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Adhesion-based microfluidic cell separation has proven to be very useful in applications ranging from cancer diagnostics to
tissue engineering. This process involves functionalizing microchannel surfaces with a capture molecule. High specificity
and purity capture can be achieved using this method. Despite these advances, little is known about the mechanisms that
govern cell capture within these devices and their relationships to basic process parameters such as fluid shear stress and
the presence of soluble factors. This work examines how the adhesion of human endothelial cells (ECs) is influenced by a
soluble tetrapeptide, Arg-Glu-Asp-Val (REDV) and fluidic shear stress. The ability of these ECs to bind within microchannels
coated with REDV is shown to be governed by shear- and soluble-factor mediated changes in p38 mitogen-activated
protein kinase expression together with recycling of adhesion receptors from the endosome.
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Introduction

Endothelial cells (ECs) line the blood vessel walls and serve as an
interface for blood flow [1,2]. Due to their unique location they
are constantly exposed to a multitude of mechanical forces. The
hemodynamic force from the luminal blood, together with
adhesive forces between cell surface anchoring proteins (integrins)
and the basement membrane (basal lamina) contribute to a
complex set of mechanical signals that are known to regulate
vascular function through multiple, mechanotransduction-related
signaling pathways [3,4]. Based on their important role in the
cardiovascular system attention has been focussed on isolating
both immature and mature ECs from heterogeneous starting
material for applications such as tissue engineering [5,6,7].

Microfluidic cell separation has emerged as an attractive
alternative to MACS and FACS due to the small sample volume
requirement and the ability to capture rare cell populations [8,9].
More specifically, adhesion-based cell separation has proven to be
very useful in a wide range of applications, ranging from cancer
diagnostics to tissue engineering because it eliminates the need for
sample pre-processing to bind fluorescent or magnetic tags
[8,9,10,11]. This approach involves functionalizing microfluidic
channels with molecules that bind to one or more cell types that
are captured from a flowing stream. Various research groups have
demonstrated the utility of this approach in terms of capturing the
target cells [5,12,13,14]. Little is known, however, about the effect
that such capture platforms may have on cells during the isolation
process, particularly when dealing with shear-sensitive cells, such
as ECs and stem cells. At present, it is generally assumed that cells
are quiescent during the separation process and no change occurs
within the cells that would substantially affect affinity. This
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assumption enables the design of microfluidic capture systems
based on simple profiles of cell adhesion as function of shear stress
[9].

In previous work by our group, a series of experiments
demonstrated that cell adhesiveness can indeed be altered by
exposure to shear and soluble molecules [15]. These studies
involved blocking surface receptors of human umbilical vein
endothelial cells (HUVECs) with the ligand Arg-Glu-Asp-Val
(REDV) followed by flow within REDV functionalized micro-
channnels. The objective of this study is to relate such changes to
specific intracellular mechanisms and processes.

Materials and Methods

Materials

Ethanol (200 proof), cover slips (35 x60 mm, no. 1), microcen-
trifuge tubes, and cell culture flasks were purchased from Fisher
Scientific (Fair Lawn, NJ). 3-Mercaptopropyl trimethoxysilane was
obtained from Gelest Inc. (Morrisville, PA) and the coupling agent
GMBS (N-y-maleimidobutyryloxy succinimide ester) was obtained
from Pierce Biotechnology (Rockford, IL). SU-8-50 photoresist
and developer were obtained from MicroChem (Newton, MA);
silicone elastomer and curing agent were obtained from Dow
Corning (Midland, MI). Phosphate buffered saline (PBS; 1x,
without calcium or magnesium) was purchased from Mediatech
(Herndon, VA). HUVECs, singlequot kit supplements and growth
factors, HEPES buffered saline solution, trypsin neutralizing
solution, and 0.25% trypsin/ EDTA solution were purchased from
Lonza (Walkersville, MD). The peptide REDV, along with REDV
conjugated to fluorescein isothiocyanate (FITC) were purchased
from American Peptide (Sunnyvale, CA). Quantum FITC-5
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MESF kits were purchased from Bangs Laboratory (Fishers, IN).
The inhibitors BAPTA, PD98059, SP600125 and SB202190 were
purchased from Invitrogen (Grand Island, NY). The activated
anti-integrin B; antibody was purchased from Millipore (Billerica,

MA, Cat# FCMAB389F).

