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Abstract—Efforts to create physiologically relevant micro-
environments for cell differentiation have led to the creation
of three-dimensional (3D) support matrices with varying
physical and chemical properties. In an effort to simplify the
complexity of these matrices, while maintaining their unique
permeable nature, we investigated the culture and differen-
tiation of adipose-derived stem cells (ADSCs) on porous
membranes. Membranes offer many of the benefits of a 3D
matrix, but simplify cell seeding, imaging, analysis and post-
differentiation recovery. After inducing the differentiation of
ADSCs into endothelial cells (ECs), the cells cultured on
porous substrates produce more branch points and greater
tube length in angiogenesis assays compared to the cells
cultured on non-porous controls. While we confirm that
ADSCs can be induced with vascular endothelial growth
factor to express endothelial adhesion molecule CD31
(PECAM-1), only when co-cultured across a membrane with
human umbilical vein endothelial cells (HUVECs), do a
subset of ADSCs show appropriate CD31 distribution
along cell boundaries. Others have recently described that

mesenchymal stem cells derive from perivascular cells includ-
ing pericytes, which are known to wrap circumferentially
around microvessels. We used ultrathin porous membranes
to permit limited physical interactions between polarized
HUVECs and ADSCs. In this arrangement, we found that
the majority of ADSCs aligned perpendicular to the polar-
ized HUVECs even though contact between the cell types
was limited by pores less than 500 nm in diameter. Together,
this ADSC pericyte behavior in combination with the ability
to differentiate into ECs shows the potential versatility of
ADSCs in the engineering of vascular networks.

Keywords—Mesenchymal stem cell, Cellular co-culture,

Microfabrication.

INTRODUCTION

A major focus in the field of tissue engineering is the
creation and maintenance of physiologically relevant
microenvironments.9,24 These microenvironments are
controlled in part through engineered support scaf-
folds that ideally have a number of tightly controlled
parameters including oxygen concentration,27 growth
factors,14 substrate stiffness,32 chemical composition,6
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permeability,1 and fluid shear.39 The scaffolds must
often support various approaches to induce cellular
differentiation to create functional tissues and organs.
Bone marrow and adipose mesenchymal stem cells
(MSCs) are an attractive source of multipotent cells for
tissue engineering due to simple isolation procedures
and their potential autologous use. ADSCs can be
differentiated not only into osteogenic, chondrogenic
and adipogenic lineages,8,23 but also cardiogenic20 and
angiogenic11,18,23,29 among others. During differentia-
tion at any stage it has become increasingly important
to consider the cellular substrate and microenviron-
ment, which have been shown to affect differentiation
potential.4 While many in vitro research models are
moving toward three-dimensional matrices that mimic
tissue, porous membranes offer an alternative sub-
strate that is also highly permeable, yet can be used
and treated similarly to conventional tissue culture
treated plastic (TCP).

Controlled angiogenesis and vascular networking
remain a limiting step in tissue engineering. A major
limitation for most artificial tissues is the lack of a
vascular network that can provide transport of oxygen
and nutrients to 3D materials that are otherwise dif-
fusion limited.4 It is necessary to quickly connect the
engineered tissue to the host vascular system in order
to avoid extreme hypoxia and nutrient deprivation that
can lead to a necrotic core. Recent work in vascular
engineering has ranged from understanding how
engineered blood vessels anastomose with the host
vascular system10 to methods of precise blood vessel
printing within a 3D tissue.30 In both cases, a healthy
supply of human perivascular and endothelial cells is
necessary.

Research into creating and stabilizing nascent and
engineered vascular networks with MSCs continues to
progress.11,18,20,23,29 While the clinical use of MSCs for
vascular engineering is limited, their use in a variety of
autologous therapeutic applications is gaining trac-
tion.26,31,37 ADSCs in particular can be harvested for
autologous use with relative ease not only through
liposuction surgeries, but also by general biopsy.8,16

While a unified method to isolate and expand ADSCs
for clinical use is still being developed,15,17 over
10 years of work in numerous laboratories have led to
reproducible and relatively consistent results.22 ADSCs
for research purposes are now also commercially
available from a variety of sources. Efforts to induce
differentiation of ADSCs into ECs have been relatively
successful based predominantly on expression of
endothelial markers such as CD31. One effective dif-
ferentiation protocol that has been repeated by several
groups relies on high concentrations of vascular
endothelial growth factor (VEGF).8,11,18 However,
there has also been a report of endothelial differenti-

ation using reduced serum without growth factors.11

The differentiation of ADSCs into ECs is a promising
step towards the development of autologous vascular
networks.

