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A co-culture device with a tunable stiffness to
understand combinatorial cell–cell and cell–matrix
interactions†

Nikhil Rao,a Gregory N. Grover,a Ludovic G. Vincent,a Samantha C. Evans,a

Yu Suk Choi,a Katrina H. Spencer,b Elliot E. Hui,b Adam J. Englerac and
Karen L. Christman*ac

Cell behavior on 2-D in vitro cultures is continually being improved to better mimic in vivo physiological

conditions by combining niche cues including multiple cell types and substrate stiffness, which are well

known to impact cell phenotype. However, no system exists in which a user can systematically examine

cell behavior on a substrate with a specific stiffness (elastic modulus) in culture with a different cell type,

while maintaining distinct cell populations. We demonstrate the modification of a silicon reconfigurable

co-culture system with a covalently linked hydrogel of user-defined stiffness. This device allows the user to

control whether two separate cell populations are in contact with each other or only experience

paracrine interactions on substrates of controllable stiffness. To illustrate the utility of this device, we

examined the role of substrate stiffness combined with myoblast co-culture on adipose derived stem cell

(ASC) differentiation and found that the presence of myoblasts and a 10 kPa substrate stiffness increased

ASC myogenesis versus co-culture on stiff substrates. As this example highlights, this technology better

controls the in vitro microenvironment, allowing the user to develop a more thorough understanding of

the combined effects of cell–cell and cell–matrix interactions.

Introduction

The microenvironment that surrounds cells in vivo consists of
growth factors, interstitial fluid, and the extracellular matrix
(ECM), a protein based scaffold that surrounds and supports
cells. These components of the microenvironment provide cells
with multiple types of signals that regulate intracellular signaling
leading to a change in cell behavior or fate. These variables
include but are not limited to paracrine–autocrine signals, cell–
cell physical interactions, and ECM stiffness/composition. In the
last decade, scientists have demonstrated that it is not accurate to
mimic in vivo cell behavior using in vitro substrates which
regulate just one of these variables. This is particularly true when
attempting to mirror complex processes such as tumorigenesis,
morphogenesis, stem cell differentiation and wound healing.1–6

Embryonic, adult, and induced pluripotent stem cells have all
been shown to differentiate based on substrate stiffness and

composition and/or cell–cell interactions in vitro,7–10 which
further emphasizes the importance of developing technologies that
introduce diverse sets of variables for cell culture. In addition to
more closely mimicking the microenvironment, these technologies
must be easily fabricated, allow for simple readouts such as isolation
of mRNA and protein, include the potential to image cell morphol-
ogy and immunofluorescence (IF), and allow for facile co-culture of
different cell types in a controlled manner.

Co-culture is commonly performed when studying cell–cell
interaction in vitro. Various co-culture technologies have been
developed to monitor contact, paracrine, and autocrine effects. A
number of devices use microfabrication, microfluidics, and flow
chambers to study cell–cell interactions.11–13 Others pattern cells
in specific geometric configurations, use different ECM proteins,
or utilize various substrate materials to regulate cell attachment
and subsequent cell–cell interaction.1,2,14–17 However, most of
these approaches require single cell co-culture or low cell density
in a complex, microfabricated device that is not always user-
friendly.13 Some of these devices cannot use specific proteins and
require differential plating of different cell types to achieve a
micropatterned co-culture.2,18 Biochemical readouts can be
difficult to produce because of minimal cell material from small
cell numbers or involve complex interpretations from the presence
of multiple cell populations that are not separable.
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Previously, a reconfigurable co-culture device was designed
as a tool that integrates the advantages of traditional cell
culture, transwell assays, and conditioned media and
yet allows organized monitoring of cell interactions.19,20 The
device is composed of two ‘‘comb pairs’’ containing cells that
can be paired in either a contact or an 80 mm gap configuration
such that the user can systematically understand whether
contact or paracrine cues induce change in cell behavior or
fate.19 The reconfigurable co-culture device has been shown to
be a powerful tool to understand how cell interactions via direct
contact or paracrine signaling causes changes in cell beha-
vior.19–21 However, this device requires users to culture cells
directly on the hard silicon dioxide comb surface (gigaPascal;
gPa), which does not recapitulate the softer microenvironment
seen in most tissues in vivo (kiloPascal; kPa). Not only does this
stiffness not mimic the in vivo environment, but also recent
evidence from a number of groups has demonstrated that
substrate stiffness plays an important role in regulating cell
behavior, including stem cell differentiation.8,22–26 Thus far, no
tool has been engineered to reproducibly and easily combine
substrate stiffness and co-culture to induce changes in a
particular cell fate. In order to advance the understanding of
cell behavior and better model in vivo environments in 2-D co-
culture, we modified the reconfigurable co-culture device with
an ECM protein-functionalized hydrogel of tunable stiffness. In
this way, the user can monitor cell–cell interactions combined
with any permutation of stiffness and ECM protein type.
Groups have shown independently that myogenic stiffness
(e.g. 10 kPa) and murine myoblast presence can induce myo-
genic differentiation of ASCs.10,26,27 By using this new tool, we
demonstrate that controlled myoblast co-culture on a substrate
of myogenic stiffness can cause a synergistic upregulation in
myogenic gene expression compared to either method alone.

