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components of the vascular microenvironment
Suthan Srigunapalan,1,2 Cameron Lam,1 Aaron R. Wheeler,2,3
and Craig A. Simmons1,2,a兲
1

Department of Mechanical and Industrial Engineering, University of Toronto,
5 King’s College Road, Toronto, Ontario M5S 3G8, Canada
2
Institute of Biomaterials and Biomedical Engineering, University of Toronto,
164 College Street, Toronto, Ontario M5S 3G9, Canada
3
Department of Chemistry, University of Toronto, 80 St. George St., Toronto,
Ontario M5S 3H6, Canada
共Received 3 October 2010; accepted 1 December 2010; published online 30 March 2011兲

Vascular function, homeostasis, and pathological development are regulated by the
endothelial cells that line blood vessels. Endothelial function is influenced by the
integrated effects of multiple factors, including hemodynamic conditions, soluble
and insoluble biochemical signals, and interactions with other cell types. Here, we
present a membrane microfluidic device that recapitulates key components of the
vascular microenvironment, including hemodynamic shear stress, circulating cytokines, extracellular matrix proteins, and multiple interacting cells. The utility of the
device was demonstrated by measuring monocyte adhesion to and transmigration
through a porcine aortic endothelial cell monolayer. Endothelial cells grown in the
membrane microchannels and subjected to 20 dynes/ cm2 shear stress remained
viable, attached, and confluent for several days. Consistent with the data from
macroscale systems, 25 ng/ml tumor necrosis factor 共TNF兲-␣ significantly increased RAW264.7 monocyte adhesion. Preconditioning endothelial cells for 24 h
under static or 20 dynes/ cm2 shear stress conditions did not influence
TNF-␣-induced monocyte attachment. In contrast, simultaneous application of
TNF-␣ and 20 dynes/ cm2 shear stress caused increased monocyte adhesion compared with endothelial cells treated with TNF-␣ under static conditions. THP-1
monocytic cells migrated across an activated endothelium, with increased diapedesis in response to monocyte chemoattractant protein 共MCP兲-1 in the lower channel
of the device. This microfluidic platform can be used to study complex cell-matrix
and cell-cell interactions in environments that mimic those in native and tissue
engineered blood vessels, and offers the potential for parallelization and increased
throughput over conventional macroscale systems. © 2011 American Institute of
Physics. 关doi:10.1063/1.3530598兴

I. INTRODUCTION

The vascular environment is a complex milieu in which local mechanical forces and biochemical signals combine to regulate biological responses. Endothelial cells 共ECs兲 that line blood
vessels are responsible for maintaining vascular homeostasis in response to circulating cytokines,
hemodynamic shear stress, and inflammatory cells.1 These factors are interdependent, increasing
the complexity of the system significantly. For example, hemodynamic shear stress can cause
changes in EC morphology, metabolism, and gene expression, thereby altering the cytokines
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secreted by ECs, the expression of adhesion molecules by ECs, and the responsiveness of ECs to
a variety of cytokines and growth factors.2 This, in turn, can affect interactions with circulating
inflammatory cells.1
Systematic investigation of complicated biological systems in vitro requires model systems
that capture in vivo interactions. Many key components of the in vivo vascular environment are
relevant for vascular 共patho兲biology, tissue engineering, and regenerative medicine. These include
hemodynamic shear stress, the extracellular matrix 共ECM兲 of the vascular wall, and interactions
between multiple cell types, including EC-vascular smooth muscle cell interactions that are important for vascular homeostasis and EC-inflammatory cell interactions, such as adhesion and
transmigration, which are important in disease initiation. Fundamental insights into the integrated
effects of these factors on vascular function require in vitro technologies that mimic components
of the in vivo environment and permit efficient and systematic experimentation.
Macroscale parallel plate-based flow systems have incorporated some of these features,3–5 but
are often too cumbersome, costly, and inefficient to use for higher throughput experimentation.
Microfluidics provides a viable alternative, as the natural scale of microfluidic systems makes
reagent use more economical and parallelization more feasible than with macroscale systems.
Microfluidic technologies have been used effectively to mimic components of the liver,6 lung,7,8
and heart,9 recapitulating organ functions and processes that were otherwise unattainable with
conventional macroscale systems. Microfluidics has been used to study various aspects of the
vasculature and circulation,10–15 but a platform that mimics multiple features of the complex
vascular microenvironment has yet to be realized.
Here, we describe a microfluidic platform for the study of long-term cell-cell interactions in
physiologically relevant vascular microenvironments that include shear stress, extracellular matrix
proteins, biochemical signals, and multiple interacting cell types. As an initial demonstration of the
technology, we investigated 共1兲 the independent and combined effects of hemodynamic shear
stress and tumor necrosis factor-␣ 共TNF-␣; an inflammatory cytokine兲 on monocyte attachment to
ECs and 共2兲 monocyte transmigration across the endothelium in response to a chemoattractant.
Monocyte attachment to the endothelium and subsequent transmigration are important initial steps
in the pathogenesis of atherosclerosis. Regions of the vasculature that are prone to disease development in vivo correlate spatially with regions that experience low magnitude shear stress and
disturbed or oscillatory flow patterns.16 These regions are also often laden with inflammatory
cytokines and adherent monocytes.17 Therapeutic strategies to arrest atherosclerotic lesion development by reducing chronic inflammation are particularly promising.18 Endothelial-monocyte interactions have been investigated in vitro previously 共see, e.g., Refs. 19–22兲, but with macroscale
technologies that are not amenable to high-throughput, multiparameter investigations. New technologies that enable the complex vascular environment to be studied in vitro in a systematic and
efficient manner may provide novel insights into pathological mechanisms and identify promising
drug candidates prior to preclinical testing.