Another major cellular component necessary in the
creation and stabilization of vascular networks are
perivascular cells including pericytes.4 The origin of
MSCs from perivascular cells and the relationship
between these cell types has been heavily investigated
and debated in recent years.7,12,13,21,35,42 Charles-Marie
Benjamin Rouget first described pericytes well over a
century ago. These cells are known to make close
contact with endothelial cells and wrap around
microvessels and capillaries.12 The confusion between
MSCs and pericytes can be attributed to the fact that
both cells have many of the same identifying surface
markers. Interestingly, several groups have used MSCs
to stabilize nascent vascular networks in vitro.29,33 One
obvious question that arises is whether a population of
MSCs can be differentiated into both endothelial cells
and pericytes in order to create a better autologous
cellular toolbox for vascular engineering.

Here we examined the use of permeablemembranes in
the differentiation of ADSCs towards a vascular lineage.
We confirmed that ADSC induction with VEGF leads to
increased levels of CD31, but not at cell borders. How-
ever, when ADSCs were induced with direct and indirect
co-culture of human umbilical vein endothelial cells
(HUVECs) located across a membrane, a population of
ADSCs did show endothelial-like expression of CD31 at
cell borders. When ADSCs were induced towards endo-
thelial cells on porousmembranes and then transferred to
an angiogenesis assay, they producedmore branch points
and total network length than when induced on non-
porous controls. In addition to endothelial differentia-
tion, we confirmed that ADSCs could also differentiate
into pericytes as demonstrated by perpendicular align-
ment to polarized HUVECs across an ultrathin mem-
brane and increased expression of a pericyte marker,
NG2. ADSC Alignment occurred despite limited physi-
cal contact between the cells through pores less than
500 nm in diameter. Our studies show the utility of por-
ous membranes in creating co-culture models that can
influence differentiation.Moreover, we show that a single
source of ADSCs can be differentiated into populations
of endothelial cells and pericytes.

METHODS

Ultrathin Silicon Dioxide (SiO2) Membrane
Fabrication and Device Assembly

SiO2 membranes were fabricated using conventional
microfabrication techniques at the Rochester Institute
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of Technology Semiconductor Microfabrication Lab-
oratory (SMFL). Briefly, 300 nm of SiO2 was depos-
ited using plasma enhanced chemical vapor deposition
(PECVD) on double-side polished 150 mm diameter
wafers. Wafers were backside patterned with a mask
that results in 5.4 9 5.4 mm square dies with
2 9 2 mm windows when the wafer was through-
etched. The oxide membrane was front-side patterned
with an ASML PAS 5500/200 i-line stepper to create
0.5 and 3.0 lm pores in a hexagonal tiling pattern with
a center-to-center spacing of 4 diameters (5.7%
porosity). The pores were patterned and aligned such
that there was an approximately 100 lm non-porous
exclusion zone at the edge of the suspended membrane
(Figs. 1a and 1b). The non-porous region eliminates
any pores from overlapping with the edge of the silicon
frame, which we have found to increase robustness
during liquid handling. The oxide film was etched with
a Drytek 482 Quad Etcher using reactive ion etching.
The wafer was through-etched from the backside using
ethylenediamine pyrocatechol in a custom fabricated
one-sided heated etch cell as reported previously.34

After etching, the wafer was cleaved into individual
chips. The membranes were imaged in SEM with a
Zeiss Auriga after sputtering approximately 20 nm of
Pt. In order to culture cells on the membranes, the
chips were bonded to silicone gaskets using a handheld
corona surface treatment wand (Nbond, Littleton, CO)
as described previously.38 The silicone gaskets were
produced from defined thickness sheets of restricted
grade silicone (Silicone Specialty Fabricators, Paso
Robles, CA) that was cut using a digital craft cutter.40

The silicone gaskets were used to help retain cells
during seeding (Figs. 1c and 1d).

