidance, we formed constructs with
microscale architecture for improved structure and func-
tion. Channels of varying microscale dimensions in either
collagen-based or polydimethylsiloxane (PDMS) membranes
were formed via a combination of microfabrication and soft-
lithography. Selective seeding of viable MSCs within the
channels and subsequent chondrogenic differentiation led to
alignment of mature type II collagen fibrils along the length
of the channel. The quality of alignment was significantly
dependent on the channel dimensions; further, our results
show that alignment was correlated with a significant im-
provement in mechanical properties.

Materials and Methods

Collagen type I from the bovine Achilles tendon, chon-
droitin-6-sulfate sodium salt from shark cartilage, 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxy-succinimide, fetal bovine serum (FBS),
4’,6-diamidino-2-phenylindole (DAPI), and phalloidin were
purchased from Sigma Chemical Co. (St. Louis, MO). The
antibiotic–antimycotic cocktail, the low-glucose Dulbecco’s
modified Eagle’s medium (DMEM-LG), the high-glucose
DMEM (DMEM-HG), ascorbate 2-phosphate (A2P), dexa-
methasone, sodium pyruvate, and human plasma fibronectin
were obtained from Gibco, Invitrogen (Carlsbad, CA). Syl-
gard� silicone elastomer was purchased from Dow Corning
Corporation (Midland, MI). The fibroblast growth factor-2
(FGF) and transforming growth factor b1 (TGF-b1) were

purchased from Peprotech (Rocky Hill, NJ). Insulin–trans-
ferrin–selenium (ITS) + the premix tissue culture supplement
were obtained from Becton Dickinson (Franklin Lakes, NJ).
Carboxyfluorodiacetatesuccinimidyl ester (CFDA-SE; Vybrant�),
1,1¢-dioctadecyl-3,3,3¢3¢-tetramethylindocarbocyanine perchlo-
rate (DiI) cell labeling solution, calcein AM, and ethidium
homodimer-1 (EthD-1) were obtained from Molecular Probes
(Invitrogen, Carlsbad, CA). Pluronic F108 was purchased
from BASF (Whitehouse, OH). The fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG secondary antibody
was purchased from MP Biomedicals (Irvine, CA), while the
collagen type II primary antibody was obtained from the
Developmental Studies Hybridoma Bank (University of Iowa).

Collagen–glycosaminoglycan
and EDC solution formation

A total of 2.20 g of type I collagen was dissolved in
800 mL of 0.5% acetic acid in diH2O and homogenized at
13,500 RPM for 20 min in a tissue homogenizer (IKA-
Works, Wilmington, NC). Next, 0.22 g of chondroitin-
6-sulfate dissolved in 40 mL of 0.5% acetic acid in diH2O
was added to the homogenized collagen solution. The so-
lution was then further homogenized at 22,000 RPM for
20 min. A crosslinking solution of EDC was made by dis-
solving 0.727 g of EDC and 0.063 g of N-hydroxy-succini-
mide in 100 mL of diH2O and was used in the pattern
formation (see below).

Design of microchannels

Templates for rectangular channels of constant length and
varying widths were created using AutoCADLT (AutoDesk,
San Rafael, CA) (Fig. 2A). Channels of widths 25, 50, 100,
500, and 1000 mm and length 2.5 cm were tested. The depth of
the channels was maintained constant at 70mm. To form
these channels on a silicon template, standard microfabrica-
tion methods were used.27

Pattern formations in collagen

Collagen–glycosaminoglycan (GAG) membranes were
produced using a previously published filtration method
over a period of 36 h.27 Briefly, the collagen-GAG solution
is poured onto a glass filter attached to a vacuum flask. Care
is taken to level the filter so that a membrane of uniform
thickness can be obtained. Silicon wafers containing the
patterns in Figure 2A were then used to produce channels
on the surface of the collagen membranes by a technique of
collagen soft-lithography that involved selective solubiliza-
tion, patterning, and pattern stabilization through EDC
crosslinking (Fig. 2B). To verify the widths of the channels,
phase-contrast images were taken and the channel dimen-
sions were measured through image analysis. Before
cell-seeding, the membranes were incubated in 10 · antibiotic–
antimycotic cocktail for 1 day and 1 · antibiotic–antimycotic
cocktail for another day, and then washed thoroughly in
phosphate-buffered saline (PBS).

