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Endothelial cells form the inner lining of blood vessels and are exposed to various

factors like hemodynamic conditions (shear stress, laminar, and turbulent flow),

biochemical signals (cytokines), and communication with other cell types (smooth

muscle cells, monocytes, platelets, etc.). Blood vessel functions are regulated by

interactions among these factors. The occurrence of a pathological condition would

lead to localized upregulation of cell adhesion molecules on the endothelial lining of

the blood vessel. This process is promoted by circulating cytokines such as tumor

necrosis factor-alpha, which leads to expression of intercellular adhesion molecule-1

(ICAM-1) on the endothelial cell surface among other molecules. ICAM-1 is critical

in regulating endothelial cell layer dynamic integrity and cytoskeletal remodeling and

also mediates direct cell-cell interactions as part of inflammatory responses and

wound healing. In this study, we developed a biomimetic blood vessel model by cul-

turing confluent, flow aligned, endothelial cells in a microfluidic platform, and per-

formed real time in situ characterization of flow mediated localized pro-inflammatory

endothelial activation. The model mimics the physiological phenomenon of cytokine

activation of endothelium from the tissue side and studies the heterogeneity in local-

ized surface ICAM-1 expression and F-actin arrangement. Fluorescent antibody

coated particles were used as imaging probes for identifying endothelial cell surface

ICAM-1 expression. The binding properties of particles were evaluated under flow for

two different particle sizes and antibody coating densities. This allowed the investiga-

tion of spatial resolution and accessibility of ICAM-1 molecules expressed on the en-

dothelial cells, along with their sensitivity in receptor-ligand recognition and binding.

This work has developed an in vitro blood vessel model that can integrate various het-

erogeneous factors to effectively mimic a complex endothelial microenvironment and

can be potentially applied for relevant blood vessel mechanobiology studies. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936672]

INTRODUCTION

The endothelial cell monolayer lining the inner layer of blood vessels is an interface

between blood and tissues. Under disease conditions, pathological mediators cause endothelial

activation manifested by expression of cell adhesion molecules, among other signs.1 The local
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vascular dynamics of these changes and their induction remain largely enigmatic, in part due to

the difficulties of modeling. In vivo studies most adequately reflect the pathophysiological con-

text, but the system complexity is beyond our current means to accurately dissect specific

aspects. Parameters of the heterogeneous physical, chemical, and biological pathways influenc-

ing the blood vessel add to the complexity.2 On the other hand, the biological relevance of con-

ventional cell culture models is limited. Therefore, both understanding of pathophysiology and

designing adequate interventions demand alternative bio-mimetic model platforms.

An in vitro bio-mimetic blood vessel should be able to model in vivo physiological charac-

teristics, relevant flow dynamics, vessel shape/dimensions, and localized pathology microenvir-

onment. Microfluidic engineering enables integration of precisely controlled flow in channels,

whose shape and dimensions can be designed to requirement with resolution limits in the

micron scale. There are a few in vitro reports using microfluidic chips to study vascular func-

tions.3–12 Work by Tsou et al. employed soft lithography based flow chamber to study how en-

dothelial cells sense a gradient of flow shear stress (FSS) and tumor necrosis factor-alpha

(TNF-a) triggering to transduce signals that regulate membrane expression of cell adhesion

molecules and monocyte recruitment.13 Sato et al. used a microfluidic model separated by a

membrane containing both blood and lymphatic vessels for examining vascular permeability.9

Kim et al.4 studied cytokine mediated controlled permeability on endothelial cell layers through

nanoparticle (NP) extravasation. However, this study was performed under static conditions

without consideration of the FSS conditions to which the endothelium would have been

exposed in vivo. This model also lacked the ability to apply localized cytokine challenge to the

endothelial cell layer. Other vascular blood vessel systems did incorporate FSS,14,15 yet were

limited to testing a single condition at a time.

This study aims to develop a bio-mimetic blood vessel to study dynamics of intercellular

adhesion molecule-1 (ICAM-1) expression on the luminal surface of endothelial cells induced

by local action of pro-inflammatory cytokines. To achieve this goal, we combined endothelial

microfluidics/flow adaptation approach with local cytokine application via a semi-permeable

“sub-endothelial compartment” and employed antibody-coated NPs as imaging probes. This

approach allowed us to define flow-mediated local heterogeneity of endothelial activation by

cytokines that appears to reflect the pathophysiology of the process. The platform facilitated

real-time microscopic analysis of cellular characteristics and particle binding, as well as differ-

entiated between localized differences in cell responses to treatment. This is a reliable and rela-

tively simple methodology to quantitatively assess this functional parameter without using radi-

oisotope labeled ICAM-1 antibodies, which is associated with regulatory, safety, and financial

difficulties. Comparing with western-blotting and polymerase chain reaction analyzes, using tar-

geted NPs is advantageous because it detects selectively fraction of ICAM-1 molecules that is

exposed on the cell surface. They are also less prone to non-specific adhesion to cell surface

under flow compared to bare antibody due to its relatively larger size. In addition, this formula-

tion can be used for targeted drug delivery to endothelium, the research direction that our team

pursues beyond the framework of the present investigation.