Cell Culture

ADSCs were purchased from Life Technologies
(Carlsbad, CA) and are reported to be positive for
CD29, CD44, CD73, CD90, CD105, CD166 and
negative for CD14, CD31, CD45, Lin1. All cell culture
reagents listed below were also purchased from Life
Technologies. ADSCs were cultured in MesenPro
Reduced Serum proliferation media supplemented
with L-glutamine (2 mM final concentration),
100 units/mL penicillin, and 100 lg/mL streptomycin
at 37C with 5% CO2 and used between passages 3 and
6. The culture medium was replenished once every
2–3 days and the cells were passaged at 80% conflu-
ence. Cells were detached and subcultured per manu-
facturer’s instructions using TrypLE. Pooled HUVECs
(Life Technologies) were cultured in M200 with GIB-
CO Low Serum Growth Supplement (LSGS), which
contains 2% FBS, 1 lg/mL hydrocortisone, 10 ng/mL
human epidermal growth factor, 3 ng/mL basic fibro-

blast growth factor and 10 lg/mL heparin. HUVEC
media was exchanged every 2–3 days and cells were
passaged at 80% confluence. HUVECs were used
between passages 3–6.

For differentiation studies, ADSCs were cultured in
either M200 with LSGS supplemented with 50 ng/mL
VEGF (referred to as Complete EC Media with 50 ng/
mL VEGF) or M200 with only 2% fetal bovine serum
(FBS) and no growth factor (referred to as Basal EC
Media). Prior to differentiation studies, all membranes
and TCP surfaces were treated with a 1% (final
concentration ~0.15 mg/mL) reduced growth factor
GeltrexTM basement membrane extract at room tem-
perature for 30 min. The coating solution was aspi-
rated off the surfaces just prior to seeding cells in their
corresponding media.

For direct co-culture studies, HUVECs were seeded
on the underside of the membrane. A cell solution was
pipetted into the lower gasket and the plate was
inverted for 2 h to allow cells to settle and adhere to
the membrane. Due to geometry and surface tension,
the media under the membrane did not leak out during
plate inversion. After 2 h, the unattached cells were
removed and the entire well was flooded with media to
minimize evaporative effects. For indirect co-culture
studies, HUVECs were seeded into the lower gasket
and allowed to settle onto the tissue culture plastic
surface. After reaching confluence, ADSCs were see-
ded on the top side of the membrane (Fig. 1d).

ADSC Angiogenesis Assay

ADSCs were cultured for 6 days on porous mem-
branes or on TCP 24-well plates in complete EC media
with 50 ng/mL VEGF, basal EC media or prolifera-
tion media. Since SiO2 membranes can only yield 1000
cells due to their small size, larger commercial hanging
membrane inserts, Greiner (Monroe, NC) ThincertsTM

with 3.0 lm size pores (2 9 106 pores/cm2), were used
for differentiation. ADSCs were seeded at 2 9 104

cells/well in a 24-well plate on the hanging inserts or
the bottom of the well. The media was exchanged after
3 days. After 6 days in culture, cells were harvested
and seeded (2500 cells/well) onto a prepared 96-well
plate coated with GeltrexTM matrix. To prepare the
96-well plate for the angiogenesis assay, it was cooled
to �20 �C for 15 min, and each well was coated with
20 lL of GeltrexTM matrix (~15 mg/mL). The gel was
allowed to set for 30 min at room temp, followed by
30 min at 37 �C. Complete EC Media with 50 ng/mL
VEGF was added and the plate was incubated at 37 �C
until use the next day. 18 h after seeding cells on top of
the GeltrexTM, phase-contrast images of the entire well
were taken at 49 magnification. Six GeltrexTM wells
were analyzed for each condition.
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Fluorescence Staining, Microscopy and Image Analysis

After 6 days of differentiation, cells were fixed with
4% freshly made paraformaldehyde for 15 min and
washed three times in PBS. Cells were permeabilized
with 0.1% Triton X-100 in PBS for 3 min. Cells were
then blocked with purified 1% BSA for 15 min and
washed again in PBS. Cells were stained with DAPI
(300 nM) for 5 min to identify nuclei. The following
primary monoclonal anti-human antibodies were used
at a ratio of 1:100 in PBS for 30 min at room tem-
perature: FITC conjugated anti-CD31 (Clone MBC
78.2; Life Technologies, Carlsbad, CA), AlexaFluor
488 conjugated anti-alpha smooth muscle actin (Clone
HHF35; eBioscience, San Diego, CA), PE conjugated
anti-NG2 (Clone 9.2.27; eBioscience, San Diego,
CA). Phase contrast and fluorescence imaging were
conducted on a Leica DMI6000 microscope (Leica
Microsystems, Buffalo Grove, IL) using a Rolera
em-c2 camera (QImaging, Surrey, BC Canada) and

109, 209 and 409 air objectives. Angiogenesis pic-
tures were collected on a Leica DM3000 with a Leica
DFC345 camera using a 49 air objective.