Results
Gel polymerization and characterization of the surface of
the device

Polyacrylamide (PA) gels have been previously functionalized to
borosilicate glass coverslips and slides to control substrate
stiffness.8,17,26,28 These protocols were modified specifically
for the co-culture device to ensure that complete coverage of
each comb finger was achieved. Combs were cleaned, plasma
treated with ultraviolet-ozone, and methacrylate functionalized.
An azo-photoinitiator was used to allow for temporal control of
the PA polymerization. UV initiated acrylamide polymerization
allows the solution to be carefully placed on the device and to
evenly cover the surface of the fingers before the polymerization
occurs.

To promote even and consistent polymerization, combs
were pre-fit to ensure that there were no gaps in the comb
fingers when in contact mode to prevent leakage of the acryl-
amide solution. Additionally, the combs were placed on
dimethyldichlorosilane (DCDMS) coated microscope slides to
prevent sticking of residual PA gel to the glass and to easily
remove the polymerized comb from the glass surface (Fig. 1a).

The solution was carefully added to the center of the comb-pair
interface, and a DCDMS coated coverslip was placed on top of
the liquid. The liquid spread via surface tension provided by
the glass coverslip on the comb (Fig. 1b). Once the solution was
applied evenly, the combs were placed (with minimal move-
ment) under a 305 nm UV lamp for 10 minutes. Afterwards, the
coverslip was carefully peeled off the comb. Comb pairs were
separated from each other with the PA gel in a dehydrated state
so that the gel features would be maintained on the comb
fingers before swelling in PBS. Once in PBS, several rinses were
performed to eliminate any free monomer. Proteins were then
attached to the hydrogel surface via N-sulfosuccinimidyl-6-[4 0-
azido-20-nitrophenylamino] hexanoate (sulfo-SANPAH), which
reacts with primary amines on the protein and links them to
the PA gel. The overall process from comb preparation to cell
seeding is depicted in Fig. 1c. All configurations of the device
(separated, gap, and contact) are shown in Fig. 1d–f.

PA gels were polymerized from acrylamide solutions with
bisacrylamide concentrations of 0.028 w/w%, 0.1 w/w%, and
0.2 w/w%, resulting in soft (1 kPa), intermediate (10 kPa), and
stiff PA gels (34 kPa), respectively, as measured by atomic force
microscopy (AFM) (Fig. 2a). 7.5 mL of the acrylamide solution
was found to create a 30–50 mm tall PA gel, which is above the
20 mm thick threshold that ensures cells feel the gel and not the
substrate below.8,29 Fluorescent microbeads in the polymeriza-
tion mixture allowed us to determine with confocal microscopy
that our gels consistently exceeded the minimum height
requirement.

Myogenic differentiation of ASCs is increased by combining
myogenic stiffness and paracrine interactions

Choi et al. recently showed that ASCs differentiate into neuro-
nal, myogenic, and osteogenic lineages on 1, 11, and 34 kPa,
respectively.26 We first tested whether these results could be
reproduced on the combs because the monomer and cross-
linker ratios, initiator, and substrate were different, though the
stiffness values were similar. ASCs alone were cultured for six
days in growth media and stained for ßIII-tubulin, MyoD, and
CBFA1 as shown in Fig. 2b–d. While ßIII-tubulin was found in
cells on all stiffnesses, cells on 1 kPa combs showed increased
branching and a neuronal morphology compared to the two
stiffer gels (Fig. 2b). MyoD and CBFA1, transcription factors
that are indicative of myogenic and osteogenic differentiation,
were present and punctuated in nuclei on the 10 and 34 kPa
gels, respectively (Fig. 2c and d); positive staining was not
present on gels of other stiffness (Fig. S1, ESI†). Monoculture
results on individual combs supported the findings of Choi
et al., demonstrating a higher propensity for neuronal, myo-
genic, and osteogenic differentiation on combs modified with 1
kPa, 10 kPa, and 34 kPa gels, respectively.

We then sought to demonstrate the utility of this device by
studying the effect of substrate stiffness and skeletal myoblasts
co-culture on ASC differentiation in three distinct configura-
tions. First, combs with adsorbed fibronectin or with a fibro-
nectin-coated myogenic stiffness (10 kPa) gel were created. The
male half of the comb was seeded with ASCs and the female
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half with either ASCs or myoblasts (Fig. 3a). The device was kept
in gap configuration so that the ASCs experience only the
paracrine signals from cells across an 80 mm gap, and not the
physical or contact cues from the other cell type. After 6 days, a
subset of ASCs on 10 kPa gels in both the presence or absence
of myoblasts showed punctate positive staining for MyoD on the
comb fingers (Fig. 4a and b) whereas staining was undetectable in
ASCs cultured on bare silicon. A human mitochondrial stain con-
firmed that the stained cells were human and not contaminating
murine cells (Fig. 4c and d, Fig. S2, ESI†). This data suggests that
both myoblast co-culture and myogenic stiffness were promoting
ASC myogenesis. MyoD staining was used to confirm that
myogenesis had occurred; however extent of myogenesis was
quantified via gene expression measurements. RT-PCR gene
expression was used to further assess myogenesis of ASCs on
only the male halves (ASC halves) of the combs in the ASC-myoblast
co-cultures. This was to ensure that only the ASC RNA was isolated
and analyzed. Additionally, human specific primers were used
as a second means of selecting for only human cells. ASCs were
analyzed after six days for expression of Desmin, a later stage

Fig. 2 Polyacrylamide stiffness on the device and ASC differentiation. (a) The
elastic modulus of the gel linked to the device in PBS at room temperature is
determined by AFM. Monomer and initiator are fixed and bisacrylamide is varied.
Positive staining for (b) ßIII-tubulin on 1 kPa, (c) MyoD on 10 kPa, and (d) CBFA1
on 34 kPa represent differentiation in the appropriate lineages based on previous
work with these substrate stiffnesses.