Fabrication of PDMS membranes by soft-lithography

The pattern created on the silicon wafer was replicated in
Sylgard silicone elastomer to make PDMS membranes.28 The
elastomer base was mixed 10:1 (w/w) with the curing agent.

FIG. 1. Schematic of ultrastructure of articular cartilage
(adapted from Hunzikeret al.36): Blue circular shapes are
chondrocytes and the black bands are collagen fibrils. The
figure shows orthogonal arrangement of collagen fibrils in
the central and near the subchondral bone regions of the
cartilage and a parallel arrangement near the superficial re-
gion of the cartilage. This ultrastructure has been shown to
play a role in cartilage mechanical properties.22 Color images
available online at www.liebertpub.com/tea
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The mixture was poured over the patterned wafer, cured
at 80�C overnight, and the cured PDMS was peeled off the
wafer surface.

Selective cell attachment for collagen membrane

To attach cells selectively to the channels, the plateaus on
the surface of the patterned collagen (spaces between the

channels) were selectively modified with Pluronic F108 by
contacting the top surface of the patterned membranes with
glass slides coated with the Pluronic solution (10 mg/mL) in
diH2O for 3 h (Fig. 3). MSCs in the growth medium were
seeded on the membranes and were allowed to attach for 2 h,
after which the membranes were washed with PBS to re-
move unattached cells.

FIG. 2. (A) Microchannel design created in AutoCAD. The channels ranged from a minimum width of 25 mm to a maximum
width of 1000 mm. The spacing between channels of the same width was varied from 50 to 250mm for different designs to
allow us to test the effect of channel density in future experiments. (B) A schematic of the process used to obtain patterns in
collagen–glycosaminoglycan (GAG) membranes. (C–F) Scanning electron micrographs of linear channels of width 25 (C), 50 (D),
100 (E), and 500 (F) mm formed in collagen-GAG membranes. Arrows point to the channels and arrowheads point to spaces
between the channels. (G) Accuracy of channel reproduction in collagen-GAG membranes. Template width indicates the width of
channels in the mask used for photolithography. Mean values of measured width – standard deviations are shown. Ten channels
from three different membranes for each channel size were used. EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride. Color images available online at www.liebertpub.com/tea

FIG. 3. A schematic of the technique used to obtain selective seeding of mesenchymal stem cells (MSCs). The steps are
uniform coating of F108 on a glass coverslip, selective transfer of F108 onto nonchannel surfaces through contact with F108-
coated glass, and selective seeding of MSCs in channels. Color images available online at www.liebertpub.com/tea
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Selective cell attachment for PDMS membrane

PDMS membranes were exposed to oxygen plasma using
a plasma etcher (SPI Plasma Prep� II; SPI Supplies, West
Chester, PA) for 30 s. The PDMS membranes were placed on
a Petri dish with the channels facing down. A solution of
fibronectin (10mg/mL) in PBS was added to the Petri dish,
which was placed under vacuum for 20 min to allow infil-
tration of the fibronectin solution into the channels of the
PDMS membrane. Then, the plateaus on the surface of the
patterned PDMS membrane were selectively modified with
F108 as described above for the collagen membranes (Fig. 3).
MSCs were seeded on the membranes and allowed to attach
for 2 h. The unattached cells were then washed off with PBS.
Incubation was as described above.

Cell culture

hMSCs were prepared as previously described from bone
marrow aspirates obtained from healthy volunteer donors
through the Stem Cell Core Facility of the Case Compre-
hensive Cancer Center.29 The aspirates were harvested after
informed consent under the terms of an IRB-approved pro-
tocol. We derived hMSCs from four donors; however, the
cells from one donor failed to differentiate in preliminary
tests, and were excluded from further experiments. Thus,
cells from three individual donors were used in this study.
Adult hMSCs were cultured to confluence in 1.5 g/L DMEM-
LG growth medium containing 10% FBS and 10 ng/mL FGF-2.
The MSCs were then trypsinized and resuspended at *50 · 106

cells/mL. The cell suspension was applied to the channels us-
ing a micropipette. After 2 h at 37�C and 5% CO2 to allow for
cell attachment, the seeded membranes were submerged in the
chondrogenic differentiation medium: 4.5 g/L DMEM-HG
supplemented with 10% ITS + Premix Tissue Culture Supple-
ment, 10- 7 M dexamethasone, 1mM A2P, 1% sodium pyruvate,
and 10 ng/mL TGF-b1.The constructs were cultured in a
standard incubator at 37�C and 5% CO2 in humidified air.
The medium was changed every 2–3 days.