Fluorescence images were all scaled linearly in
MetaMorph (Molecular Devices, Sunnyvale, CA)
using consistent levels for each fluorescence channel in
order to make objective comparisons between condi-
tions. For the angiogenesis assays, numerous 49

images were collected of every well in the 96-well plate.
The images were stitched together using Adobe
Photoshop to reconstruct each well (Supplemental
Figure S3). Total number of branch points (nodes with
3 or more branches) were counted using ImageJ.5 Total
tubule length was measured with NeuronJ.28 Six wells
for each condition were imaged and measured.

ADSC-HUVEC Orientation

ECs orient in the presence of VEGF even in the
absence of flow.41 The shape and orientation of their
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FIGURE 1. Ultrathin microporous silicon dioxide membranes. (a) 300 nm thick silicon dioxide (SiO2) membranes were fabricated
on silicon wafers and etched into 5.4 3 5.4 mm dies with 2 3 2 mm membrane windows. Within the suspended membrane, pores
were patterned inside of an approximately 100-lm exclusion zone. (b) Pores were etched in a hexagonal tiling pattern with center–
center pore spacing of 4 diameters. Membranes were patterned with either 3.0 or 0.5 lm diameter pores. (c) Membrane chips were
ozone bonded to silicone gaskets, which were then bonded to the bottom of 24-well plates. (d) Membranes were used for ADSC
monocultures as well as indirect and direct co-cultures between ADSCs and HUVECs.
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nuclei is strongly correlated with that of the cell
body.19,25,36 In this work, we identified oriented or
polarized HUVEC cells as those with a nucleus having
an aspect ratio equal or greater than 1.5:1. In the phase
contrast images, for every polarized HUVEC that
overlapped an ADSC, the angle between the major axis
of the HUVEC nucleus and the length of the ADSC
was measured in NIH ImageJ using the angle tool.
HUVECs with nuclei aspect ratios below 1.5:1 were
not measured.

Statistical Analysis

Data are expressed as mean ± standard deviation.
For comparisons between membrane and non-porous
differentiation conditions in the angiogenesis assay
(Fig. 4), an unpaired Student t test was used to deter-
mine statistical significance. Each reconstructed well
(Figure S3) was counted as a single sample for statis-
tical purposes. For Supplemental Tables 1 and 2, sta-
tistical significance was assessed by two-way analysis
of variance (ANOVA) followed by a Student–New-
man–Keuls test for post hoc comparisons. p val-
ues< 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Endothelial Differentiation of ADSCs on Porous
Substrates

We cultured ADSCs on ultrathin (300 nm thick)
3.0 lm pore SiO2 membranes for 6 days in both

complete EC media supplemented with 50 ng/mL
VEGF and basal EC media (2% FBS). After 6 days we
found that ADSCs cultured in complete EC media
with 50 ng/mL VEGF displayed a moderate and rel-
atively uniform distribution of CD31 (PECAM-1), an
endothelial marker (Fig. 2a), similar to prior
reports.11,18,23 ADSCs cultured in basal EC media
displayed a very low level of CD31 (Fig. 2b) with mean
intensity values less than half of cells grown in com-
plete media with VEGF, contrary to a previous
study.11 ADSCs cultured on TCP for 6 days showed
similar results with the cells cultured in complete media
with VEGF exhibiting more than 29 greater CD31
intensity compared to cells in the basal media (Sup-
plemental Figure S1). Interestingly, none of the in-
duced monocultures of ADSCs displayed a typical
endothelial presentation of CD31 at cell boundaries
(Fig. 2c).