Fig. 1 Setup and scheme of device modification. (a) Three cleaned and methacrylate functionalized combs are placed into contact onto a DCDMS coated glass slide to
demonstrate the scale of the device. (b) The overall scheme of the device begins with pirhana cleaning and UVO treatment to first activate the device surface. Next,
methacrylate groups are functionalized on the surface in order to covalently link polyacrylamide to the surface. The polyacrylamide solution consists of acrylamide monomer,
bisacrylamide crosslinker, water, and the azo-photoinitiator. These are degassed, well mixed and added to the comb as shown in (c). 7.5 mL of polyacrylamide (PA) solution is
placed on the comb on the DCDMS coated glass slide. A DCDMS coated coverslip is carefully added to the top of the drop of PA solution to allow even solution spreading
over the device. After 10 minutes of exposure to 305 nm UV light, the PA has gelled and the coverslip is carefully peeled off (see inset). The combs are separated and placed in
PBS to swell. Then sulfo-SANPAH crosslinker in HEPES buffer is added for 10 minutes under 350 nm UV light. The protein is attached and the device is sterilized with UV. Cells
are then added to the surface. The final inset shows a finger of a comb containing ASC’s illuminated by a 40� upright microscope.
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muscle-specific intermediate filament protein that proceeds
fusion,30,31 and Myogenin, an early muscle regulatory factor
(MRF) responsible for initiating the cascade of skeletal muscle
gene activation.32 Fig. 4e and f shows normalized gene expres-
sion changes from qPCR for these two genes; Desmin expression
significantly increased when both myoblasts and myogenic
stiffness were present (Fig. 4f). Myogenin levels showed a similar
increase though not significant when both cells and myogenic
stiffness were present (Fig. 4e).

Secondly, the device was used in contact mode to illustrate
the influences of cell–cell contact. While gel height does not
impact gap mode, contact mode requires gels that are in physical
contact, share a border, and are on the same plane. In other
words, the gels should have the capability to be seeded separately
and once placed into contact allow for cell–cell physical contact
across the interface. In our initial gap mode experiments,
differential gel swelling as a result of two dissimilar polymer
concentrations resulted in different gel heights. For contact
mode, it was essential to create gels that maintained near
identical heights to ensure only lateral cell–cell contact. As a
result, contact mode experiments utilized different acrylamide
and bisacrylamide formulations to yield a consistent 30 mm gel
height post swelling as graphed in Fig. 5a. The heights were
not statistically different (Fig. 5b), and averaged 30.4, 28.2, and
28 mm for the 40, 10 and 1 kPa gels, respectively. The heights of
contact formulations were further characterized with AFM
topographical maps (Fig. S3a and b, ESI†) to further emphasize
that the two disparate gels are on the same plane and in con-
tact with each other. With a contiguous surface, we then asked
whether cells migrated from one comb half to another. Myoblasts
were grown to confluence on 1 and 40 kPa comb halves, and once
adhered, the half was put into contact with another fibronectin
functionalized 1 or 40 kPa half without cells (Fig. 3b). Note that
myoblasts had not fused into myotubes. All permutations were

tested to determine whether migration across the comb would
occur; after 4 days, no directed migration, or ‘‘durotaxis,’’33 was
seen in any of the configurations including mismatched ones.
Fig. 5c–e demonstrates that these cells do not migrate to the other
half regardless of stiffness pairing. When cells were seeded on
both halves, ASCs were seen extending projections across the gel
interface but still did not exhibit durotaxis (Fig. 5f).

Finally, we examined the interplay of stiffness, paracrine,
and cell–cell contact signals on ASC myogenesis by intentionally
mismatching 10 and 40 kPa substrates for given cell types to
examine cell fate. The following groups were cultured (Fig. 3c):
ASC (40 kPa)–ASC (40 kPa) in contact, ASC (40 kPa)–myoblasts
(10 kPa), and ASC (10 kPa)–myoblasts (10 kPa) in either gap or
contact (5 groups, n = 3 per group). These cultures (both in gap
and contact) were created using the polyacrylamide formula-
tions as previously characterized in Fig. 5a to ensure equal
heights between gels in contact. IF images show the two cell
types plated in contact on the different gels (Fig. 6a). Desmin
positive cells were found when ASCs were cultured on 10 kPa
gels (Fig. 6b, Fig. S4a, ESI†). This staining was not localized to a
specific region on the fingers of the comb. Sparse Desmin
positive staining was found on ASC’s seeded on 40 kPa gels
co-cultured with myoblasts (Fig. S4b, ESI†). To confirm myo-
genesis, qPCR was also carried out to determine how disparate gel
stiffnesses and configurations affected myogenic gene expression
(Fig. 6c). Myogenin was significantly upregulated in all groups
co-cultured with myoblasts compared to ASCs on 40 kPa alone.
While a similar trend was observed with Desmin, only ASCs on
a 10 kPa gel were significantly increased compared to ASCs on
40 kPa alone. Both Desmin and Myogenin were significantly
upregulated with ASCs on 10 kPa in contact with myoblasts
compared to ASCs on 40 kPa in gap with myoblasts. This
suggests that a 10 kPa substrate and contact with myoblasts
increases myogenic gene expression.