MSC visualization, viability, and adhesion assessment

To evaluate cell viability within the channels 1 day after
seeding, Live/Dead� staining with calcein-AM and EthD-1,
along with fluorescent microscopy, was used following the
manufacturer’s instructions. Fluorescent images were taken
and viability was quantified by evaluating the percentage of
the total number of cells stained positive for calcein-AM. To
improve visualization of the cells on the substrates and to
visualize the cytoskeleton, various samples were stained by
using CFDA-SE, DiI, and phalloidin (actin staining) follow-
ing the manufacturer’s instructions.

Histology and immunohistochemistry

After culturing for 21 days, some samples were fixed in
4% neutral-buffered formaldehyde. Whole-mounts were
surface-stained for type II collagen by immunohistochemis-
try. Antigen unmasking was performed with 1 mg/mL
pronase in PBS for 15 min at room temperature. After
washing the samples with PBS twice for 30 min, they were
then blocked with 10% normal goat serum (NGS) in PBS for
30 min. The primary antibody diluted 1:50 in 1% NGS in PBS,
was applied to the samples for 1 h to stain for collagen type

II. The samples were then washed with PBS (2 · 30 min). The
FITC-conjugated goat anti-mouse IgG secondary antibody,
diluted 1:500 in 1% NGS in PBS, was then applied to the
samples for 45 min. All samples were counterstained with
DAPI to visualize the cell nuclei. Some samples were coun-
terstained with DiI for membrane staining and some samples
were stained with phalloidin for actin following the respec-
tive manufacturer’s instructions. The samples were again
washed with PBS for 1 h, counterstained, and wet-mounted
using 5% N-propyl gallate in glycerol. The samples were
imaged either using a SPOT RT digital camera attached to a
Leica fluorescence microscope (Wetzlar, Germany) or by
confocal microscopy (Zeiss LSM 510, Zeiss Axiovert 200M;
Carl Zeiss, Thornwood, NY).

Cell alignment analysis

To obtain a quantitative measure of alignment, the acute
angle of the nuclei was calculated relative to the direction of
the channel length. At least three images from three sepa-
rate experiments were used and frequency histograms of
the angles were plotted. An alignment angle of 0� indicates
perfect alignment with the long dimension of the channels
and an angle of 90� indicates perfect alignment with the short
dimension of the channels.

Biochemical measurements

We determined the GAG and DNA content of the tissue
formed during chondrogenesis using previously published
methods.29 Briefly, the cartilaginous tissue formed was di-
gested using papain (Sigma Chemical Co.). The DNA content
was measured from the fluorescence of papain-digested
samples after combining with Hoechst 33258 (Sigma Chem-
ical Co., excitation wavelength 340 nm and emission
wavelength 465 nm). Calf thymus DNA standards were used
(Amersham Biosciences, Piscataway, NJ). The GAG content
was measured colorimetrically after combining the samples
with Safranin-O and reading the absorbance at 530 nm.
Shark cartilage chondroitin sulfate C samples (Seikagaku
America, East Falmouth, MA) were used as standards.

Mechanical tests

To determine whether alignment led to improved func-
tion, the collagen membrane samples were subjected to
tensile testing. For each mechanical testing sample, only a
single channel size was used and the spacing between
channels was equivalent to the channel width (projected
channel area was 50% of the total surface area for all channel
sizes). Therefore, the seeding areas of the channels and the
seeding densities were identical for each sample. In addition,
the ratio of the channel cross-sectional area containing tissue
to the total sample cross-sectional area was constant for ev-
ery condition and was 0.1 based on a membrane depth of
400 mm. Collagen membranes with hMSCs cultured for 21
days under differentiating conditions were cut to half using a
razor blade to rectangular dimensions of *9 mm length · 5
mm width · 0.45 mm thickness. The collagen membranes
were not degradable in the cell culture medium; therefore,
the base membranes of all samples subjected to mechanical
testing were consistent. The edge of the sample was gripped
with film tension clamps and subjected to tensile strain in a
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dynamic mechanical analysis apparatus (QA800; TA Instru-
ments, New Castle, DE) along the direction of channel length
until failure. Strain was ramped from 20%/min to 200%/
min. Stress (r) vs. strain (e) data were obtained and fitted to
the equation r¼ a (ebe� 1) to yield the modulus of elasticity
(ab).11,30 Ultimate stress values were calculated at the failure
point. At least seven samples were used per condition tested.