II. MATERIALS AND METHODS

A. Device fabrication

Polydimethylsiloxane 共PDMS兲 共Sylgard 184; Dow Corning, Midland, MI兲 microchannels
were fabricated using standard soft lithography. A polyethylene terephthalate 共PET兲, track-etched
porous membrane with 8 µm diameter pores was cut out from standard cell culture inserts 共Becton
Dickinson, Mississauga, ON, Canada兲 and sandwiched between two PDMS microchannels 关Figs.
1共a兲 and 1共b兲兴. Others have detailed the process by which porous membranes are incorporated into
microdevices7,12,23 and demonstrated their utility for biological studies.7,8,12,24,25 For the devices
used in this study, the top straight channel and bottom S-shaped channel were 2000 m wide by
300 m high.
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FIG. 1. Membrane microfluidic device and endothelial cell culture. 共a兲 Illustration of the membrane microfluidic device.
Two PDMS channels were used to sandwich a porous, PET membrane. 共b兲 Photograph of the actual device 共top view兲 with
2 mm scale bar. 共c兲 Confluent monolayer of ECs grown in a membrane device and stained with calcien AM. 共d兲 ECs
stained with calcien AM after 24 h of flow in a membrane microfluidic device. Arrow indicates the direction of flow. Scale
bar in panels 共c兲 and 共d兲 is equal to 200 m.

B. Endothelial cell culture and seeding

Primary porcine aortic endothelial cells 共PAECs兲 were provided by Lowell Langille 共University of Toronto兲. PAECs were cultured in M199 共Wisent, St. Bruno, QC, Canada兲 supplemented
with 5% fetal bovine serum 共FBS兲 共Fisher Scientific, Ottawa, ON, Canada兲, 5% cosmic calf serum
共CS兲 共Fisher Scientific兲, and 1% penicillin-streptomycin 共P-S兲 共Sigma Aldrich, Oakville, ON,
Canada兲 共PAEC media兲 and used between passages 4–8. The membrane in the top channel was
coated with 100 µg/ml bovine plasma fibronectin 共FN兲 共Sigma-Aldrich兲 for 1 hour after devices
were rinsed sequentially with 100% ethanol, 70% ethanol, and then phosphate-buffered saline
共PBS兲. PAECs were seeded into the top channel at a cell density of 2.0⫻ 106 cells/ ml. Devices
were maintained in an incubator 共37 ° C and 5% CO2兲 for 5–6 h to allow cell attachment. The top
and bottom channels were replenished with 500 l of media at this point and every 12–16 h
thereafter.