Microchannel Fabrication

Microchannels were fabricated using standard soft lithography
techniques [16,17]. Negative masters for device fabrication were
manufactured at the George J. Kostas Nanoscale Technology and
Manufacturing Research Center at Northeastern University. FFor
master fabrication, 2-dimensional projections of each device type
were drawn using AutoCAD and printed at high resolution on
transparencies (FineLine Imaging, Colorado Springs, CO). The
photomask was then used to generate a negative master. A silicon
wafer was coated with SU 8-50 photoresist to a thickness of
approximately 70 um and exposed to ultraviolet light (365 nm,
11 mW/cm®) with the transparency overlaid using a Quintel 2001
mask aligner. Following curing, the unexposed photoresist was
removed using SU 8 developer, and the feature height verified
using a Dektak surface profiler (Veeco Instruments, Santa
Barbara, CA). A straight channel device with dimensions of
1x50x0.07 mm (width xlength xheight) was used for all micro-
fluidic flow experiments. Polydimethysiloxane (PDMS) replicas
were generated using silicone elastomer and curing agents in the
ratio of 10:1 (w/w). This mixture was poured onto the negative
master and allowed to degas, then cured at 65°C for 2 h. PDMS
replicas were peeled off the wafers prior to punching inlet and
outlet holes with a 19-gauge blunt-nose needle. The replicas and
glass slides were exposed to an oxygen plasma (100 mW with 8%
oxygen for 30 s) in a PX-250 plasma chamber (March Instru-
ments, Concord, MA) and then immediately placed in contact
with each other. The irreversible bonding between PDMS and
glass was completed by baking for 5 min at 65°C. Surface
functionalization was performed immediately after the baking step.

Surface Modification

A three-step protocol was employed to bind REDV to the
microchannel surface. First, 4% (v/v) solution of 3-mercaptopro-
pyl trimethoxysilane in ethanol was prepared under a nitrogen
atmosphere and flowed into each channel. This solution was left to
react undisturbed for 30 min. The unreacted silane was flushed
out with ethanol and followed by injection of 0.28% GMBS in
ethanol solution flushed into the device. The GMBS was left to
react for 15 min. Following this reaction period, ethanol was used
to flush out the unreacted GMBS, followed by a rinse with PBS. A
solution of 0.1 mg/mL of REDV in PBS was then injected into
each microchannel. Following a 30 min period, the devices were
flushed with PBS and either used directly in experiments or stored
at 4°C.

Cell Culture

HUVECs obtained from Lonza were cultured in 150 cm? tissue
culture flasks at 37°C in a humidified atmosphere with 5% CO,
and 95% air in vendor-supplied culture medium (Lonza,
Walkersville, MD). The medium used was Endothelial Basal
Medium-2 (EBM-2) with the following added supplements:
hydrocortisone, hFGF-B, 0.39%; VEGF, 0.097%; R3-IGF-1,
0.097%; ascorbic acid, 0.097%; heparin, 0.097%; FBS, 1.97%;
hEGF, 0.097%; and GA-1000, 0.097% (v/v). HUVECs were
grown to 80% confluence and isolated for experiments by
trypsinization using a 0.25% trypsin-EDTA solution and used
for 3 passages only. Cell suspensions were centrifuged at 190x g
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and then resuspended in serum-free medium (EBM-2) at a
concentration of 5x10° cells/mL for all flow experiments.