Statistical methods

Statistical analysis was carried out using the Origin 8.5.1
(Origin Lab, Northampton, MA) software package. Pairwise
comparisons were made using the Tukey’s test with a p-
value of less than 0.05 considered statistically significant.
Sample sizes are indicated in the respective figure legends.

Results

Collagen membrane patterning

Figure 2G shows the accuracy of the collagen soft-
lithography method in reproducing the channel designs. The
measured widths of the features in the template and the
collagen membrane are shown along with the expected de-
sign values. The relative error between the membrane chan-
nel widths and the template widths ranged from 1 to 15%,
indicating that our EDC-based collagen soft-lithography
method for forming patterned collagen membranes is robust
and accurate for forming channels as small as 25mm.

Selective cell attachment

Cell viability on collagen membranes evaluated by Live/
Dead� staining followed by image analysis was > 95%.
Qualitatively, the cells adhered well located and spread on
the collagen surface (Data not shown). Without Pluronic

treatment, cells adhered both inside and outside the channels
in both collagen and PDMS substrates (Fig. 4 and 5). Using
the Pluronic treatment on collagen and PDMS led to signif-
icantly more selective adhesion of cells within the channels
(Figs. 4A–C and 5A–E). These results indicate the importance
of the Pluronic modification to achieve selective cell attach-
ment within the channels. When comparing selective at-
tachment of collagen vs. PDMS membranes, the latter yielded
better in-channel attachment (Figs. 4A–C vs. 5A–E).

Microscale guidance on cell alignment

More MSC alignment along the length of the channel oc-
curred in the smaller channels (Fig. 6A–C) compared to the
larger channels (Fig. 6D, E). DAPI staining showed that
the nuclei of the MSCs elongated into an oval shape in the
smaller channels. Actin fibers also aligned with the long di-
mension of the smaller channels [Fig. 6F, H(i)]. Within the
larger channels, MSCs showed random spatial orientation
and less nuclear elongation [Fig. 6G, H(ii)]. Table 1 shows the
angle of nuclear alignment within the channels (mean –
SEM). Figure 7 shows the distribution of angles for all
conditions.

The angle measurements suggest that the smaller channels
(25–100mm) aided in cell alignment, whereas the larger (500–
1000mm) channels did not. Both collagen and PDMS sub-
strates followed this trend. There was significant difference in
alignment as measured by the angle, between 25–100-mm-
wide substrates when compared with 500–1000-mm-wide
substrates (the Tukey’s test, p < 0.05). In addition, there was no
significant difference in alignment between 500- and 1000-mm-
wide substrates. In the larger channels, small regions in which
the MSCs aligned to each other were noted (Fig. 6G), but the
alignment was not in reference to the channel dimensions.

FIG. 4. Effect of F108 on
selective seeding of human
MSCs in polydimethylsiloxane
(PDMS) microchannels.
MSCs prestained with
Vybrant� were seeded on to
F108-treated PDMS linear
channels overnight.
Fluorescent images of cells in
linear channels of widths
25 mm (A), 50 mm (B), and
100 mm (C) show selective
seeding compared to
untreated channel surfaces
(D). Scale bars: 50mm (A, D),
100 mm (B, C). Color images
available online at www
.liebertpub.com/tea
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ECM production

Our results (Fig. 6A–E, I, J) show that mature extracellular
type II collagen was deposited and that production closely
followed the aligned cell in the channels. Longer type II
collagen fibers are seen farther from the cell, indicating that
filament assembly occurs. In the 25-, 50-, and 100-mm chan-
nels (Fig. 6A–C, I), the type II collagen aligned along the
direction of the channel, while in 500- and 1000-mm channels,
the type II collagen was randomly aligned (Fig. 6D, E, J).
Biochemical assay results show that the GAG/DNA content

in microchannels was significantly greater than that when
cells were seeded on membranes with no channels (Table 2).
There was, however, no difference in the GAG/DNA content
between membranes of different channel widths.