C. Application of shear stress

The membrane devices were connected to a closed-loop recirculatory flow system 共Fig. 2兲.
One day after the ECs reached confluence. A peristaltic pump 共Cole Parmer, Vernon Hills, IL兲
forced media from a reservoir to a damper, which converted pulsatile flow coming from the pump
into continuous, steady flow entering the top microchannel. The inlets to the bottom channel were
sealed off by connecting the two ports to one another using polyethylene tubing 共Becton Dickinson兲. Low pressure union adapters 共Upchurch Scientific, Oak Harbor, WA兲 were used at the inlets
and outlets of the microfluidic device to prevent leakage during shear flow. The entire setup was
placed in an incubator at 37 ° C and 5% CO2. PAECs in the top channel were subjected to either
0 共static兲 or 20 dynes/ cm2 flow-induced shear stress for 24 h to several days, depending on the
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FIG. 2. Recirculatory flow loop. A peristaltic pump was used to force media from the reservoir into the damper that
converted the flow from pulsatile to continuous and steady. Union adapters were used to connect tubing from the damper
to the inlet port of the top channel. Tubing connected to the outlet of the top channel was fed back into the reservoir
completing the recirculatory flow loop. Both ports of the bottom channel were connected to each other using a small piece
of tubing to maintain static conditions in the lower compartment. The entire setup was placed in an incubator 共37 ° C and
5% CO2兲.

experiment. To demonstrate cell viability, in some experiments endothelial cells were fluorescently
labeled with 2 M calcien AM 共Invitrogen兲, a vital dye, for 30 min, then washed with PBS, and
replenished with medium for 30 min.
D. TNF-␣ treatment

ECs in microchannels were treated with or without 25 ng/ml TNF-␣ 共Invitrogen, Burlington,
ON, Canada兲 in PAEC media. In some experiments, ECs were subjected to static or shear stress
conditions for 24 h and then treated with or without TNF-␣ for 4 h under static or shear conditions, respectively. In other experiments, ECs were subjected to 28 h of static or shear stress
conditions and simultaneously treated with or without TNF-␣. After treatment, monocytes were
injected into the top channel.
E. Monocyte adhesion assay

RAW264.7 cells 共ATCC, Manassas, VA兲 were cultured in Dulbecco’s modified Eagle’s medium 共Wisent兲 supplemented with 10% FBS and 1% P-S 共RAW medium兲 and used between
passage 2 and 6. One hour before seeding into microchannels, RAW264.7 cells were fluorescently
labeled using 2 M calcien AM 共Invitrogen兲 for 20 min, then washed with PBS, and replenished
with RAW medium for 40 min. RAW264.7 cells were detached from the surface using a cell
scraper and suspended at a cell density of 106 – 107 cells/ ml. Cells were injected into the top
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channel using a volume of 200– 300 l and allowed to adhere for 1 h. A multisyringe pump 共Cole
Parmer兲 was then used to wash away any unbound cells at a shear stress of 1 dyne/ cm2 for 3 min.
Microchannels containing fluorescently labeled RAW264.7 cells were imaged using an inverted fluorescent microscope 共IX-71; Olympus, Markham, ON, Canada兲. Three representative
images were taken for each device after washing. The number of adherent cells in each location
was quantified using IMAGEJ software 共NIH兲 and averaged to give a mean count for each microchannel device. Data are presented as mean⫾ standard deviation. Differences in monocyte adhesion between conditions were tested with Student’s t-tests.
F. Monocyte transmigration assay

PAECs were seeded at 5 ⫻ 105 cells/ ml and allowed to grow to confluence in the upper
channel. At confluence, ECs were treated with 25 ng/ml TNF-␣ for 4 h under static conditions.
The THP-1 human monocytic cell line was used to demonstrate transmigration. THP-1 cells were
cultured in RPMI 1640 medium 共Gibco, Burlington, ON, Canada兲 supplemented with 10% FBS
共THP-1 medium兲. THP-1 nuclei were labeled with Hoechst 33342 共2 µg/ml兲 共Invitrogen, Burlington, ON, Canada兲 for 30 min, and then the cells were centrifuged and resuspended in THP-1
medium for 30 min. Labeled THP-1 cells were injected into the top channel at 1 ⫻ 106 cells/ ml in
the PAEC medium. The lower channel contained THP-1 medium with or without 500 ng/ml
monocyte chemoattractant protein-1 共MCP-1兲 共Becton Dickonson兲. After overnight incubation,
five random locations were imaged in the lower channel of a device under each condition.
III. RESULTS AND DISCUSSION