Straight Channel Shear Flow Experiments

HUVECs were incubated in various concentrations of REDV
(0, 50, 75 and 100 pg/mL) in serum free medium in closed
centrifuge tubes. This process was followed by centrifugation and
resuspension in serum-free culture medium. A 0.6 mL suspension
of cells at a concentration of 1x10° cells/ml was flowed into
straight channel devices at a flow rate of 5.5 pL./min for 32 min
which results in each cell experiencing shear for a residence time
period (volume/volumetric flow rate) of 45s. This flow rate
corresponds to a wall shear stress of 1.1 dyn/cm?. Cell adhesion
within the devices was measured using a field finder (with
I mmx1 mm grids) placed under the microfluidic chamber. Cell
counts were taken at locations corresponding to %, V2, and
¥4 xthe total channel length. As in previous studies of cell adhesion
in microchannels by our group, the uniformity of the input cell
concentration was carried out via multiple measurements and flow
cytometry [5,13,16].

Integrin Activation Experiments

Activated integrin anti-B; (HUTS-4 clone) antibodies were used
to confirm the presence of activated B; integrins before and after
exposure to soluble REDV and shear stress. First, the total number
of activated integrin B; receptors that HUVECs possess were
evaluated by incubating the cells at a concentration of 1x10°
cells/mL in a 1:10 dilution of FITC conjugated anti-f; integrin for
30 min. These cells were then centrifuged and resuspended in
serum-free media for analysis of the fluorescence intensity in the
flow cytometer where the total number of activated B; integrin
receptors was measured. The effect of soluble REDV on the
activated integrin B; receptors was evaluated by incubating
HUVECs in the various concentrations of REDV for 30 min,
followed by centrifugation and resuspension in a 1:10 dilution of
FITC conjugated anti-B; integrin at a concentration of 1x10°
cells/mL. This suspension was incubated for 30 min followed by
centrifugation and resuspension in serum-free medium for
fluorescence intensity analysis in a flow cytometer as described
below.

The effect of soluble REDV combined with flow on the
activated integrin f; receptors was evaluated by incubating
HUVECs in the various concentrations of REDV as reported
earlier [15]. For these experiments the HUVEC cells were flowed
into straight channel devices at a flow rate of 5.5 uL/min (1.1
dyn/cm?) for 32 min and the outflow collected and incubated for
30 min in a 1:10 dilution of FITC conjugated anti-B; integrin.
Following incubation the cells were centrifuged and resuspended
in serum free medium for fluorescence intensity measurements in
the flow cytometer.

Receptor Number Evaluation Via Fluorescence Intensity

To determine the number of available receptors fluorescence
intensity measurements obtained from the flow cytometer were
related to fluorescence measurements obtained from standard
beads with known levels of fluorescence. Quantum FITC-5 MESF
kits comprising six types of microspheres, i.e. specifically five
populations having different known levels of FITC and one blank
population, were used for this calibration. A standard curve
relating fluorescence intensity to standardized MESF values from
quantum MESF beads was generated by loading the beads into
the flow cytometer (Beckman Coulter Quanta SC) and recording
the fluorescence intensity. The number of unoccupied REDV
receptors was determined by incubating HUVECGs in FITC
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conjugated REDV for 30 mins followed by analysis with the flow
cytometer where the readout is given as fluorescence intensity.
The number of receptors was then extracted from the calibration
curve developed prior.

Pathway Inhibition Experiments

For this experiment HUVECs at a concentration of 1x10°
cells/mL were first inhibited of calcium, extracellular signal-
regulated kinases (ERK }2), Jun amino-terminal kinases (JNK) and
p38 MAP kinase by incubating them in 10 pM of BAPTA, 25 uM
of PD98059, 10 uM SP600125 and 10 uM of SB202190,
respectively, in serum-free medium for 30 min, where each
inhibitor concentration was chosen from previous studies in which
optimum inhibition was achieved without sacrificing the cell’s
integrity. Cell morphology did not change after inhibition. The
cells were centrifuged and resuspended in serum-free medium and
then incubated in the previously mentioned concentrations of
REDV. Next, these cells were flowed into straight channel devices
and cell adhesion within the devices enumerated as previously

described.

Evaluation of Receptor Number after p38 Inhibition

HUVECGs were incubated in 10 pM of SB202190 as previously
mentioned. The cells were then centrifuged and resuspended in
varying concentrations of REDV for 30 min. This was followed by
incubation in 300 ug/mL of REDV-FITC (a saturating concen-
tration level) for 30 min followed by fluorescence intensity
measurements to obtain the number of unbound REDV binding
receptors.