MATERIALS AND METHODS

Fabrication of bio-mimetic blood vessel model

Blood vessel-mimicking channels were photolithographically fabricated on a silicon wafer

and cast out of polydimethylsiloxane (PDMS). The master for fabricating the channels was pat-

terned on a silicon wafer using SU-8 2050 photoresist (MicroChem Corp.). Sylgard 184 PDMS

(Dow Corning Corp.) was prepared according to manufacturer’s instruction and cast over the

photoresist pattern. The blood vessel model developed in this study has an upper and lower

channel separated by a semi-permeable, cell culture friendly membrane. This dual channel

design allows localized TNF-a treatment from the lower channel on the endothelial cell layer

growing in the upper channel. The upper channel was 350 lm wide and 100 lm high, and the

lower channel was 1000 lm wide and 100 lm high. A polycarbonate, track-etched thin clear

membrane (Whatman, GE Healthcare) with 1 lm diameter pores and an average calculated pore
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density of 1.5� 107 pores/cm2 was embedded between two PDMS channels. The protocol for

fabricating the device has been detailed in previous publications.16–18 The PDMS slabs contain-

ing the upper and lower channels were carefully peeled off the master template. The property

of PDMS was tuned to be more cell culture friendly by extended baking (4 h at 80 �C) to ensure

complete cross linking of monomers,19 and any leftover monomers were extracted by soaking

them in ethanol overnight.20 The lower PDMS channel was kept thin to facilitate microscopy

based imaging using a high magnification objective. This layer is bonded on a thin glass slide

by exposing the sides in contact to oxygen plasma. Upper and lower PDMS channels were

bonded to the membrane using a thin PDMS mortar film. The mortar film was a mixture of

PDMS prepolymer (10:1 ratio of base and curing agent) with toluene in equal proportion, and a

thin layer (�2–3 lm) was obtained by spin-coating this on a glass slide at 1500 rpm for 60 s.

PDMS channel sides were stamped onto this thin film. The device was then assembled with the

membrane in between the PDMS slabs and making sure the channels were aligned. After as-

sembly, the device was placed in an oven at 60 �C overnight for curing the PDMS mortar, and

the integrity of the device was ensured before seeding cells. Inlet and outlet ports were punched

to provide access to upper and lower channels.

Preparation and characterization of anti-ICAM-1 coated particles

Neutravidin coated 210 nm and 1 lm fluorescent particles (Invitrogen Corp.) were diluted to

1010 and 109 particles/ml, respectively, using BlockAidTM solution (Invitrogen Corp.) and soni-

cated. Biotinylated Protein G (29988, Thermo Scientific) diluted in 1% bovine serum albumin

(BSA) solution was bound to the NeutrAvidin coating on the particles initially. The particles were

incubated for 12 h in a shaker at 4 �C, and the unbound protein G was removed by centrifugation.

For ICAM-1 coating, bovine-specific anti-ICAM-1 antibodies (0.2 mg/ml in 1%BSA/phosphate

buffered saline) raised in mice (NB500-318, Novus Biologicals) were incubated with the Protein G

coated particles for 12 h in a shaker at 4 �C, and the unbound antibody was removed by centrifuga-

tion. The particles were also washed in 1% BSA solution to remove any leftover unbound anti-

body, and finally the particles were diluted to their respective working concentrations (Table I).

The concentration of the particles available was analyzed on a microplate reader at 485 nm excita-

tion/530 nm emission and compared to a calibration curve constructed from stock particle solution.

The anti-ICAM-1 coating density on the particle was determined using an ELISA. 210 nm

particles were conjugated with anti-ICAM-1 at 100% (possible maximum) and 50% of coating

density (obtained by decreasing the anti-ICAM-1 antibody to 0.1 mg/ml and adding goat control

IgG (AB-108-C, R&D Systems) at 0.1 mg/ml during the coating process), while we only did a

maximum antibody coating density case for the 1 lm particles. The ELISA was performed

using a horseradish peroxidase (HRP) conjugated anti-mouse k-light chain specific monoclonal

antibody to characterize the particle surface antibody density for both micro/nano particles. The

specificity of the reagent to mouse antibody light chains provided a direct measurement of the

anti-ICAM-1 binding sites available on the particle. Particles were incubated with 5% HRP con-

jugated anti-mouse k-light chain specific monoclonal antibody for 30 min, followed by washing

with 1% BSA solution and clearing out of unbound antibody through centrifugation. 50 ll of

the particle solution were loaded on a 96-well plate, and the particle concentration was ana-

lyzed. Then, 50 ll of Amplex Ultra Red reagent was added to each well, and the reaction was

allowed to proceed for 10 min at room temperature. The fluorescence intensity of the particle

sample with Amplex Ultra Red reagent was observed on a microplate reader at 544 nm

TABLE I. Final particle concentration (#/ml) for 210 nm and 1 lm particles. The total particle volume is constant for both

particles.

Particle size Final particle concentration Total particle volume (lm3)

210 nm 4.77 � 109/ml 2� 107

1 lm 3.85 � 107/ml 2� 107
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excitation/590 nm emission. The fluorescence intensities were converted to the number of HRP

molecule using the calibration curves prepared using biotinylated-HRP conjugation as by Haun

and Hammer21 Assuming a 1:1 binding ratio between anti-ICAM-1 and secondary antibody, the

anti-ICAM-1 density on the particles was determined. 210 nm and 1 lm particle antibody coat-

ing density based on fluorescence intensity was compared to estimate the relative accuracy of

the technique. If steric hindrance does not prohibit j-light chain antibody interaction on the sec-

ond light chain, the estimate of concentration could be off by 2 fold.

Endothelial cell culture in the device

Primary bovine aortic endothelial cells (BAOECs) were cultured in the upper channel of

the device as the endothelial cell layer model. Confluent monolayers of endothelial cells were

adapted to physiological flow conditions, and effect of flow mediated localized action of TNF-a
was examined. BAOECs were cultured in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES) buffered Dulbecco’s modified eagle medium (DMEM) supplemented with 10% heat

inactivated fetal bovine serum (Atlanta Biologicals, Inc.) and having a final concentration of

100 I.U./ml penicillin and 100 lg/ml streptomycin (Sigma-Aldrich). The device was sterilized

in UV light overnight. Prior to cell seeding, the upper channel and the membrane of the device

were coated with 50 lg/ml fibronectin solution (Sigma-Aldrich) overnight at 37 �C. The channel

was rinsed with media to remove any excess, unattached fibronectin. BAOECs cells were

seeded onto the semi-permeable membrane in the upper channel at a density of 2� 107 cells/

ml. Cell seeded devices were placed in an incubator under standard culture conditions (37 �C
and 5% CO2) overnight to allow cell attachment and spreading on the membrane. For the next

12 h, the upper channel of the device was subjected to flow based media change at low FSS

(0.01 dyn/cm2). Thus, a constant supply of fresh media was available for the BAOECs without

being subjected to FSS effects. Later, the flow rate of media in the upper channel was gradually

increased to subject the endothelial cells to physiologically relevant FSS values.