A membrane microfluidic device was successfully built with multiple features that mimic the
structural and functional components of the vascular wall 关Figs. 1共a兲 and 1共b兲兴. The lumen-like top
channel contains a membrane that can be coated with ECM proteins of interest and seeded with
ECs. Pores in the membrane permit the transport of soluble factors and circulatory cells 共similar to
the basement membrane兲 between the top and bottom channels. The bottom channel can contain
soluble factors and mural cells 共e.g., smooth muscle cells兲 either as a two-dimensional layer or in
a three-dimensional gel protected from flow. Labeled cells in both top and bottom channels can be
imaged in real-time using epifluorescence or confocal microscopy. Cells in the upper and lower
channels can be isolated independently for assaying by, for example, polymerase chain reaction or
immunoblotting. The integration of the channel with a recirculatory flow loop allows long-term
circulation of media and stimulation with shear stress. More complex flow profiles can be applied
by modifying the flow loop using a programmable syringe pump. Despite the high shear stresses
and associated pressures, leakage or failure of the devices and recirculatory loop was not observed,
demonstrating the robustness of the system.
ECs were successfully cultured to confluence in the membrane microfluidic device and
remained viable for up to at least 1 week, as observed by calcien AM staining 关Fig. 1共c兲兴. After
24 h of shear stress at 20 dynes/ cm2, ECs remained adhered to the membrane, maintained confluence, and elongated without any preferential alignment over this time period 关Fig. 1共d兲兴. We
have observed viability and maintenance of adhesion and confluence after several days of shear
stress application. To our knowledge, this is the first report of physiological shear stress being
applied long-term to ECs cultured in a membrane microfluidic chip.
To validate the use of this device to investigate monocyte-EC interactions, ECs were first
stimulated with TNF-␣ and monocyte adhesion was compared between stimulated and nonstimulated EC monolayers under static 共no flow兲 conditions. TNF-␣ has been shown to increase the
expression of surface adhesion proteins such as vascular cell adhesion molecule-1 共VCAM-1兲 and
E-selectin that bind monocytes and other inflammatory cells.26 Thus, in macroscale culture systems, TNF-␣ increases monocyte adhesion to the endothelium.19,22,26 Similarly, in the microdevice
monocytes adhered to ECs within 1 h of seeding in both TNF-␣-stimulated and nonstimulated
conditions, with significantly more adhesion to TNF-␣-stimulated ECs 共p ⬍ 0.05; Fig. 3兲.
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FIG. 3. Monocyte adhesion to preconditioned or static ECs with and without TNF-␣ stimulation. Representative images of
fluorescently labeled RAW264.7 monocyte attachment to ECs under 共a兲 static and 共b兲 shear conditions without TNF-␣
treatment and under 共c兲 static and 共d兲 shear conditions with TNF-␣ treatment. Initial monocyte cell density was 2
⫻ 106 cells/ ml in these experiments. Scale bar= 200 m. 共e兲 The number of monocytes attached per unit area was
significantly greater with TNF-␣ treatment under both static and sheared conditions. Data presented as mean⫾ standard
deviation: ⴱp ⬍ 0.05.

We next tested whether preconditioning the ECs with 24 h of 20 dynes/ cm2 flow-induced
shear stress influenced TNF-␣-induced monocyte adhesion. After 24 h of shear stress preconditioning, ECs were stimulated with TNF-␣ for an additional 4 h with the flow maintained. Similar
to the static case, monocyte adhesion to ECs preconditioned with shear stress was significantly
enhanced by TNF-␣ stimulation 共p ⬍ 0.05; Fig. 3兲. ECs preconditioned by flow-induced shear
stress showed no significant difference in monocyte adhesion compared to static ECs with or
without TNF-␣ stimulation 共Fig. 3兲. This result is consistent with the observations made by
Gonzales and Wick19 using a macroscale system in which monocyte adhesion to ECs preconditioned with high magnitude shear stress 共30 dynes/ cm2兲 was not significantly different from static
conditions. Notably, Gonzales and Wick19 found that monocyte adhesion to ECs preconditioned
with low magnitudes of shear stress 共⬍10 dynes/ cm2兲 was three- to fourfold greater than in static
conditions, emphasizing the sensitivity of the monocyte adhesion and EC activation to shear stress
conditions.
We also tested the effect of simultaneous shear stress and TNF-␣ stimulation for 28 h to match
the total duration of the preconditioning experiments. In contrast to the preconditioned response,
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FIG. 4. Monocyte adhesion to ECs under static or shear stress conditions and simultaneously stimulated with TNF-␣.
Monocyte attachment to ECs under 共a兲 static and 共b兲 sheared conditions and simultaneously stimulated with TNF-␣. The
initial monocyte cell density was 10⫻ 106 cells/ ml. 共c兲 The number of monocytes attached per unit area was significantly
greater on the ECs subjected to shear stress and TNF-␣ for 28 h. Data presented as mean⫾ standard deviation: ⴱp
⬍ 0.05.