To further investigate endothelial differentiation
with the goal of achieving endothelial-like expression
of CD31, ADSCs were directly and indirectly co-cul-
tured with HUVECs. Direct co-cultures used ultrathin
0.5 lm pore size SiO2 membranes to prevent cellular
transmigration across the membrane, while still en-
abling cell–cell physical contact and paracrine signal-
ing (Fig. 1d). HUVECs were first grown to confluence
on the bottom of the membrane, while ADSCs were
seeded on the top and cultured for 6 days in complete
EC media with VEGF. DAPI staining indicated that
the ADSCs above the membrane were nearly conflu-
ent, while immunostaining revealed a subpopulation of
ADSCs with EC-like CD31 distribution along cell–cell
boundaries (Fig. 3a, labeled ADSC-EC). Indirect
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FIGURE 2. ADSC expression of CD31 after culture on porous membranes in complete and basal EC media. Cells were cultured for
6 days on 3.0 lm pore size membranes until reaching confluence and then stained for endothelial adhesion molecule CD31
(PECAM-1). (a) ADSCs cultured in complete EC media with 50 ng/mL of VEGF expressed a relatively uniform distribution of CD31.
(b) ADSCs cultured in basal EC media without growth factors. (c) HUVECs cultured in complete EC media with 50 ng/mL of VEGF
expressed high levels of CD31 along cell–cell boundaries. Images (a) and (b) were collected with the same exposure settings and
color combined with the identical min and max fluorescence levels.
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co-culture was performed with 3.0 lm pore size SiO2

membranes suspended above a confluent monolayer of
HUVECs (Fig. 1d). The ADSCs were seeded on the
membrane and cultured in complete EC media with
VEGF. After 6 days the cells were stained with DAPI
and anti-CD31. A population of ADSCs migrated
through the 3.0 lm pores and these cells expressed an
EC-like CD31 distribution along cell–cell boundaries
(Fig. 3b, labeled ADSC-EC). The confluent layer of
ADSCs on the membrane showed a light uniform

distribution of CD31 similar to the monocultures
(Fig. 2a).

While there were no obvious CD31 expression dif-
ferences between induced monocultures of ADSCs on
porous membranes vs. non-porous TCP substrates, we
hypothesized that functional differences may exist.
Namely, we hypothesized that inducing ADSCs
towards a vascular lineage would be more effective on
a permeable substrate compared to non-porous TCP
because a permeable substrate more closely mimics an
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ADSC-EC

Above 0.5 µm membrane
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ADSC-EC

Direct Co-culture
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HUVEC

Oriented 
ADSC-Pericytes

Indirect Co-culture

ADSC

HUVEC

DAPI CD31

FIGURE 3. Direct and indirect co-culture of ADSCs and HUVECs. HUVECs were cultured until reaching confluence on either the
bottom side of the membrane (direct co-culture) or the tissue culture plastic surface (indirect co-culture). At this point ADSCs were
seeded on the top surface of the membrane and cultured for 6 days in complete EC media with 50 ng/mL VEGF. (a) In the direct
co-culture, a 0.5 lm pore size membrane was used which enabled cell–cell communication, but prevented cellular transmigration
across the membrane. A subpopulation of the ADSC displayed an endothelial-like surface expression of CD31 at cell–cell
boundaries (Cells labeled as ADSC-EC) while the remaining ADSC expressed a low-level uniform distribution of CD31 (similar to
Fig. 2a). (b) Indirect co-culture of ADSCs on a 3.0 lm pore size membrane resulted in some of the ADSCs transmigrating to the
backside of the membrane. A subpopulation of these cells also began to display an endothelial-like surface expression of CD31 at
cell–cell boundaries (ADSC-EC). Light CD31 staining and polarization of the nuclei show that ADSCs that remained above the
membrane oriented nearly perpendicular to the orientation of the ADSC-ECs. All images were collected with the same exposure
settings and color combined with the identical min and max fluorescence levels.
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in vivo environment and may also promote establish-
ment of apical and basolateral surfaces in endothelial-
like cells. We induced ADSCs on membranes and TCP
for 6 days in complete EC media with VEGF, basal
EC media and MSC proliferation media. Since these
experiments did not require imaging of cells on the
membrane and due to the small size of the SiO2

membranes, we used high porosity 3.0 lm pore size
(2 9 106 pores/cm2) track-etched Greiner hanging
membrane ThincertsTM. After 6 days of induction on
either a porous membrane or TCP, cells were harvested
and then seeded at a density of 2500 cells/well onto a
96-well GeltrexTM plate. After 18 h on a GeltrexTM