Application of fluid shear stress

Endothelial cells are exposed to continuous FSS in vivo which regulates signaling pathways

that maintain their phenotype. This is critical to the success of our work, and for this the con-

fluent layer of BAOECs was subjected to physiologically relevant FSS. To calculate the volu-

metric flow rate that correspond to the required maximum FSS experienced by the endothelial

cells, the following equation was used,22 where “ scell” is the maximum local shear stress expe-

rienced by endothelial cells, and “l” is the fluid viscosity. “Q” is the volumetric flow rate

through the region of interest, “w” is the width of the channel, and “ h” is the distance between

the top and bottom surface of the channel

scell ¼
6lQ

wh2
:

On reaching confluence, the BAOECs were subjected to a FSS of 12 dyn/cm2 using an

extremely low pulsation peristaltic pump (ISMATEC, IPC-N series) placed in standard culture

conditions. The use of a peristaltic pump allowed multiplex access to the flow channel, provid-

ing the flexibility of introducing new entities (particles, specific biomolecules, etc.) without dis-

turbing the laminar FSS to which the BAOECs were subjected.

TNF-a treatment

After establishing the in vitro bio-mimetic blood vessel platform, the dynamics of endothe-

lial activation and ICAM-1 expression by local action of TNF-a were studied. The occurrence

of a pathological condition leads to upregulation of endothelial cell adhesion molecules. This

process is mediated by circulating cytokines such as TNF-a. ICAM-1, a cell-surface glycopro-

tein member of the Ig super-family is expressed by normal vascular endothelium at a basal
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level of surface density23,24 that markedly increases under pathological conditions including

inflammation as a result of endothelial activation.23–25

BAOECs were subjected to 24 h or more of flow at 12 dyn/cm2 and were finally activated

with TNF-a to study surface ICAM-1 expression. TNF-a was mixed in media at a concentration

of 10 Units (U)/ml, and the treatment was performed for 2 h on a confluent endothelial cell

layer (>80%). BAOECs were locally activated by introducing TNF-a in the lower channel of

the device, which has direct access to a section of the upper channel. TNF-a diffused from the

lower to the upper channel through the pores of the membrane and locally activated the endo-

thelial layer from the basal side. The upper channel has been divided as “upstream,” “TNF-a
treated,” and “downstream” sections with respect to the direction of media flow (Fig. 1), and

TNF-a in the lower channel comes in direct contact with the endothelial cells in the “TNF-a
treated” section of the upper channel. BAOECs in the upstream or downstream sections did not

come in direct contact with the pro-inflammatory cytokine. Most likely, mass transfer of materi-

als between the upper and lower channels is mediated by gradient-driven diffusion through the

membrane pores, although, in theory, endothelial cells may exert active directional transport of

specific compounds via enzymatic and energy-dependent mechanisms.

Anti-ICAM-1 coated particle binding on BAOEC layer

Antibody coated particle binding was performed on locally TNF-a activated BAOECs to

characterize surface ICAM-1 expression. Anti-ICAM-1 coated probe particles were introduced

to the flow in the upper channel, while localized TNF-a activation of endothelial cells was con-

ducted from the lower channel. This allows the study of dynamics and heterogeneity involved

in endothelial ICAM-1 upregulation induced by local action of TNF-a as close to native in vivo
condition as possible.

FIG. 1. (a) Graphical schematic (left) and photograph (center) of the bi-layer device showing the upper (marked with yel-

low lines) and lower (marked with red lines) channel separated by a semi-permeable membrane. The schematic on the right

depicts the culture of a monolayer of endothelial cell on the semi-permeable membrane and the manner in which TNF-a
treatment is performed from the lower channel. (b) (i) Bright field image of the upper (marked with yellow lines) and lower

(marked with red lines) channel defining the upstream, TNF-a activated, and downstream sections. (ii) Fluorescently

labeled F-actin cytoskeleton (FITC phalloidin) images of confluent BAOEC layer aligned to flow (12 dyn/cm2 FSS

for 24 h). The cells are cultured on the semi-permeable membrane in the upper channel of the device. Arrow shows flow

direction (Scale bar: 100 lm).
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Particle concentrations for 210 nm and 1 lm particles for performing the binding test were

chosen such that the “total volume of particles” remained a constant (Table I). Also, the flow

time for each flow case was reduced proportional to an increase in FSS to maintain the “total

volume of particle solution” for all cases a constant (Table II). This made sure that the “total

number of particles/flow case” remained the same for all flow cases.

The particles were introduced to the flow in the upper channel of the device, and after their

designated flow time unbound particles were removed by flushing with a buffer solution. The

wash buffer contains a plasma membrane stain (CellMaskTM, Life technologies) to fluorescently

tag the BAOECs. The particle bound BAOECs were then fixed in paraformaldehyde (3.7%).

Particle binding was analyzed by phase contrast and fluorescence microscopy (FV1000-IX81,

Olympus), and image analysis was performed using ImageJ software.

Real time particle binding study

To demonstrate the applicability of our platform towards real time in situ studies, we char-

acterized dynamic binding of anti-ICAM-1 coated NPs on BAOECs being activated by TNF-a.

The enclosed nature of the blood vessel platform allowed maintenance of sterile conditions. We

performed a continuous particle binding study over time where the flow set-up was assembled

on a microscope table. BAOECs were subjected to 12 dyn/cm2 of FSS for 6 h before being

locally treated with TNF-a from the lower channel, while flow is continued in the upper chan-

nel. Real time binding of anti-ICAM-1 coated 210 nm particles (high density) was analyzed to

characterize the dynamic nature of ICAM-1 expression by BAOECs. An illustration of the set-

up is given in Fig. 8(a). The cells were cultured in HEPES buffered media, and such cultures

do not require a controlled gaseous atmosphere.26 The pump controlled the flow rate of the

media, and an in-line solution heater (Warner Instruments, SH-27B) maintained the media tem-

perature at 37 �C. The objective of the microscope was covered with a thin-film heating band

(Bioptech, 150819) to facilitate live cell imaging as optical coupling medium (oil) can act as a

thermal coupling medium and draw heat away from the microfluidic chip.