Mechanical properties

Figure 8 shows the modulus of elasticity (Fig. 8A) and
ultimate stress (Fig. 8B) of various collagen samples when
they were subjected to tension along the direction of the
channel length. Collagen membranes containing hMSCs in

FIG. 5. Effect of F108 selective seeding of human MSCs in collagen microchannels. MSCs prestained with Vybrant were
seeded onto F108-treated collagen linear channels overnight. Fluorescent images of cells in linear channels of widths 25mm
(A), 50mm (B), 100 mm (C), 500mm (D), and 1000 mm (E) show selective seeding compared to untreated channel surfaces (F).
Insets in (D) and (E) show magnified portions of gaps (50 mm) between the channels devoid of cells. Scale bars: 50mm (A, B,
F), 100mm (C), 200mm (D), 400 mm (E). Color images available online at www.liebertpub.com/tea

FIG. 6. Chondrogenesis under microscale guidance. Fluorescent images of linear channels of widths 25 mm (A), 50 mm (B),
100 mm (C), 500 mm (D), and 1000mm (E) show alignment in smaller 25–100mm channels. Cell nuclei alignment (blue) is
correlated with actin (red) alignment in smaller channels. Insets in (C) and (D) show magnified portions of channels with
cells. [F, H(i)] show actin alignment in linear channels of width 25mm, which was contrasted with random alignment of actin
filaments in linear channels of width 500mm [G, H(ii)]. Confocal fluorescent images (green is type II collagen, blue is DAPI,
and red is DiI) of 25 (I) and 1000mm ( J) channels show mature aligned extracellular matrix (arrowheads) in the smaller
channel. Scale bars: 10mm [H(i), H(ii), I, J], 25mm (F, G), 50 mm (A–C), 100 mm (D), 200mm (E). Color images available online
at www.liebertpub.com/tea

1086 CHOU ET AL.



the smaller channels (Fig. 8: 25, 50, 100, 250) cultured for 21
days under differentiating conditions had significantly su-
perior mechanical properties compared to corresponding
membranes with larger channels (Fig. 8: 500, 1000). Im-
portantly, membranes with randomly seeded cells (Fig. 8A:
Ran), while better than membranes with no cells (Fig. 8A:
EDC), had inferior modulus of elasticity compared to
membranes containing cells in channels of 25, 50, 100, and
250 mm widths (Fig. 8A: 25, 50, 100, 250). The ultimate stress
data for membranes containing cells in channels of 25, 50,
and 100mm widths (Fig. 8B: 25, 50, 100) are significantly
greater compared with membranes with no channels, and
membranes with 250, 500, and 1000 mm-wide channels (Fig.
8B: Ran, 250, 500, 1000). There was no difference in the me-
chanical properties between cell-free membranes with 25-
and 100-mm channels (Fig. 8: C25 and C100) and cell-free
membranes with no channels (Fig. 8: EDC).

Discussion

Collagen membrane patterning

The native microstructure of articular cartilage contributes
to its strength and durability.22,23 Current TE protocols tend
to produce a tissue that, while biochemically similar to car-
tilage, is amorphous and lacks structural similarity to the
authentic tissue. The goal of this study was to investigate
whether micrometer-sized guidance features in the scaffold
material can be used to impose orientation upon differenti-
ating MSCs and the ECM they produce. To control the ECM
microstructure of differentiating MSCs, microscale channels
in PDMS and collagen substrates were produced. While

PDMS soft-lithography is well-established, in this study, a
process of collagen soft-lithography combined with EDC
crosslinking to create channels within collagen membranes is
presented. The method employs computer-generated de-
signs; any two-dimensional (2D) microdesigns can be repli-
cated in collagen substrates. This method allowed for the
production of stable physical features. Further, by employing
EDC crosslinking, the cytotoxic effects of the typical glutar-
aldehyde crosslinkers, and glutaraldehyde-induced auto-
fluorescence, a major problem in applying fluorescence-
based cell labeling and tracking, are avoided.31

Selective cell attachment

To study the effects of the guidance channels on cellular
orientation and function, the MSCs must be localized within
the channels. Our protocol allows us to localize cells within
the physical features of a substrate by using Pluronic F108 to
resist cell attachment. Pluronic F108 is nontoxic to cells, and
the new technique allows for highly improved selectivity.
Contacting the Pluronic F108-coated glass slides onto the
patterned collagen membranes coats only the plateau re-
gions with Pluronic F108.For use on collagen substrates, our
method is more efficient than the methods of Wang and
Ho, which were developed for plastic and glass substrates.32