matrix, the total number of branch points was signifi-
cantly higher for ADSCs cultured on membranes in
both EC complete media with VEGF and basal EC
media compared to TCP (Fig. 4a). Additionally, the
total tube or network length was also significantly
higher when the ADSCs were cultured on membranes
(Fig. 4b). Representative images show a striking dif-
ference between ADSCs that were induced on a

membrane (Figs. 4c and 4d) vs. TCP (Figs. 4e and 4f)
prior to seeding in the Geltrex matrix. ADSCs cultured
in proliferation media for 6 days prior to being seeded
in the gel produced far fewer branch points and total
tube lengths regardless of whether they were grown on
membranes or TCP (Supplemental Table S1 and S2).

ADSC Perivascular Behavior

To determine whether the crosstalk between
HUVECs and ADSCs through the porous membrane
can induce a perivascular-like behavior in ADSCs, we
first seeded a high density of HUVEC on the underside
of a 0.5 lm pore size SiO2 membrane in complete EC
media with VEGF and allowed them to reach conflu-
ence. In the presence of VEGF, HUVEC spontane-
ously orient as noted by their CD31 expression
(Fig. 5a). After HUVEC oriented, a low density of
ADSCs was seeded on the top-side of the membrane.
Within 6 days, the ADSCs had proliferated and ori-
ented nearly perpendicular to the HUVECs (Fig. 5b).
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FIGURE 4. ADSCs differentiated on porous membranes produce more branch points and greater overall tube lengths in the
standard angiogenesis assay. ADSCs were cultured in either complete EC media with 50 ng/mL VEGF or basal EC media. Within
each media group, cells were either cultured on 3.0 lm high-porosity track-etched membrane inserts or tissue culture treated
24-well plates. All surfaces were pre-treated with a 1% GeltrexTM solution. After 6 days, cells were harvested and counted. 2500
cells were seeded on top of a GeltrexTM gel in a 96-well plate. After 18 h, multiple images of each well were taken at 34. The images
were reconstructed to produce a composite image of the entire well (Figure S3). Branch points (a) and total tube length (b) were
measured. In all cases, ADSCs differentiated on membranes generated significantly more branch points and greater total tube
length. Representative images of the wells are shown: (c) complete EC media with 50 ng/mL VEGF on membranes, (d) basal media
on membranes, (e) complete EC media with 50 ng/mL VEGF on TCP, and (f) basal media on TCP. Sample size n = 6 for each
condition. Error bars are SD. Statistical comparisons are unpaired Student t test assuming equal variance.
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The ADSCs are visible as elongated dark structures,
while the HUVEC have a classic cobblestone mor-
phology. Due to the submicron pore sizes, the ADSCs
and HUVECs are prevented from transmigrating
across the membrane. We measured the smallest angle
between polarized HUVEC and overlapping ADSCs in
three co-culture images. The mean angle between the
two cell types was found to be 68� ± 16� (n = 264).
The distribution of angles is shown in a rose diagram
(Fig. 5b, inset). Interestingly, co-culture interactions
across these membranes are limited to pore openings
less than 500 nm in diameter with a total porosity of
less than 6%. Any physical cues from the HUVEC to
the ADSCs must occur through these openings.

We further stained the ADSCs for pericyte markers.
Pericytes are known to be positive for both alpha
smooth muscle actin (aSMA) and NG2.2–4,10,12,13

ADSCs cultured in proliferation media are positive for
low levels of aSMA (Figure S2A). Few of these cells,
however, express NG2. After culture in basal EC
media on porous membranes for 6 days, aSMA and
NG2 expression is relatively unchanged (Figure S3B).
When cultured in complete EC media with 50 ng/mL
VEGF, aSMA expression is similar, but NG2 is
expressed on a far greater percentage of cells at levels
2–39 higher (Figure S3C). When staining for NG2
during HUVEC-ADSC interactions, the nearly per-
pendicular ADSCs express high levels of NG2 and
minimal CD31 (Fig. 5c).