Fig. 3 Experimental setup. Schematics explaining all cell culture setups to demonstrate utility of the technology. The gray shaded cultures are those to which the
qPCR results are normalized. (a) Gap studies comparing 10 kPa gels to bare silicon on the combs with ASC’s (blue) and myoblasts (green). The results are shown in
Fig. 4. (b) Migration studies with myoblasts were used in the permutations described with various gel types in contact. ASC’s on 40 kPa were also stained to show
contact on the same plane on different comb halves. Results are shown in Fig. 5. (c) ASC differentiation on various gel stiffness in either contact or gap mode. Gene
expression studies using a combination of 10 and 40 kPa gels in gap or contact were analyzed to show changes in myogenic gene expression. IF and qPCR results are
shown in Fig. 6.
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Discussion

There is a need to develop novel technologies for 2-D in vitro
cell culture, which can examine the different variables that
cells experience in vivo such as substrate stiffness, paracrine–
autocrine signals, cell–cell physical interactions, and cell–
matrix interactions. The technology we have developed has
many advantages over traditional co-culture. The reconfigur-
able co-culture device allows for two cell types to be individually
examined in pure populations. This has already been demon-
strated previously as a more useful co-culture tool in which
one can observe contact, paracrine, and temporal changes
independently.19,21 Yet as mentioned, many groups have studied
cell behavior on substrates of varying stiffness in the context of
stem cell differentiation, wound healing, cancer metastasis,
and aging.1–6

Currently, the field lacks methods to examine cell substrate
and cell interactions in an organized, independent way. No
existing cell culture methods allow one to independently examine
substrate stiffness and co-culture with separable cell populations.
By covalently linking a polyacrylamide gel on the silicon surface
of the reconfigurable co-culture device, we developed a platform
to independently vary substrate stiffness of two cell populations,
which can be cultured in either contact with each other or with a
gap, which only allows paracrine signals between the populations.
Moreover, each comb half can be functionalized with different
ECM proteins, thereby also allowing one to examine additional
cell–matrix interactions. We show that cells on one comb half
will interact with cells on the other when placed in contact, yet
will remain on their respective half, which allows cell popula-
tions to be examined individually. With this system in place, the
user can examine: (1) cell contact interactions, (2) cell paracrine

Fig. 4 Myoblasts in co-culture with ASCs on 10 kPa gels demonstrate increased myogenesis. ASC’s and myoblasts were co-cultured in the following groups: ASC–ASC
(silicon), ASC–ASC (10 kPa), ASC–myoblast (silicon), ASC–myoblast (10 kPa) for 6 days in growth medium. (a–d) A representative image of myogenic differentiation
demonstrates positive staining for MyoD (green) in adipose derived stem cells on 10 kPa gels. The arrow emphasizes the positive green staining. Note the lack of MyoD
in the adjacent cell on the right half of the image. MyoD staining was scarcely observed in all cultures except for ASC–ASC (silicon). A Human mitochondrial DNA
antibody (red) was used to distinguish the human ASCs from the murine myoblasts. Hoechst stained the nuclei (blue), scale bar = 50 mm. (e) qPCR results for Desmin
shows an increase in gene expression when ASCs are plated on either 10 kPa alone or co-cultured with myoblasts on silicon compared to ASCs on bare silicon alone.
A synergistic increase is observed when both 10 kPa gels and myoblasts are present in gap compared to 10 kPa monoculture or co-culture on bare silicon (*p o 0.05,
**p o 0.01). (f) The same trend is observed for Myogenin gene expression when both cells and gel are present in culture. Data represents the mean and standard
deviation for 6 replicates.
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interactions, (3) substrate stiffness, (4) cell–ECM protein inter-
actions, and (4) temporal changes by removing one comb half
and inserting another. With any co-culture tool it is important
that the user can make easy readouts. We have shown that RNA
can easily be isolated from polyacrylamide gels on the silicon
surface and immunofluorescence can be carried out directly on
the device. Cell lysates can be collected in similar fashion though
were not shown here.

Adipose derived stem cells (ASCs) have been shown to differ-
entiate into neuronal, myogenic and osteogenic lineages by cultur-
ing them on approximately 1, 11, and 30–40 kPa polyacrylamide
(PA) gels respectively.26 These gels were previously synthesized by
free radical initiation using ammonium persulfate and N,N,N0,N0-
tetramethylethylenediamine covalently linked to amino-silanated
glass coverslips.26,28 In order to functionalize this polymer on
the silicon reconfigurable co-culture device, we adapted alter-
native methods to covalently link the polymer to the substrate
and UV initiate the polymerization. In this way, the user can
prepare and pipette the solution on the surface carefully and
control the initiation of the polymerization. AFM was used to
characterize these new gel formulations on the device. We
repeated the studies of Choi et al. on these gels by plating
ASCs on 1, 10, and 34 kPa gels functionalized on the combs.

Positive immunofluorescence staining for neuronal, myogenic,
and osteogenic markers on 1, 10, and 34 kPa gels respectively
was consistent with previous findings and thus we moved
forward to with additional studies to examine the potential of
this technology.