RESULTS AND DISCUSSION

On chip cell culture

Endothelial cells, which form the tunica intima, are constantly exposed to blood flow. The

exposure of endothelial cells to this shear stress activates a number of cellular mechano-sensors

and adaptor molecules that regulate the expression of genes and proteins relevant to endothelial

cell functions in healthy and disease conditions.27,28 Pro-inflammatory and proliferative signal-

ing pathways of vascular endothelial cells become down-regulated when the endothelial cell

layer is exposed to unidirectional sustained FSS.29 Subjecting the endothelial cells to physiolog-

ically relevant FSS helps maintain their phenotype.30 We validated the bio-mimetic nature and

checked the longevity of cell culture in our device. A confluent layer of BAOECs was sub-

jected to steady and directed laminar FSS (12 dyn/cm2) for a time period of 5 days. A confluent

and flow-aligned BAOEC monolayer was maintained for 5 days, and the F-actin arrangement

pattern was comparable to that of BAOECs subjected to 12 dyn/cm2 FSS for 24 h [Fig. 2(b)].

TABLE II. FSS and corresponding volumetric flow rate values along with flow time for 6, 12, and 18 dyn/cm2 cases. Flow

time decreases with FSS to maintain the “total volume of particle solution/flow case” a constant.

Flow shear stress

(dyn/cm2)

Flow rate in ml/h (viscosity:

0.007 dyn s/cm2 for media)

Flow time (minutes) for particle

flow study in media/pure buffer

6 1.8 6

12 3.6 4

18 5.4 2
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BAOEC stress fiber alignment under FSS

To further examine the endothelial cell layer subjected to flow, their actin assembly charac-

teristics were studied. Endothelial cells exposed to FSS change shape and microfilament network

to align with the direction of flow.31 We examined this by staining F-actin stress fibers of

BAOECs growing in the upper channel. The exposure of cells to 12 dyn/cm2 FSS resulted in

alteration of cell shape from the typical cobblestone pattern to fusiform as observed in endothelial

cells in vivo.32,33 Majority of the cells and their actin stress fibers form a series of almost parallel

fibers in the long axis of the cell, aligned in the direction of flow (Fig. 2(b)). The control (no

flow) case had the cortical actin, and F-actin fibers arranged in a radial pattern (Fig. 2(a)). To bet-

ter depict the relationship between cell orientation and flow direction, the angle (a) between the

orientation of stress fibers and the width (short-axis) of the microchannel was plotted using

ImageJ software. It is observed that for the control case the stress fibers align at an average angle

of 51.4�, while the cells exposed to flow show an average angle of 90.1� (Fig. 2(c)). This result

is consistent with previous studies.31,34

When exposed to FSS, the redistribution of cortical actin from the periphery of the endothelial

cell to bundles of stress fibers aligned in the direction of flow is expected.35–38 The thickness of

the cortical actin and width of stress fibers were calculated based on the analysis of fluorescence

labeled actin cytoskeleton images. In BAOECs subjected to 12 dyn/cm2 of FSS for 4 h, the thick

cortical actin was found to reorganize into actin stress fibers along the direction of flow (Fig. 3).

About 2 fold decrease in cortical actin thickness is observed (Fig. 3(a)). The apparent thickness of

stress fibers increases around 2 fold as well for BAOECs subjected to FSS (Fig. 3(b)).

FIG. 2. Organization of F-actin stress fibers (green) in BAOECs assessed by confocal microscopy (a) static case; cell stress

fibers tend to align parallel to the width of the channel. (b) After 4 h of flow at 12 dyn/cm2 FSS; cell stress fibers tend to

align parallel to the flow direction (scale bar: 50 lm). Insets show zoomed in images of stress fiber alignment. Arrows (red)

mark the flow direction. (c) Quantitative measurement of stress fiber alignment angle (a) to the width of the channel under

static and flow shear stress case. Data are shown as mean 6 S.D. (n¼ 50 cells from 3 independent experiments)

(*p< 0.001 by Student’s t-test).

FIG. 3. Reorganization of cortical actin into stress fiber bundles in BAOECs subjected to FSS. Flow-induced actin remodel-

ing was observed by fluorescence labeling of the actin cytoskeleton with FITC-conjugated phalloidin in BAOECs treated

with 12 dyn/cm2 FSS for 4 h. Comparison of (a) cortical actin thickness and (b) stress fiber bundle width distribution in

static and flow (12 dyn/cm2 FSS for 4 h) culture conditions. Data are shown as mean 6 S.D. (n¼ 50 cells from 3 independ-

ent experiments). (* p< 0.001 by Student’s t-test).
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Since the actual thickness and the density of the stress fibers formed cannot be understood

from analyzing the width of the stress fibers alone (stress fiber bundle depth in the z direction is

not considered), we quantified their fluorescence intensity in grayscale value and plotted the cor-

responding line graphs (Figs. 4(a) and 4(b)). This also gives an idea of the stress fiber density

present in each cell. The exposure of endothelial cells to FSS results in assembly of thick stress

fibers along the direction of flow.39 We observed multiple but less intense stress fiber distribution

across the cytoplasm of static BAOECs [Figs. 4(a-i) and 4(a-ii)]. BAOECs subjected to flow

have fewer but more profound and sharp stress fiber distribution [Figs. 4(a-iii) and 4(a-iv)].