Receptor Number Evaluation After p38 Inhibition
followed by Soluble REDV Incubation and Shear
HUVEC suspensions were incubated in 10 pM of SB202190 for
30 min and resuspended in the mentioned concentrations of
REDV for 30 min. The cell suspension was flowed into REDV
functionalized devices and the outflow collected and incubated in
300 pg/mL of REDV-FITC for 30 min. The cell suspension was
then centrifuged and resuspended in serum-free medium for
fluorescence intensity measurements in the flow cytometer to
determine the number of unbound REDV binding receptors.

Receptor Recycling Experiments

Evaluation of Receptor Number in the Presence of Soluble
REDV. HUVECs were incubated in 10 uM monensin for
30 min to inhibit receptor recycling (At a 10 uM concentration
of monensin receptor recycling has been reported to be completely
inhibited [18,19].). They were then resuspended in the previously
mentioned concentrations of REDV and incubated for 30 min.
The cells were then resuspended in 300 ug/mL of REDV-FITC
for 30 min and centrifuged and resuspended in serum-free media.
Next, these cells were loaded into the flow cytometer and the
median intensity peak measurements were recorded. The resulting
data was utilized to obtain the number of unbound REDV binding
receptors.

Evaluation of Receptor Number in the Presence of Soluble
REDYV and Shear. HUVEC suspensions with a concentration
of 1x10° cells/mL were incubated in the mentioned concentra-
tions of REDV for 30 min following the recycling inhibition step
in. This was followed by flow in REDV functionalized micro-
channels. The output from this device was collected and incubated
in 300 pg/ml of REDV-FITC for 30 min and fluorescence
intensity measurements were made in the flow cytometer as
described above.
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Relation of Cell Adhesion to Receptor Recycling. To
determine whether receptor recycling played a role in the rapid
increase in receptor numbers observed previously, HUVECs were
incubated in 10 pM monensin to inhibit recycling. These cells
were then centrifuged and resuspended in the mentioned
concentrations of REDV. This was followed by flow into straight
channel devices to enumerate cell adhesion.

Statistics and Data Analysis

For each flow condition studied, 5 repetitions of experiments
were performed unless otherwise specified. Error bars represent
the standard errors of the mean (standard deviation/|n, where
n=>5). One-way analysis of variance (ANOVA) was performed to
investigate the relationship between inhibited and uninhibited
conditions. This statistical analysis was executed using Kaleida-
Graph 4.0. A relatively stringent p value threshold (=0.001 for
significance) was applied because of the small overall number of
cells adhering within the channels (maximum of ~50 cells/mm?)
and to allow better discernment of differences between conditions.

Results and Discussion

This work focuses on understanding changes in the adhesiveness
of EC receptors under microfluidic flow. These changes were
assessed by first incubating HUVECs in the mentioned REDV
concentrations to block all REDV binding receptors followed by
flow within REDV functionalized microfluidic channels to
evaluate cell adhesion. In previous work from our group REDV
was used to capture endothelial cells (ECs) from a heterogeneous
population due to the high selectivity that this ligand has for ECs
[5,16]. Consequently, this ligand is used in the blocking studies.
Fig. 1. summarizes the findings from a series of REDV blocking
experiments that we recently described [15]. In this figure, cell
adhesion and REDV binding receptor number are plotted as a
function of concentration of soluble REDV. The adhesion aspect
of this data shows that incubation in soluble REDV followed by
flow of HUVECs through REDV-coated microchannels for ~45 s
residence time causes a decrease in cell adhesion within the
microchannels for concentrations of 50 pg/mL soluble REDV
and below. When the cells were incubated in soluble REDV
solutions of higher concentrations, a counterintuitive increase in
cell adhesion was observed. To understand this trend, the number
of REDV binding receptors was evaluated for each concentration
of incubated soluble REDV to confirm that cell adhesion at the
highest concentration of REDV incubation was due to an increase
in surface receptor number. This data (solid circles and squares in
Fig. 1) compares both static and dynamic conditions. Here, ‘static’
refers to cells that were incubated in REDV solutions of specified
concentrations but not flowed through REDV-coated microchan-
nels and ‘dynamic’ refers to cells that were flowed through
microchannels following incubation. As shown in Fig. 1, an
increase in receptor number is observed when HUVECs are
incubated in the highest REDV concentration followed by flow in
REDV-coated microchannels. Such an increase is not observed
when the cells are not flowed through these microchannels; rather
in this case, the available number of receptors decreases
monotonically as the cells are incubated with higher concentra-
tions of soluble REDV.