Groups have previously shown that paracrine signaling
by myoblasts cause spontaneous differentiation of ASCs.10,34

However, no groups had previously shown the combination
of substrate and cell signaling influence on ASC myogenesis. It
was hypothesized that by adding myoblasts in culture combined
with a myogenic stiffness, ASC myogenesis would increase. We
took advantage of the gap configuration of the device to model this
paracrine effect and functionalized a 10 kPa PA gel to its surface.
Co-culture with myoblasts in combination with a substrate of
myogenic stiffness showed a synergistic increase of myogenic
differentiation relative to ASC’s on silicon alone, as shown by
increased expression of Desmin and Myogenin.

Previous studies have shown myogenic differentiation of ASCs
and MSCs with myoblasts in direct co-culture.27,35,36 However, it is
often unclear as to whether these cells are merely fusing with
one another or inducing myogenesis via contact dependent
mechanisms. One advantage of the modified reconfigurable
co-culture device is that it allows the user to maintain, examine,

Fig. 5 Confirmation of contact formulations and cell–cell contact. For contact studies, the gels required same heights between soft, medium and stiff moduli in order
for cells to experience physical contacts on heterotypic gel stiffness. (a) The elastic modulus determined by AFM for stiff (blue, 40 kPa), medium (red, 10 kPa), and soft
(black, 1 kPa) gels. Each gel is created with varying formulations of monomer and crosslinker. (b) The corresponding heights of each of the gel types show an
approximate B30 mm height on the surface of the comb when swollen in PBS. Myoblasts were added to the 1 or 40 kPa gels prior to putting them in contact with a gel
that contained only a fibronectin functionalized gel and no cells. These cells were stained for Desmin (green) and Hoechst (blue) for myoblast identification and nuclei,
respectively. (c) Cells on a 1 kPa gel in contact with a 40 kPa gel with no cells, (d) cells on a 1 kPa gel in contact with a 1 kPa gel with no cells, (e) cells on a 40 kPa gel in
contact with a 1 kPa gel with no cells (scale bars = 200 mm). No significant migration was observed after four days in culture for each of these formulations. (f) ASC’s
were plated on different 40 kPa gels and placed into contact for 6 days. Cells were stained with phalloidin (green) and human mitochondrial DNA (red), and nuclei
(blue). The dashed line in (f) represents the interface between the cells, scale bar = 25 mm.
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and perform qPCR/IF readouts on only one population, even
when cells are in contact. This cannot be achieved in standard
culture setups unless harsh separation methods such as flow
cytometry are used. Previous gel formulations in our initial
studies performed in the gap configuration varied in height
between the different stiffnesses. In order to carry out cultures
in contact with disparate stiffnesses, new gel formulations were
used to ensure cell–cell contact on the same plane. Advanta-
geously, these cells also were maintained on their respective
comb half regardless of gel substrate stiffness. This is most likely
due to the fact that the two gels are discrete, or non-continuous,
even though they are in physical contact and on the same plane.
Choi et al. demonstrates that on gels with gradient stiffness,

cells ‘‘sense’’ the stiffer environment and thus move towards
stiffer areas.37 However, in our co-culture regime, this cue is
eliminated. Though the gels are physically touching on the same
plane, they are discontinuous and not physically crosslinked
across the interface of the fingers of the comb. Consequently as
the cells contract their local matrix, deformations within one gel
do not propagate to the other; thus cells cannot sense the other
gel via typical mechanotransduction mechanisms.38 Further
evidence of this discontinuity can be seen in the representative
AFM topographical map, which shows a very slight, 3 mm change
in the z-plane. The cells would not be able to physically sense the
other gel half without cell–cell interaction between the inter-
faces. This is important in regard to maintaining populations of
cells on their respective halves; cells are prevented from migrating
to the other gel interface, but can establish physical contacts
across the fingers of the comb.

We thus examined the effect of contact of ASCs with myoblasts
and observed whether this would increase myogenesis over para-
crine signaling alone. Simultaneously, to further show utility of
this device, we compared ASCs seeded on 40 kPa to those seeded
on 10 kPa. Desmin staining was detected on all cultures with
10 kPa gels and less commonly on 40 kPa gels when myoblasts
were present in culture. As mentioned previously, we did not
quantify staining due to the rarity of the MyoD/Desmin staining
in cultures. However, it is important to note that immuno-
fluorescence quantification can be carried out on this device.21

It has been shown previously that gene expression quantification
(RT-PCR and qRT-PCR) for myogenesis of ASCs is an accurate
correlation for myogenic protein expression.10,26,35,39 Desmin and
Myogenin gene expression of ASCs showed a consistent trend. In
general, myoblasts in contact increased gene expression relative to
gap alone. However, gene expression for both genes was signifi-
cantly higher when ASCs were plated on 10 kPa and in contact with
myoblasts versus ASCs on 40 kPa in gap with myoblasts. It should
be noted, however, that only the cells at the interface of the comb
fingers experience direct cell–cell contact. These reasons could
explain why contact only marginally increased gene expression
relative to gap. ASCs cultured on 10 kPa gels caused an increase of
myogenic gene expression relative to those plated on 40 kPa gels.
This supports previous findings that 10 kPa gels are in the stiffness
regime that is ideal for increased myogenesis, and that this
substrate stiffness in combination with myoblast co-culture
synergistically upregulates ASC myogenesis.