Stress fiber density in the cells was quantified through a line profile across the cytoplasm of

BAOECs and using ImageJ software to calculate fluorescence intensity.40 The software identifies

the stress fibers by their increased fluorescence relative to areas devoid of stress fibers. Sharp, dis-

tinct peaks represented individual stress fibers, while the width and the fluorescence intensity of

the peak indicated their thickness [Fig. 4(b-i)]. Actin stress fibers were quantified as thin and

thick for both static and FSS case by classifying stress fibers based on their fluorescence intensity

FIG. 4. Comparison of stress fiber distribution in BAOECs subjected to FSS with no flow case. Actin stress fibers of

BAOECs are labeled with FITC-conjugated phalloidin. (a) Fluorescence intensity (grayscale value) of stress fibers is quan-

tified using ImageJ software across the marked line and corresponding line graphs are plotted for: (i) and (ii) No flow case

(control); and (iii) and (iv) endothelial cells subjected to FSS at 12 dyn/cm2 for 4 h. (b) (i) Total number of fluorescence in-

tensity (grayscale value) peaks denoting stress fiber bundles in control and flow case. (ii) Thin and thick actin stress fiber

bundles in BAOECs were marked by classifying them based on grayscale value (�50 as thin and >50 as thick) for both

control and FSS case. Arrow indicates direction of flow. (Scale bar: 10 lm). Data are shown as mean 6 S.D. (n¼ 50 cells

from 3 independent experiments).
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(grayscale value). For statistical purpose, the stress fibers with fluorescence intensity �50 gray-

scale value were arbitrarily marked as thin and >50 as thick [Fig. 4(b-ii)]. There was almost an

equal distribution of thin and thick stress fibers in static cells, while the BAOECs subjected to

FSS had a significant distribution of thick stress fibers in their cytoplasm. Laminar and sustained

FSS induces thicker stress fiber organization of endothelial cells along the direction of flow, while

maintaining elongated cell morphology.

Characterization of flow-mediated localized BAOEC activation using fluorescent probes

TNF-a activated BAOECs would have upregulated expression of ICAM-1 among other endo-

thelial cell surface proteins.41 A time course study on TNF-a based expression of surface ICAM-

1 by BAOECs cultured in petri-dish showed 2 h of treatment to be optimal (Fig. 5(b-iii)). The

BAOECs are cytokine-treated from the basal side of the cell, and to understand the difference in

basal and apical cell side TNF-a treatment on surface ICAM-1 expression BAOECs were sub-

jected to these two cases separately. The cells expressed similar levels of ICAM-1 expression for

both cases characterized by targeted particle binding (supplementary material Figure 1).42 In our

work, the ICAM-1 expression was evaluated by studying specific binding of anti-ICAM-1 coated

particles to endothelial cells in the upper channel (Fig. 5(b)). Similar particle based probes have

been used in other studies to understand ICAM-1 dynamics associated with transendothelial

FIG. 5. (a) Fluorescence micrographs show binding of 210 nm particles under flow on TNF-a activated endothelial cells for

2 h, (i) anti-ICAM-1 coated NP (low density case) at FSS of 6 dyn/cm2; (ii) anti-ICAM-1 coated NP (high density case) at

FSS of 6 dyn/cm2; and (iii) control IgG coated NP at FSS of 6 dyn/cm2. (Scale bar: 20 lm). Fluorescence micrographs

show binding of 210 nm particles on TNF-a activated endothelial cells for 2 h in a static petri-dish study (iv) anti-ICAM-1

coated NP (high density case) and (v) control IgG coated NP; (scale bar: 20 lm). (b) Quantification of anti-ICAM-1 and

control IgG coated NP binding per cell at a FSS of 6 dyn/cm2 on TNF-a activated endothelial cells for 2 h, (i) low density

anti-ICAM-1 coated NP; and (ii) high density anti-ICAM-1 coated NP. Endothelial cells were subjected to 24 h or longer of

flow at 12 dyn/cm2 and were activated with TNF-a. Then, antibody coated particles were flown according to parameters

listed in Table II. (iii) Quantification of anti-ICAM-1 (high density case) and control IgG coated 210 nm particles binding

per cell on endothelial cells TNF-a activated for different time points for the static petri-dish study. Data are shown as

mean 6 S.D. (n¼ 100 cells from three independent experiment for each case). (*** p< 0.00001 by Student’s t-test).
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leukocyte migration43 and inflammatory responses.44 Saturated anti-ICAM-1 coating on 210 nm

particles produced a high antibody coating density of 232.5 6 25 anti-ICAM-1/particle. This was

brought down to a low antibody coating density of 112.9 6 19 anti-ICAM-1/particle using control

IgG antibody. These correspond to 1851.2 6 199/lm2 for the maximum antibody density case

and 898.9 6 151 anti-ICAM-1/lm2, respectively, and would be referred to as high and low den-

sity cases from now. 1 lm particles had a single antibody density case of 2367.8 6 264 anti-

ICAM-1/particle, which corresponds to 232.9 6 25 anti-ICAM-1/lm2. 210 nm particles coated

with anti-ICAM-1 or control IgG were perfused at 6 dyn/cm2 FSS. Anti-ICAM-1 coated NP

bound to cytokine-activated endothelial cell specifically, exceeded binding of control IgG coated

NP by �20 times and �50 times for the low and high density anti-ICAM particle coating cases,

respectively (p< 0.00001) (Fig. 5(a)). Anti-ICAM-1 coated NP binding to TNF-a treated EC was

further enhanced in FSS-exposed vs static endothelial cells, consistent with observations in other

models45 (Fig. 5(b-ii) vs 5(b-iii)).

Tsou et al. investigated the endothelial spatial regulation of adhesion molecules on a linear

gradient of FSS from 0 to 16 dyn/cm2 on a Hele-Shaw flow chamber design.13 Even though

membrane based devices have been used before for endothelial cell culture studies,4,46 the spa-

tial variation in inflammatory response based on cytokine triggering has not been studied. The

design of our bio-mimetic blood vessel platform allows a section of the upper channel to be

accessed independently. This facilitates spatially controlled cytokine activation of endothelial

cells. Having both direct cytokine-activated and non-activated endothelial cells in the same

channel allowed investigation of the heterogeneous nature of ICAM-1 expression and the hemo-

dynamic control of the marginal zone between inflammation foci and relatively normal vascula-

ture. Investigating the binding of anti-ICAM-1 coated particles of different size and antibody

coating densities to ICAM-1 under physiologically relevant FSS characterizes the distribution

and accessibility of ICAM-1 on endothelial cells. Such studies can shed light on parameters

involved in receptor-ligand recognition for activated blood cells and affinity drug carriers.