The present work examines several hypotheses to explain the
counterintuitive increase in cell adhesion and receptor number
which occurs within 45 s of microchannel flow. In our previous
work we showed that the interaction between HUVECs and the
immobilized REDV is mediated by o4 and B, integrins. This was
determined by enumerating cell adhesion after incubation in anti-
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Figure 1. Receptor number analysis of HUVECs before (static)
and after flow through microchannels at a shear stress of 1.1
dyn/cm? (dynamic), and cell adhesion as a function of soluble
REDV. Error bars denote standard errors for each point based on 3
repetitions for receptor number and 5 repetitions for cell adhesion. #
denotes significant difference with p<<0.001 compared to cell adhesion
without REDV pre-incubation and * denotes significant difference with
p<<0.001 compared with the dynamic data point for 100 pg/mL soluble
REDV. Adapted from prior study by Vickers and Murthy [15].
doi:10.1371/journal.pone.0065828.g001

integrin oy and B, blocking antibodies followed by incubation in
the mentioned concentrations of REDV [15]. This evaluation, on
its own however, does not fully explain the results obtained.
Integrins are capable of changing their conformation on the cell
surface from a kinetically unfavorable to a favorable one. Such a
conformational change could occur in a short time and result in an
increase in activated receptors present on the surface [20,21]. To
examine the possibility that exposure of the cells to soluble REDV
prior to shear stimulation in the microchannels was activating
previously inactive integrin receptors, the number of activated B,
integrins was measured at each condition using antibody labeling
(Fig. 2). The effect of microchannel flow was then determined by
repeating the static experimental steps followed by flow in the
microchannel. While there is a difference in the number of
activated B; integrins at the condition of no soluble REDV
exposure in the static versus dynamic cases, this difference is not
significant (p =0.23). This insignificant difference between the
static and dynamic condition is also reflected at higher levels of
REDV pre-incubation (p$>0.001). This similarity in the levels of B,
integrins on the cells surfaces indicates that the counterintuitive
increase in cell adhesion shown in Fig. 1 is not a result of activation
of previously inactive integrins on the HUVECs surface.

To examine the role of intracellular signaling, the possibility of
calcium transients and mitogen activated protein kinase (MAPK)
based activity was probed next. This series of experiments entailed
systematically inhibiting each pathway prior to incubation in
soluble REDV and microchannel flow. Prior to performing these
studies the concentration of inhibitor required to completely
suppress a given pathway was determined by comparing inhibition
dose responses from the literature. It was determined from these
comparisons that the optimum concentration to achieve effective
inhibition of calcium, extracellular signal-regulated kinases (ERK
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Figure 2. Receptor number analysis of activated f; integrins on
HUVECs incubated prior with various concentrations of REDV
(static) and after flow through microchannels at a shear stress
of 1.1 dyn/cm2 (dynamic). Error bars denote standard errors for each
point based on 3 repetitions. There is no statistical significance between
the static and dynamic cases even at the 0 ug/mL REDV point where
there appears to be a difference (p=0.23).
doi:10.1371/journal.pone.0065828.g002