Experimental
Device preparation, polymerization and protein
functionalization

The silicon reconfigurable co-culture device (combs) was fabricated
and developed by previously established methods.19,20 This device
is approximately 15 mm � 11.2 mm when fit into contact with a
350 mm thickness. The combs were initially cleaned by piranha
treatment as described previously.20,21 These combs were first
paired together to ensure that they were completely flush in contact
mode by visualization under an upright 40� objective. Once paired,
they were UVO treated for 10 minutes to activate the silicon surface.

Fig. 6 Differentiation of ASCs in co-cultures on 40 or 10 kPa gels in contact or
gap. Co-cultures were setup with the following groups: ASC (40 kPa)–ASC
(40 kPa) contact, ASC (40 kPa)–myoblast (10 kPa) contact and gap, and ASC
(10 kPa)–myoblasts (10 kPa) contact and gap (5 groups, n = 3 per group).
(a) Myoblasts stained positive for Desmin (green) on a 10 kPa gel and ASC’s stained
for human mitochondrial DNA (red) on a 40 kPa gel are placed in contact, scale bar =
200 mm. (b) A representative image of a positively stained Desmin cell on an ASC half
of a comb on 10 kPa gel, scale bar = 25 mm. (c) qPCR results showing all groups
normalized to ASC’s on 40 kPa gels. Fold change on a log 2 scale is used to clearly
represent the data in graphical form (*p o 0.05, **p o 0.01). Myogenin in the
ASC 40 kPa control is significantly downregulated compared to all other groups
(†p o 0.01). Error bars have been included in all data contained in the graphs.
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3-(Trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, St. Louis,
MO) was used to further treat the surface in order to covalently
attach the polyacrylamide gels to the silicon surface. 3-(Tri-
methoxysilyl)propyl methacrylate (0.1 mL) was diluted in 20 mL
100% ethanol and 0.6 mL of 1 : 10 glacial acetic acid was added
to make a final methacrylate concentration of 20.3 mM. The
solution was immediately mixed and added to the combs. The
combs were incubated at room temperature in the solution for
3 minutes and the solution was removed. The combs were
rinsed with 100% ethanol and allowed to air dry for 30 minutes
to remove residual ethanol. The combs displayed a visual color
change that suggested successful methacrylate coating. Prior to
functionalizing with polyacrylamide, 1 mm glass microscope
slides (Fisher Scientific, Pittsburgh, PA) and 25 mm circle
coverslips were treated with dichlorodimethylsilane (DCDMS,
Sigma-Aldrich, St. Louis, MO) to create hydrophobic surfaces.28

Each comb pair was placed on a coated microscope slide. For
the initial gap studies, acrylamide of 6% w/w of a 40% w/w stock
(Fisher Scientific, Pittsburgh, PA), varying amounts of a 2%
stock w/w bisacrylamide (Fisher Scientific, Pittsburgh, PA), and
Milli-Q water were mixed together to create a total of 5 mL.
Acrylamide monomer and bisacrylamide crosslinker concentra-
tions had to be modified and tested in order to achieve similar
z-axis heights with varying stiffness for contact scheme. This
liquid was degassed by bubbling argon for 10 minutes to
remove oxygen. These stocks were then aliquoted and stored
at�20 1C. 2,20-Azobis(2-methylpropionamidine) dihydrochloride
(0.5 wt%, Sigma-Aldrich, St. Louis, MO) was added to thawed
aliquots of 1 mL of solution. The solution was mixed carefully
by rotating the tube several times and sonicating for 5 seconds.
7.5 mL of the solution was added to the interface between the
two comb halves in contact. The DCDMS coverslip was added on
top of the solution. The comb-polymer solution-coverslip setup
was then irradiated with 305 nm UV light 2 inches directly
above the setup with a surface intensity of 0.85 mW cm�2 for
10 minutes. After 10 minutes, the DCDMS coverslips and glass
were carefully removed from the comb. Peeling the coverslip off
required gentle removal to ensure that the PA did not tear off
the comb pair. Once the comb pair was separated, it was
immediately added into 2 mL of 1� Dulbecco’s phosphate-
buffered saline (DPBS, Invitrogen, Carlsbad, CA). These gels
were allowed to swell by incubation in PBS at room temperature
for 24 hours. Polyacrylamide mixtures were characterized
by atomic force microscopy (AFM) to assess stiffness of the
gel.28 0.2 mg mL�1 of sulfosuccinimidyl-6-(4-azido-2-nitro-
phenylamino)-hexanoate (sulfo-SANPAH, Pierce Biotechnology,
Rockford, IL) diluted in 50 mM HEPES buffer at pH 8.5 was
used to covalently link protein to the polyacrylamide via estab-
lished methods.28 The sulfo-SANPAH was washed twice with
the HEPES buffer. Next, 10 mg mL�1 fibronectin (Sigma-Aldrich,
St. Louis, MO) diluted in HEPES was added and allowed to
attach to the surface overnight at 37 1C. The solution was
removed from the combs and combs were rinsed once more
with DPBS. The combs were sterilized under UV light in the
tissue culture hood for 45 minutes and then used for cell
seeding and attachment.