monocyte adhesion was significantly greater to sheared ECs than static ECs when TNF-␣ was
applied simultaneously with flow 共p ⬍ 0.05兲 共Fig. 4兲. Fluid shear stress has been shown in macroscale systems to increase the endothelial adhesiveness to monocytes through upregulation of
VCAM-1 and intercellular adhesion molecule-1 共ICAM-1兲.19,20,27 This effect is temporally dynamic; for example, ICAM-1 expression increases significantly after 8 h of shear stress stimulation
and continues to increase up until 48 h.20 Thus, differences in TNF-␣-induced monocyte adhesion
to ECs preconditioned versus simultaneously simulated with shear stress may reflect differences in
the temporal expression of adhesion molecules.
We observed a proadhesive effect of shear stress19,20,27 only in the presence of TNF-␣ 共Fig. 4兲,
suggesting that the effects of shear stress and TNF-␣ were additive 共and therefore more readily
detectable兲 or that shear stress modulated the effect of TNF-␣ on EC adhesion molecule expression. In contrast, other authors reported that laminar shear stress decreases inflammatory cell
adhesion to ECs.21,22,28 The discrepancies between studies are likely attributable to the differences
in multiple experimental parameters including cell types; type and duration of flow stimulation;
and type, concentration, and duration of biochemical stimuli, emphasizing the sensitivity of fundamental endothelial responses to the combined effects of multiple environmental cues. Because
of miniaturization and parallelization, systematic investigation of the integrated response to multiple cues is more efficient with microfluidic platforms than with macroscale systems. The microfluidic device reported here could be readily extended to include multiple parallel membrane
channels on a single chip as an enabling technology for combinatorial studies.
To exhibit the unique capabilities of a bilayer microfluidic membrane device, we demonstrated
transmigration of THP-1 monocytic cells. Prelabeled monocytes adhered to an activated
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FIG. 5. Monocyte adhesion and transmigration. 共a兲 Nuclear-stained 共red兲 THP-1 monocyte adhesion to a confluent monolayer of calcien AM-stained 共green兲 ECs. 共b兲 Representative image of transmigrated monocytes in response to MCP-1, in
the bottom channel of the device. 共c兲 Representative image of transmigrated monocytes without the addition of MCP-1. 共d兲
Addition of MCP-1 in the lower channel increased monocyte transmigration. Scale bar= 200 m. Data presented as
mean⫾ standard deviation: ⴱp ⬍ 0.05.

endothelium in the top channel 关Fig. 5共a兲兴 and then transmigrated across the EC-membrane barrier
into the underlying channel. The addition of MCP-1 共a chemoattractant兲 in the lower channel
caused greater transmigration 关Figs. 5共b兲 and 5共d兲兴 compared to a control containing no MCP-1
关Figs. 5共c兲 and 5共d兲兴.
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IV. CONCLUSIONS

A membrane microfluidic device has been developed to mimic important physiologically
relevant biomechanical and biochemical factors that influence vascular cell interactions and functions. As an initial demonstration of the utility of the device, the complex interactions between
shear stress and TNF-␣ stimulation on monocyte adhesion to ECs and preferential transmigration
of monocytes in response to a chemoattractant were investigated. The microfluidic platform is
readily scalable and designed to enable study of other important phenomena, including drug and
macromolecule permeability of ECs, EC-mural cell paracrine interactions, and the interaction of
multiple cells types with ECM proteins, all under hemodynamic flow. The utility of this platform
will be its potential to investigate phenomena under physiologically relevant conditions that are
difficult to replicate using conventional macroscale systems.
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