Endothelial cells were subjected to 24 h or more of flow at 12 dyn/cm2 and were activated

with TNF-a from the lower channel at a concentration of 10 Units (U)/ml. Once activated, anti-

ICAM-1 coated particles were flown according to parameters mentioned in Table II. As the en-

dothelial cells were fluorescently tagged, the boundaries of individual cells were marked, and

the number of particles binding per cell was counted using ImageJ software. The binding of flu-

orescent particles to ICAM-1 in the upstream, TNF-a treated, and downstream areas of the

channel was studied using antibody coated 210 nm and 1 lm particles. Flow rates of 6, 12, and

18 dyn/cm2 were employed after the BAOECs were treated with TNF-a for 2 h under a steady

and sustained FSS of 12 dyn/cm2.

From Fig. 6(b), it is observed that BAOECs in the TNF-a treated section of the upper

channel have around 4–5 times higher particle binding density compared to the upstream sec-

tion for 210 nm particle with high anti-ICAM-1 coating density (p< 0.01). A similar trend was

observed for the lower antibody coating density case (Fig. 6(a)), and this was consistent for all

the flow cases for both particle antibody coating densities. This clearly showed a significant

increase in surface ICAM-1 expression in BAOECs at the TNF-a treated section. The p value

is <0.01 by one way analysis of variance (ANOVA) test for particle binding data compared

between TNF-a treated, upstream, and downstream regions for both 210 nm particle antibody

coating density cases. The downstream section of the channel also showed significantly higher

(around 2 times) particle binding density compared to the upstream section (p< 0.01). TNF-a
induced increase in endothelial ICAM-1 expression has been well established.47 A study on

their spatial regulation based on localized cytokine treatment is novel and has been detailed in

the section on ICAM-1 and F-actin distribution along the channel length. From our particle

probe binding based analysis of surface ICAM-1 expression, FSS exposed endothelial cells

(Figure 5(b-ii)) are found to have around two times higher ICAM-1 expression compared to

static case (Figure 5(b-iii)). Although in the static case the probes are also statically incubated

on the activated endothelium rather than subjected to flow based binding, this variance is being

overlooked in this comparison. Similar increase in TNF-a induced expression of surface ICAM-

1 on shear exposed endothelial cells when compared to static cultured cases have been
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previously reported. Chiu et al. observed an increase in surface ICAM-1 expression using flow

cytometry based analysis on human umbilical vein endothelial cells (HUVECs), while

Klingberg et al. found shear adapted and TNF-a treated HUVECs to have higher binding with

anti-ICAM-1 coated NPs compared to static case.45

The particle binding density depends on the antibody coating density as well. When com-

pared to the high particle antibody coating density case, the particle binding density was around

half for the low case. This increased binding density of particles with higher antibody coating

is consistent with other studies and our previous work.21,48,49 Previous studies have reported the

binding kinetics of particles with higher anti-ICAM-1 coating density to be significantly

faster,48,50 which could be valid for our study as our maximum particle flow time is only 6 min.

The particle binding density decreased when the FSS increased from 6 to 12 dyn/cm2 for both

anti-ICAM-1 coating density cases. An increase in FSS reduced the available time for particles

to diffuse/marginate towards the endothelial cell surface, which reduced their binding density as

observed in other studies.48 The particle binding density also does not reduce for FSS> 12 dyn/

cm2 (Fig. 6). Similar behavior has been reported in previous studies where it is observed that

flow cannot generate enough drag force on the particle to significantly reduce the particle bind-

ing density after a critical shear rate.48 Here, the receptor-ligand bond strength between the

210 nm particle and the ICAM-1 molecules expressed on the endothelial layer should be higher

than the drag force produced by the FSS on the nanometer scale particle (drag force generated

is proportional to the size of the particle).

Binding of anti-ICAM-1 coated 1 lm particles was also studied, but no significant binding

was observed in any sections of the channel for a FSS range of 6–18 dyn/cm2. Particle binding

characteristics similar to that of 210 nm ones were observed when the FSS was brought down

to 1.5 dyn/cm2 (supplementary material Figure 2).42 Drag force generated on the bigger 1 lm

particle is higher, making them easily detachable. As described by Charoenphol et al., there is

a critical wall shear rate beyond which the higher disruptive hemodynamic force interferes with

particle binding.51 For 1 lm particle, 6–18 dyn/cm2 could be beyond the critical shear rate. In

addition, the role of accessibility and surface congruency of ICAM-1 is more limiting for large

vs small ligand-coated particles.

ICAM-1 and F-actin distribution along the channel length

In order to study the transition in ICAM-1 expression in the different sections (upstream,

TNF-a treated, and downstream) of the channel, we divided these sections into smaller seg-

ments and inspected the particle binding per cell along the length of the channel (Fig. 7(b)). An

FIG. 6. Targeted binding of anti-ICAM-1 coated particles of different antibody coating densities on BAOECs in the

upstream, TNF-a treated, and downstream sections of the channel at different shear rates. Quantification of particle binding

density per cell at 6, 12, and 18 dyn/cm2 for 210 nm particles of (a) low anti-ICAM-1 coating density and (b) high anti-

ICAM-1 coating density. p< 0.01 by one way ANOVA test for particle binding data compared between upstream, TNF-a
treated, and downstream regions for both low and high density anti-ICAM-1 particle coating cases. Data are shown as

mean 6 S.D. (n¼ 100 cells from three independent experiments for each case).
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increase in binding/cell for anti-ICAM-1 coated particles (high density) as a result of increased