Gel thickness and stiffness

Gels were prepared as above with the addition of 10 ml mL�1 of
0.5 mm fluorescent 505/515-carboxylated microspheres (Invitrogen,
Carlsbad, CA) and 0.1% v/v Tween-20. The gels were allowed to
swell in DPBS overnight. A 600� CARV II confocal microscope
(BD Biosciences) was used to visualize the spheres and deter-
mine thickness post-swelling by panning from the bottom of
the gel to the top in the z-direction while gels were in PBS.40

Five randomized points on the gel-comb device were taken
from 6 comb halves (n = 30) per stiffness to determine thick-
ness. Stiffness was quantified via Atomic Force Microscopy
(AFM). AFM data was collected by averaging 10 points per comb
on 3 separate combs (n = 30 per group).

Cell culture

Adipose derived stem cells (ASCs) were harvested from 7 different
donor patients. Two groups of three patients’ cells were pooled
together. These cells were isolated from donor ages between
20–31 years of age by methods described previously26 with the
approval of the UCSD human research protections program
(Project #101878). All the following experiments were carried out
with informed consent and compliance with UC San Diego’s
institutional guidelines.

These cells were cultured in adipose cell growth media
(AGM) made up of low glucose Dulbecco’s modified Eagle’s
medium (low-glucose DMEM) (Invitrogen, Carlsbad, CA), containing
10% fetal bovine serum (FBS, Hyclone), and 10 000 units per mL
penicillin/streptomycin (P/S, Invitrogen, Carlsbad, CA). Cells
were passaged at 1 : 4 and were used for experiments up to
passage number 6. Murine C2C12 myoblasts (ATCC, Manassas,
VA) were grown as described previously in growth media (GM)
with 4.5 g L�1 glucose-Dulbecco’s modified Eagle’s medium
(DMEM), 10% FBS, and 1% P/S.21

Monoculture differentiation assays

Each of the fibronectin coated PA comb pairs were placed in a
12-well plate. ASCs were seeded on 1, 10, and 34 kPa gels coated
combs. Combs without a gel but with adsorbed fibronection at
10 mg mL�1 were used as a control. Each comb pair was seeded
with 30 000–40 000 cells per well in 2 mL of media. The plate
was shaken for 5 seconds after seeding for 30 minutes and
1 hour in order to promote even cell seeding on the surface. After
cells were attached, combs were removed and placed into a new
12-well plate with the same AGM. Media was replaced every two
days in culture. After 6 days, the cultures were washed with PBS
and fixed with 4% paraformaldehyde for 10 minutes for staining.
Duplicate stiffness combs were stained for ßIII-tubulin, MyoD,
or CBFA1 to identify neuronal, myogenic and osteogenic differ-
entiation, respectively, as previously demonstrated.26 Staining
was carried out as described below.

Gap co-culture differentiation assays

Combs were prepared as mentioned above with or without
PA and functionalized with fibronection. Comb halves were
separated and male combs were used for ASC seeding and
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analysis whereas female halves were seeded with either ASCs or
C2C12 myoblasts. The ASC halves were seeded with 30–40 000 cells
in AGM and the myoblasts with 750 000 cells in GM per 12-well.
The cells were allowed to attach and shaken as in the mono-
culture studies. Once attached, the cells were taken out of the
12-well, dipped and rinsed in PBS and added into a new 12-well
with 2 mL AGM. Combs were fit together in the following
configurations in duplicate (4 groups): (1) ASCs in co-culture
with ASCs on silicon, (2) ASCs on 10 kPa gels in co-culture with
ASCs on 10 kPa gels, (3) ASCs in co-culture with myoblasts on
silicon, (4) ASCs on 10 kPa gels in co-culture with myoblasts on
10 kPa gels. All co-cultures were in the gap configuration so that
cell contact interactions could not occur. Media was changed
every two days. On day 6, the cultures were either fixed with 4%
paraformaldehyde for downstream staining or male halves
were disengaged from the females and RNA was isolated for
downstream qRT-PCR gene expression analysis. Staining was
performed as in the monoculture assays with MyoD for the
myogenic differentiation marker and with an anti-human mito-
chondrial DNA antibody (Millipore) that identifies only the
human cells. RNA was isolated from only the male halves of the
combs and pooled from triplicate cultures, converted to cDNA
and analyzed with qPCR. Desmin and Myogenin were analyzed
for gene expression in PCR. Fold expression was averaged from
six separate experiments.

Migration studies

Myoblasts were seeded to confluence on comb halves of either
40 kPa or 1 kPa pairs. Once cells adhered, halves were placed
into contact with another gel type without any cells in 2 mL of
GM. Groups consisted of the following: cells on a 1 kPa gel in
contact with a 40 kPa gel with no cells, cells on a 1 kPa gel in
contact with a 1 kPa gel with no cells, and cells on a 40 kPa gel
in contact with a 1 kPa gel with no cells. Other permutations
using 10 kPa (instead of a 1 kPa) and 40 kPa were also tested.
Once adhered after 3 hours, the halves were snapped with
another corresponding half. After 4 days, the combs were
stained with Desmin and Hoechst.