The pericyte-like behavior of ADSCs was also
observed between two populations of differentiating
ADSCs. During ADSC indirect co-cultures with HU-
VECs, an ADSC subpopulation began to display
EC-like cell boundary distribution of CD31 (Fig. 3b,
below membrane). The ADSCs that displayed the
EC-like CD31 distribution polarized similarly to
HUVECs in the presence of VEGF. Above the mem-
brane, it is apparent from the DAPI nuclear stain and
a faint uniform CD31 distribution that many ADSCs
are oriented perpendicular to the ADSC-ECs. This
perivascular-like behavior is similar to the HUVEC-
ADSC interaction in Fig. 5. The dual differentiation of
ADSC-pericytes and ADSC-ECs was only observed
during co-culture with HUVECs.

CONCLUSION

This work establishes that culture on porous mem-
branes enables improved vascular differentiation and
angiogenic potential of ADSCs over non-porous sub-
strates. While the expression of CD31 was not sub-
stantially different on monocultures of ADSCs induced
on porous membranes vs. TCP, ADSC functionality
was significantly greater in standard angiogenesis
assays after induction on membranes. Although CD31
expression levels significantly increased after culture in
complete EC media with VEGF, the CD31 distribution

FIGURE 5. ADSCs orient nearly perpendicular to HUVECs across 0.5 lm pore size SiO2 membranes. HUVECs were seeded at high
density and cultured to confluence on the underside of the membrane. After the HUVECs reach confluence ADSCs were seeded on
the top side of the membrane and cultured in complete EC media with 50 ng/mL VEGF for 6 days. (a) The HUVECs developed
general orientation patterns that can be identified with CD31 staining. (b) In phase contrast, the ADSC appear as thin long dark
cells. The majority of the ADSCs are oriented nearly perpendicular to the polarized HUVEC. The angle between ADSCs and
polarized HUVECs can be quantified by identifying HUVEC nuclei with >1.5:1 aspect ratios and measuring the angle between the
long axis of the nuclei and the ADSCs. The rose diagram inset shows the distribution of ADSC orientation across three images
(mean = 68� 6 16�, n = 264). (c) ADSCs orienting nearly perpendicular to polarized HUVEC stain positively for pericyte marker
NG2. (Additional images of ADSCs immunostained for smooth muscle actin and NG2 can be found in the supplement).
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was uniform and not representative of typical EC
expression at cell boundaries. Comparative images in
prior studies using VEGF induction also show uniform
distribution. Endothelial-like expression of CD31 at
cell boundaries was only present in a subpopulation of
induced ADSCs when co-cultured with HUVEC in the
presence of VEGF. This was true for both direct co-
culture and indirect co-cultures, suggesting soluble
cues exchanged between the cells were necessary for
endothelial-like expression of CD31.

Another significant finding in this study was the
perpendicular orientation of ADSC-pericytes to
endothelial cells. When co-cultured across an ultrathin
membrane, the vast majority of ADSCs oriented
nearly perpendicular to polarized HUVECs and
showed increased expression of NG2. This orientation
occurred despite limited physical contact between the
cell types through the ultrathin membrane. Pericyte
interactions with endothelial cells are typically limited
to three-dimensional microvessels and capillaries,
which are challenging to both image and reproduce
in vitro. Transparent SiO2 membranes may provide a
useful tool to study perivascular interactions in a well-
controlled microenvironment, where physical contact
can be tuned by pore size and porosity, opening the
door to additional experiments. For example, do
polarized ECs lead to pericyte orientation or do peri-
cytes dictate EC orientation? Furthermore, is orienta-
tion between the cell types mediated by a strictly
physical mechanism such as alignment of extracellular
matrix proteins or is it dominated by paracrine sig-
naling?

One of the most intriguing findings of this work was
the dual differentiation of ADSC-pericytes and ADSC-
ECs in the same culture. During indirect co-culture
with HUVECs, a subpopulation of ADSCs transmi-
grated across a 3.0 lm pore size SiO2 membrane, be-
came polarized and displayed an EC-like distribution
of CD31. At the same time, the ADSCs on the mem-
brane exhibited perivascular behavior by orienting
nearly perpendicular to the ADSC-ECs below. The
ability for a single source of ADSCs to differentiate
into multiple vascular cell types is promising for their
use in autologous tissue engineering applications.
Further experimentation will be necessary to identify
and control the mechanisms behind these differentia-
tion pathways.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:10.1007/
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