By localizing the cells within the channels, constructs can be
created that use the channels to guide the cell structure and
function, while avoiding cell attachment outside of the
channels. In this study, excellent channel-selective cell at-
tachment was achieved within PDMS membranes and col-
lagen membranes. However, the collagen channels showed
less cellular attachment selectivity when compared to the

Table 1. Cell Alignment Angle During Contact Guidance

Channel width (lm) 25 50 100 500 1000

PDMS 3.7 – 1.4a 12.7 – 2.4a 4.6 – 1.0a 29.2 – 2.8 32.2 – 4.2
Collagen 4.5 – 0.8a 4.1 – 0.6a 8.6 – 1.0a 41.8 – 2.5 42.3 – 3.0

Angle between the linear channel dimension and cell major axis through the cell nucleus was quantified and shown as mean – SEM for
channels of various widths. For smaller channels (25, 50, 100mm), six channels chosen from three different experiments were used for
quantitation. For larger channels (500, 1000mm), three channels from three different experiments were used. Cells from three donors were
used in the experiments. Corresponding immunofluorescence data are shown in Figure 6A–E.

aStatistically significant ( p < 0.05) compared to 500- and 1000-mm-wide channels.
PDMS, polydimethylsiloxane.

FIG. 7. Cell orientation
under microscale guidance.
Distribution of angles of
orientation of human MSCs
formed against the longer
dimension of the PDMS (A)
and collagen (B) channels of
widths 25–1000mm. For
smaller channels (25, 50,
100mm), six channels from
three different samples were
used. For larger channels
(500, 1000 mm), three channels
from three different samples
were used. Cells from three
donors were used.
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PDMS channels. We speculate that this difference occurred
due to the superior ability of the collagen to facilitate cellular
attachment, which makes the selective seeding process
through F108 somewhat less effective.

MSC orientation

We hypothesized that channels in the collagen and PDMS
membranes would control cellular orientation and ECM
production via contact guidance. Our results indicate that
this is the case in the smaller channels (25, 50, and 100 mm), as
these lead to overall MSC alignment along the channel
length. The larger channels, on the other hand, had small
regions in which the MSCs are aligned to each other (Fig. 6)
but not in reference to the channel dimensions. Overall, the
distribution of the MSCs was random in these larger chan-
nels. The smaller scale features (25–50 mm) were close to the
dimensions of the cells, and can thus guide adhesion and
spreading at the single-cell level. Since EDC-crosslinked
collagen has been shown to degrade substantially slower

than uncrosslinked collagen substrates, the guidance effect
can not only persist throughout the 3-week chondrogenesis
period in vitro, but potentially also in vivo.33 One manifes-
tation of the cellular alignment was the orientation of actin
fibers (Fig. 6). The actin–myosin network is implicated in
cell-spreading and migration. Alignment of actin fibers in the
small channels thus indicates guidance at the cytoskeletal
level. A further indication of alignment was the elongation
and orientation of the nuclei parallel to the channel axis (Fig.
6). If the cell alignment is principally due to contact guidance
through confinement by the substrate surfaces that are in
contact with the cell, as suggested by our findings in the 25–
100-mm-wide channels, it is possible that the alignment can
be propagated from cell to cell for some distance.

ECM production and orientation

The effect of guidance channels on the ECM assembly was
examined using type II collagen immunohistochemistry. Our
results indicate that the type II collagen observed was indeed
extracellular in nature. On collagen membranes, the type II
collagen immunoreactivity was clearly outside of the cell
membrane, and even 100-mm channels (which are up to ap-
proximately five cell bodies wide) showed alignment (angles
of alignment 4.6� for PDMS and 8.6� for collagen substrates,
Table 1) with the principal axis of the channel. The fiber
structure of the type II collagen present suggests that it was
also extracellular in nature.