ASC differentiation on varying stiffness gels in either contact or
gap mode

As with the gap co-culture studies, gels were generated on comb
pairs fit into tight contact. In this case, all combs were modified
with either 10 kPa or 40 kPa gels. Once polymerized, swollen,
and protein functionalized with fibronectin, cells were seeded
on comb halves. The cells were allowed to attach and shaken as
in the gap co-culture studies. Once attached, the combs were
taken out of the 12-well, dipped and rinsed in PBS and added
into a new 12-well with 2 mL AGM. Some of the comb pairs were
substituted such that groups with 40 kPa male halves and
10 kPa female halves were placed into contact. Because these
gels post-swelling measured 30 mm in height, cells could be
placed on both halves and maintain z-axis contact. Cells were
seeded to confluence on individual halves to create the following
groups: ASCs on 40 kPa in contact or gap with myoblasts on
10 kPa, ASCs on 10 kPa in contact or gap with myoblasts on

10 kPa, and ASCs on 40 kPa in contact with ASCs on 40 kPa as a
control (5 groups, n = 3 per group). AGM media was replaced
every other day. After 6 days, RNA was collected from the male ASC
half of each culture group. qPCR was carried out with Desmin,
Myogenin, and GAPDH to test myogenic gene expression.

Immunofluorescence staining

After fixing in 4% paraformaldehyde (Wako Chemicals, Richmond,
VA) for 10 minutes, combs were rinsed with PBS. A solution of 1%
Triton X-100 in PBS was added for 15 minutes at room temperature.
The combs were then rinsed with a staining solution (SS) made
with 1 mM MgCl2 in 1� PBS. Primary antibodies: Desmin
(1 : 200, Abcam, Cambridge, MA), neuronal ßIII-tubulin
(1 : 100, Sigma, St. Louis, MO), MyoD (1 : 100, Santa Cruz
Biotechnologies, Santa Cruz, CA), CBFA1 (1 : 100, Alpha Diag-
nostic International, San Antonio, TX) and for some assays
human mitochondrial DNA (1 : 200, Millipore, Temecula, CA)
were added to 2% BSA in SS for 30 minutes at 37 1C. The
solution was removed and washed 3� with SS. Next, secondary
antibodies, AlexFluor 488 or AlexaFluor 568 (1 : 200, Invitrogen,
Carlsbad, CA) were added in 2% BSA in SS for 30 minutes at
37 1C. The solution was removed and washed three times with SS.
Hoechst 33342 (0.1 mg mL�1 in DI water, Invitrogen, Carlsbad, CA)
was incubated for 10 minutes at room temperature. Finally, the
samples were rinsed with PBS and combs were individually
mounted on microscope slides with Fluoromount-G (Southern
Biosciences, Birmingham, AL). Immunofluorescence was carried
out using the CARV II Confocal Microscope (BD Biosciences).
Images were taken with a Nikon Eclipse TE2000-U microscope
with a Cool-Snap HQ Camera and were then analyzed by
Metamorph 7.6.

Quantitative polymerization chain reaction (qPCR)

After 6 days, male combs were carefully removed from the
female combs and transferred to a new plate. The RNEasy kit
(Qiagen, Valencia, CA) was used to extract total RNA from cells.
The lysis buffer was directly added to the comb surface and a
cell scraper was used to remove and consolidate cells from the
comb into the solution. The RNA from two male combs in the
same group was pooled together to improve yield. cDNA was
synthesized via Superscript III Reverse Transcriptase kit
(Applied Biosystems). SYBR Green PCR Master Mix (Applied
Biosystems) was used with a 10 mM final concentration of forward
and reverse primer. Primers were designed to be human specific
(e.g. did not cross-react with the mouse genome) using human
and mouse BLAT genome software (genome.ucsc.edu). Myogenin
(NM_002479.4) F: 50-GCCTTG ATGTGCAGCAACAGCTTA-3 0, R:
50-AACTGCTGGGTG CCATTTAAACCC-30; Desmin (NM_001927.3)
F: 50-CCGCGGGCGGGTTTCGGCTC-30, R: 50-GGCCACTCGCGT-
CGGCTCGC-30; and GAPDH (NM_002046.4) F: 50-TGAGCCCG-
CAGCCTCCCGCTT-30, R: 50-TCAGCGCCAGCATCGCCCCACT-30.
Samples were done in technical triplicates on the ABI Prism
7900 HT Fast Real-Time PCR System (Applied Biosystems). The
following thermal cycle settings were used: 2 min at 50 1C,
10 min at 95 1C, followed by 40 cycles of 15 s at 95 1C and 1 min
at 60 1C. The SDS 2.3 Software (Applied Biosystems) was used to
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record and analyze cycle number and gene expression fold
change. All data was normalized to GAPDH. Gap gene expres-
sion studies were then normalized to adipose stem cells seeded
on non-polyacrylamide silicon combs or adipose stem cells on
40 kPa alone in the final experiment.

Statistical evaluation

Significance was tested for all experiments using a 1-way
ANOVA with a two-tailed distribution followed by Tukey post-
hoc t-test with a 95% confidence interval. Mean fold changes
and standard deviations for gene expression measurements
were calculated with at least experimental triplicates. AFM data
is represented with averages and s.e.m.

Conclusion

This device has allowed us to probe differences between cell
contact and paracrine effects on cells cultured on varying
substrate stiffness for this first time. The cells are cultured on
separable, spatially organized substrates that achieve a large
surface area for cell interaction in 2-D. The culture setup
restricts cell migration to allow for gene and protein expression
analysis on solely one cell type. This system is not only useful
for examining changes in stem cell differentiation but can be
applied to study more complex systems in which controlling
co-culture and cell microenvironment can elucidate basic mechan-
isms in cell biology. With numerous potential applications, this
device can span multiple disciplines as a useful tool to under-
standing basic cell–cell and cell–matrix interactions.
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