Y2), Jun amino-terminal kinases (JNK) and p38 MAP kinase are
10 uM of BAPTA [22], 25 uM of PD98059 [23,24], 10 uM
SP600125 [25] and 10 uM of SB202190 [26,27] respectively.
These doses were found to be effective at inhibition while not
destroying the cells integrity, furthermore these doses have also
been used in other studies for inhibiting HUVECs [28,29,30,31].
Consequently these concentrations are ideal for the inhibition
studies that follow. The associated cell adhesion measurements for
the inhibition studies follow and are shown in Fig. 3. Here,
significantly lower cell adhesion relative to the uninhibited case at
the highest concentration of soluble REDV is indicative that the
inhibited pathway affects surface receptor numbers. All inhibited
conditions within a given group are compared to the uninhibited
condition which is the cell adhesion data represented in Fig. 1.
Calcium transient was considered first for inhibition because it is
one of the most rapid response mechanisms that ECs have to shear
stress [32]. The inhibition of calcium transients caused cell
adhesion to decrease for all soluble REDV concentrations
examined (Fig. 3) except at the 50 pg/mL REDV concentration.
This decrease in adhesion at all concentrations of REDV except at
the 50 ug/mlL makes it difficult to deduce the role of calcium
transient in the rapid receptor number increase observed.
Furthermore a comparison between the non-inhibited and Ca®*
inhibited conditions after no REDV incubation shows a significant
cell adhesion decrease for the inhibited cells ($<<0.001). From this
significant decrease it can be inferred that calcium transient
inhibition interferes with the cell’s normal function. Incubation of
the Ca”" inhibited cells in 50 ug/mL of REDV however rescues
the initial response observed at 0 ug/mL of soluble REDV. This is
evident by the statistical insignificance observed between the non-
inhibited cells not incubated in REDV and the Ca®" inhibited cells
pre-incubated in 50 ug/mL of REDV (p=0.074). After REDV
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rescues the effect of Ca®" inhibition, there is no significant
difference between the inhibited cells incubated in 100 pg/mL
and the original case where the non-inhibited cells are not
incubated in REDV ($>0.001). Due to the inconsistencies in the
cell adhesion trend after Ca?' inhibition along with REDV
presence changing the effect of calcium transient inhibition it is
difficult to construe the role of calcium transients in the REDV-
shear mediated receptor changes. A clear conclusion about
calcium transient’s role would be possible if there was a reduction
in cell adhesion only for the cells incubated in 75 and 100 pg/mL
of REDV after calcium transient inhibition. However, such
behavior was not observed, suggesting that other cellular processes
may be inhibited along with calcium transient. Endothelial
cytosolic calcium is associated with multiple shear-associated
physiological and biochemical changes and hence it is not
surprising that its inhibition brought about the effects observed
[33]

Signaling associated with mitogen activated protein kinase
(MAPK) is one of the downstream processes that the inhibition of
calcium transients could potentially have hindered [34], hence we
systematically inhibited the MAPKs that are affected by shear
stress in a short period of time. MAPKSs belong to a class of signal
transduction proteins that are capable of transmitting extracellular
signals to the cytoplasmic and nuclear pathways [35]. There are
five groups of MAPKSs that have been characterized in mamma-
lian cells. These include extracellular signal-regulated kinases
(ERKSs) 1 and 2 (ERK1/2), c-Jun amino-terminal kinases (JNKs),
and p38. When JNK is inhibited, the adhesion trend at all
concentrations of soluble REDV is not statistically different from
that observed with the uninhibited cells (p$>0.001). This suggests
that JNK is not responsible for the rapid increase in receptors
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Figure 3. Adhesion of HUVECs on REDV-coated channels at a
shear stress of 1.1 dyn/cm? after incubation with the various
inhibitors followed by incubation with various concentrations
of REDV. Error bars denote standard errors for each point based on 5
repetitions. * denotes significant difference with p<<0.001 compared to
the uninhibited condition for each REDV concentration and # denotes
significant difference with p<<0.001 compared to the no inhibition case
at 0 pg/mL REDV.