Mechanical function

Native cartilage has been shown to have a collagen
architecture that imparts mechanical strength under com-
pression and shear. In the 2D architecture of collagen
membranes, we were able to demonstrate alignment, but
the geometry of the samples was unsuitable for compres-
sive testing. The mechanical properties of the samples
under tension, however, indicate a strong dependence on

Table 2. GAG and DNA Content of Cartilage

Tissue Grown in the Channels

Channel width (lm) GAG(lg) DNA(lg) GAG/DNA

25 4.3 – 0.5 2.1 – 0.03 2.0 – 0.27a

50 4.4 – 0.4 2.1 – 0.01 2.1 – 0.17a

100 4.0 – 0.1 2.0 – 0.01 2.0 – 0.07a

250 3.4 – 0.2 2.0 – 0.05 1.7 – 0.09a

500 3.3 – 0.1 2.1 – 0.03 1.6 – 0.03a

1000 3.3 – 0.1 2.1 – 0.02 1.6 – 0.05a

No channel 3.0 – 0.3 2.4 – 0.04 1.2 – 0.09

Data from three samples from three different experiments are
presented as mean – SEM. Cells from three donors were used in the
experiments.

aStatistical significant difference at p < 0.05.
GAG, glycosaminoglycan.

FIG. 8. Effect of microscale guidance on mechanical properties. Collagen membranes were subject to tensile testing until
failure. Mean values of elasticity modulus (A), a typical force–displacement curve (A: upper left corner), and ultimate stress
(B) are shown. BK and EDC represent, respectively, uncrosslinked and EDC crosslinked collagen membranes without
microchannels or MSCs. C25 and C100 represent collagen membranes consisting of 25- and 100-mm linear channels only,
without MSCs. All other channels were seeded with MSCs. Ran: EDC crosslinked collagen membranes without channels; 25,
50, 100, 250, 500, and 1000 represent widths (mm) of linear channels in the EDC crosslinked collagen membranes. n = 4 for
1000, n = 5 for Ran, C25 and C100 and n = 6 for all other conditions. (A) *Statistically significant difference ( p < 0.05) compared
to data with no channels (RAN). #Statistically significant difference ( p < 0.05) compared to data with 1000-mm channels (1000).
(B) *Statistically significant difference ( p < 0.05) compared to data with no channels (RAN), 250-mm (250), 500-mm (500), and
1000-mm (1000)-wide channels. Cells from two donors used in the above experiments.
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alignment. Samples containing guidance features at the cel-
lular scale led to superior mechanical function in the pres-
ence of cells. It should be noted (Fig. 8) that the channels
themselves did not, at any channel width, improve the me-
chanical properties of the membranes. In addition, the GAG/
DNA values for constructs of different channel widths were
similar indicating that differences in the GAG content be-
tween conditions were not responsible for changes in me-
chanical properties of tissue cultured in different channels.
This suggests that the cell-derived ECM under guidance
accounts for the superior function. The average tensile
modulus for native articular cartilage is *0.7–12.5MPa.34,35

The elasticity modulus for the construct containing smaller
channels (25 to 250 mm) was *9.6 to 12.8 MPa which is
comparable to the highest value found in the literature for
native articular cartilage (12.5 MPa). On the other hand, the
elasticity modulus of the construct with randomly seeded
MSCs was around 5 MPa, which is comparable to the inner
annulus fibrosus (3 MPa). Thus, using these guidance chan-
nels, we can produce cartilage constructs with a range of
tensile properties similar to native articular cartilage.

While the above study demonstrates that microscale
guidance has an effect on hMSC differentiation and on the
mechanical function of the resulting tissue, there are certain
limitations. First, even though we have imposed some or-
ganization on the newly synthesized ECM, we do not yet
replicate the fine structure or the mechanical function of
native articular cartilage. Further, more work is needed to
extend the current 2D findings to a 3D construct for pre-
clinical experiments. To create a 3D construct for in vivo
applications, one can simply roll the current 2D constructs
into 3D cylinders with appropriate microfeatures. In addi-
tion, one can also stack individual 2D constructs with MSCs
in between the layers. These 3D constructs can then be im-
planted into the site of articular cartilage injury in vivo.

Conclusions

In this work, the effect of microscale guidance on cell
alignment and ECM function in a hMSC-based chon-
drogenesis model was investigated. Microchannels formed
in collagen and PDMS were utilized to show that MSCs
cultured within the linear channels of smaller widths show
alignment. Further, the alignment of cells and ECM leads to
significant improvement in mechanical function. These re-
sults can be used to develop cartilage constructs with an
aligned ECM and superior mechanical properties.
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