ICAM-1 expression by endothelial cells was observed all along the 1 mm long TNF-a treated

section. This also extended into the nearby downstream section. Particle binding density in the

downstream section was significantly higher than that of the upstream section, even though

both sections were not TNF-a treated directly. There was a smooth decrease in particle binding

along the channel in the downstream section, and after a channel length of about 3 mm the par-

ticle binding density became comparable to that of upstream region. The significance of the dif-

ference in particle binding densities between the “upstream-TNF-a treated” and “upstream-

downstream” sections of the channel was evaluated using Student’s t-test, and the p value was

found to be <0.01. Elevated particle binding density was also observed in the upstream section

of the channel close to the TNF-a treated section (red lines mark the boundary in Figs. 7(a)

and 7(b)). TNF-a treatment leads to cell-cell barrier dysfunction and intercellular gap formation

in endothelial cells, thus increasing blood vessel permeability.52–54 The increase in particle

binding in the upstream section close to the TNF-a treated section and along the length of the

downstream section could be due to a synergistic influence of flow and TNF-a diffusion

through the BAOEC layer which has increased permeability in the TNF-a treated region. Flow

directed from the TNF-a treated to the downstream section carried a majority of the diffused

TNF-a molecules towards the downstream section. The exposure to TNF-a led to upregulation

of ICAM-1 expression on BAOECs here, which decayed along the channel length as the dis-

tance from direct TNF-a exposure increased and endothelial cells in its path bound remaining

TNF-a.

Inflammatory conditions lead to rearrangement of the actin cytoskeleton at endothelial cell

junctions, regulation of endothelial permeability, and barrier modulation.55–58 We looked into

F-actin stress fiber arrangement after TNF-a treatment along the channel length to further

understand the endothelial cell microenvironment (Fig. 7(a)). A confluent BAOEC layer was

exposed to 4 h of FSS at 12 dyn/cm2, which was followed by 2 h of localized TNF-a treatment

FIG. 7. Analysis of particle binding and F-actin stress fiber arrangement along the length of the channel after TNF-a treat-

ment. (a) F-actin stained image of BAOECs aligned to FSS at 12 dyn/cm2 for 4 h and TNF-a treated (10 U/ml) for 2 h.

Zoomed in image (corresponding to dashed boxes) shows more clear F-actin arrangement. Yellow bordered image repre-

sents control BAOECs flow aligned to 12 dyn/cm2 FSS. Magnified images (3.5� magnification) are arranged in the same

order as the dashed boxes in the intact image above. (b) 210 nm anti-ICAM-1 (high density) coated particle binding per cell

at 6 dyn/cm2 FSS along the length of the channel divided into upstream, TNF-a treated, and downstream sections

(*p< 0.01 by Student’s t-test for particle binding data compared between “upstream-TNF-a treated” and “upstream-

downstream” sections.) (c) Fluorescence intensity (grayscale value) of stress fibers is quantified using ImageJ software

across the length of the channel and corresponding graph is plotted. Data are shown as mean 6 S.D. Arrow indicates flow

direction. (Scale bar: 100 lm). Data are shown as mean 6 S.D. (n¼ three independent experiment for each case).
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(10 U/ml) from the lower channel. The cells were stained for F-actin stress fibers, and their

arrangement was studied in the upstream, TNF-a treated, and downstream sections. BAOECs

exposed to FSS in the upstream section had stress fibers aligned to flow direction (yellow bor-

dered image in Fig. 7(a)) as observed earlier (Fig. 2(b)). After 2 h exposure to TNF-a, there

was thinning of stress fiber filaments around the center of the cell cytoplasm. Fig. 7(c) quanti-

fies the fluorescence intensity (grayscale value) of F-actin stained stress fibers in the cell across

the channel length using ImageJ software. The thinning started around the border of upstream

and TNF-a treated section. It was consistently observed all throughout the TNF-a treated sec-

tion and continued towards the downstream section. We observe an average drop of about 50%

in the grayscale value of the fluorescence intensity in these sections (Fig. 7(c)). The F-actin

stress fiber fluorescence intensity in the cell center increased smoothly to levels comparable to

the upstream section after about 1.5 mm length in the downstream section. The thinning in

F-actin fibers was likely due to TNF-a induced F-actin remodeling observed in endothelial

cells.52 Along the channel length, a rearrangement in F-actin stress fibers is also observed in

BAOECs after TNF-a treatment. These isolated disruptions of the F-actin lattice were sparsely

observed in the upstream regions close to TNF-a treated section, while they were more com-

mon in the TNF-a treated section. This was observed in the downstream section as well but the

frequency of occurrence decreased along the channel length. This rearrangement of F-actin is a

good indicator of barrier dysfunction and intercellular gap formation as a result of TNF-a treat-

ment.52–54 There is evidence of Cdc42, Rac, and Rho activation in a hierarchical cascade

following stimulation with TNF-a in endothelial cells, leading to actomyosin-mediated cell re-

traction and formation of intercellular gaps.59 Formation of intercellular gaps and barrier

dysfunction would lead to TNF-a diffusion to the upper channel from the lower channel in our

device, which is consistent with our assumption.

Dynamic nature of surface ICAM-1 expression by BAOECs

The blood vessel microfluidic model has a closed design, and this allows the maintenance

of cell culture conditions inside the channel to sustain cell growth outside an incubator. By

mounting the required experimental set-up on a microscope table (Fig. 8(a)), real time in situ
studies can be performed on our blood vessel model. We applied this to study the dynamics of

FIG. 8. (a) Schematic describing the experimental set-up for real time in situ particle binding study using the biomimetic

blood vessel platform. (b) Images of 210 nm (green fluorescence) particle binding over red fluorescence plasma membrane

stained (CellMask, Life technologies) cells for different TNF-a treatment time points. BAOECs were subjected to 12 dyn/cm2

of FSS for 6 h before localized TNF-a treatment. (c) Anti-ICAM-1 coated (high density) 210 nm particle binding data over

time are plotted to characterize the dynamic nature of surface ICAM-1 expression by BAOECs before and after TNF-a treat-

ment. (n¼ three independent experiment).
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endothelial surface ICAM-1 expression induced by flow mediated TNF-a activation. The dy-

namics were characterized by studying the specific binding of 210 nm fluorescent anti-ICAM-1

coated particles (high antibody coating density) on BAOECs activated locally with TNF-a. The

device with a monolayer of flow aligned endothelial cells in the upper channel was mounted on

the microscope table and subjected to a FSS of 12 dyn/cm2 for 6 h before being locally TNF-a
treated from the lower channel for 4 h. Anti-ICAM-1 coated particles were introduced to the

flow, and images were taken every 20 min to analyze the increase in particle binding on cell

surface. The particle binding density per cell increased, corresponding to an upregulation of

ICAM-1 expression by BAOECs. This study provides a better understanding of the dynamics

of ICAM-1 upregulation by BAOECs over time. Unlike that observed in static petri-dish studies

where the ICAM-1 upregulation peaked after 2 h (supplementary material Fig. 1), this in situ
observation under FSS showed a linear increase in ICAM-1 upregulation which peaked after

3 h and 20 min (Fig. 8(c)). The increased ICAM-1 expression in this case was a combined

effect of flow and cytokine activation, as one could expect in vivo. This study provides a better

understanding of the transient nature of ICAM-1 receptor upregulation by BAOECs when

locally activated by TNF-a in a flow-mediated realistic environment. As explained earlier, flow

adapted endothelial cells produce more surface ICAM-1 expression compared to static case

when triggered with TNF-a.45 An integrated effect of shear stress along with TNF-a is observed

here, comparable to similar effect reported in the work by Srigunapalan et al. where monocyte

adhesion increased when stimulated with shear stress and TNF-a.46

CONCLUSION

In designing in vitro models of human pathophysiology, one needs to critically define

which specific parameters and biological mechanisms typical for the condition of interest it

may and may not adequately address. For example, the range of flow shear stress explored in

this study is typical of microvasculature and small veins. Therefore, it would be inadequate for

studies of interactions of blood with endothelium in arterial lumen, which is an important site

of atherosclerosis and thrombosis. This range of shear stress fits better with hydrodynamic con-

ditions in other types of inflammation such as acute lung injury or acute respiratory distress

syndrome. Furthermore, these conditions seem to be relevant to vasa vasorum, which represent

specific and important site of endothelial events in atherosclerosis and other pathological condi-

tions in large arteries. Some parameters of in vitro models, such as concentration of biological

mediators, are difficult to relate to their in vivo counterparts. For example, kinetics and ampli-

tude of blood level of cytokines in humans and animal models differ, as do biological activities

and interactions endogenous vs exogenous cytokines with various other molecular and cellular

constituents in the body. In this context, concentration of TNF-a employed in the present study

should be viewed as a conventional range used in in vitro models, rather than a reference to the

pathological level of endogenous cytokine. In this study, we employed ICAM-1 targeted par-

ticles as a probe of the endothelial response. These probes help quantify the localized cytokine

stimulation based ICAM-1 expression in a novel cell culture model, which allows comparison

of endothelial cells upstream and downstream from the focal cytokine challenged site. The

kinetics data for binding of ICAM-1 targeted particles show that our detection probe is reliable

in a reasonable time frame.

We characterized BAOEC culture under physiological levels of flow and analyzed their

F-actin organization pattern. Localized TNF-a treatment was performed on the BAOECs from

the basal side, and flow mediated ICAM-1 upregulation was analyzed. Fluorescent antibody

coated particle based imaging probes were utilized to characterize ICAM-1 expression on the

endothelial cell layer by studying targeted particle binding under flow. By analyzing the particle

binding along the length of the channel, we characterized the nature of upregulation and fall in

ICAM-1 expression for BAOECs from the upstream to TNF-a treated and downstream channel

sections. We also outlined the nature of TNF-a based F-actin remodeling and rearrangement

along the channel length. By performing real-time particle binding study on this platform, the

dynamics of TNF-a based ICAM-1 upregulation were also characterized. The blood vessel
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model in this study is a tool with potential to characterize the complex microenvironmental het-

erogeneity of endothelial cells during inflammation and other pathologically significant states.

This novel microfluidic chip can mimic closely the native environment of endothelial cells by

facilitating in vivo levels of flow and biomolecule supply, along with an opening for localized

access. It was found that the BAOECs in the TNF-a treated section of the channel exhibit up-

regulated ICAM-1 expression compared to the upstream and downstream section, while this de-

vice provided evidence that the BAOECs in the downstream section express higher ICAM-1

compared to the upstream section of the channel. Real-time particle binding studies on TNF-a
activated BAOECs using this device revealed that the flow-mediated cytokine response by the

endothelial cell layer is different from conventional static cases. This work highlights the versa-

tile nature and functionality of the microfluidic biomimetic blood vessel platform developed. In

comparison to in vivo systems, our work includes only a sub-endothelial compartment compris-

ing of a monolayer of endothelial cells. Our future in vitro blood vessel models will incorporate

the appropriate support cell systems (smooth muscle cells/pericyte) and extracellular matrix

scaffold to answer relevant questions in vascular biology. This will take the model a step closer

towards in vivo systems and extend its significance.

In this study, we detected appearance of ICAM-1 on the luminal surface of endothelium as

a molecular marker. This parameter, widely used in the literature49,60–62 as a conventionally

accepted readout of functional status of these cells, is one of many manifestations of pro-

inflammatory endothelial activation. They include cellular contraction and other surface altera-

tions such as reduction of surface density of thrombomodulin, endothelial protein C receptor,

and angiotensin-converting enzyme, as well as appearance of tissue factor, selectins, Willebrand

factor, and other pro-coagulant and pro-inflammatory molecules. Each of these molecular

changes is usually associated with specific functional changes including vascular adhesion of

leukocytes, platelets, and fibrin. Accordingly, we envision further extension of our model in

two intertwined directions. First, we will expand the list of molecular readouts of endothelial

functional status using the current experimental setting. Second, we will embark on the analyses

of pathophysiological consequences of these functional changes, including leukocyte adhesion

and thrombosis, which will require adding blood or blood components to the perfusion system

and corresponding modifications of the experimental setting.
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