doi:10.1371/journal.pone.0065828.g003
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observed in Fig. 1. The inhibition of ERK 1/2 showed a similar
trend where there is no significant difference between the
uninhibited and inhibited cases at all concentrations of REDV
studied (p>0.001 in all instances). This suggests that ERK also
does not cause the rapid increase in surface receptors. The
inhibition of p38 showed a signature trend of what would be
expected if a pathway had indeed caused the REDV incubation
plus shear mediated cell adhesion increase. The inhibition of this
pathway followed by REDV incubation and then microchannel
flow resulted in a similar trend to that observed in the uninhibited
case for 0 pg/mL and 50 ug/mkL of incubated REDV. When the
HUVECs are incubated in 75 and 100 pg/mL of REDV, a
significant suppression is observed relative to the uninhibited
condition for each concentration (p<<0.001) indicating that the p38
pathway is critical for REDV-shear mediated receptor number
increase. This observation is interesting considering that earlier
reports of p38 activation show changes occurring in a time-scale of
around 10 mins [36]. Our observation therefore suggests that
there are other mechanisms that are allowing p38 to be induced
much faster. Prior to determining the other mechanisms working
with p38, however, we wanted to confirm that p38 was indeed
causing receptor changes by evaluating the number of REDV
binding receptors following p38 inhibition (Fig. 4). This was
achieved by first inhibiting p38 followed by incubation in the
mentioned concentrations of REDV. These cells were either
subjected to shear stress (dynamic) following p38 inhibition or not
(static). Fluorescently labeled REDV-FITC was allowed to bind to
the unoccupied REDV sites. The results from this experiment
were compared to the uninhibited state represented in Fig. 1. The
mhibition of p38 does not interfere with the existing receptors as
reflected by the presence of similar numbers of receptors for the
inhibited and uninhibited cells that have not been incubated in
REDV (0 pg/mL REDV; all four cases) (Fig. 4). The addition of
REDV to the inhibited cells results in a decrease in unoccupied
REDV receptors. This trend is observed in both the static and
dynamic cases. This result is consistent with the observations made
in the adhesion based inhibition studies which suggested that p38
was responsible for the rapid receptor number increase. In
general, the intracellular localization of p38 following stimulation
of cells by shear or other stressors is not well understood [37];
consequently we sought to determine the mechanism by which it is
activated in the context of this study.

The ability of cells to internalize and recycle receptors in a short
time period (2 min or less) is well known [38,39,40]. Such changes
in surface receptor abundance have, for example, been implicated
in the observed decrease in efficacy of antibody-based therapeutics
[41]. The other potential mechanism for cells to become more
adhesive is via new receptor synthesis. However, such synthesis is
known to require at least 6 hours for the RNA transcription and
translation of the new receptor [42,43], a time frame that is well
outside the range of our experiments.

We hypothesized that if the REDV-binding receptors on
HUVECGs were undergoing internalization or recycling, such
changes would be observable via cell adhesion experiments. Hence
the next series of experiments examined inhibition of receptor
recycling. Iig. 5 shows the results from this experiment wherein
the number of unoccupied REDV receptors was determined. The
inhibition of receptor recycling followed by REDV incubation
only, results in a decrease in receptor number as the concentration
of REDV increases. This result suggests that incubation in REDV
alone does not cause receptors to be internalized or recycled.
When these inhibited cells are also flowed into REDV-coated
microchannels there is also a decrease in receptor numbers even at
the highest concentration of REDV (dynamic receptor recycling
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Figure 4. Receptor number analysis of HUVECs where p38 was
inhibited before (static) and after flow through microchannels
at a shear stress of 1.1 dyn/cm? (dynamic). Upon pre-incubation in
100 pg/mL of REDV without p38 inhibition, the number of receptors in
the dynamic case is significantly higher than in the static case
(p<<0.001). With p38 inhibition, the static and dynamic cases are not
significantly different (p=0.907). Statistical comparisons of the 50, 75,
and 100 pg/mL points within each condition showed no significant
difference (p>0.007).

doi:10.1371/journal.pone.0065828.9004

inhibition). This result is noteworthy because it suggests that
dynamic receptor recycling inhibition suppresses the surface
presentation of additional receptors that otherwise become
available for binding with REDV at the condition of 100 ug/
mL soluble REDV plus shear exposure. It is also interesting to
observe that receptor recycling inhibition appears to mitigate the
effect of shear exposure. In other words, at the condition of
100 pg/mL soluble REDV (in Fig. 5), where the greatest
difference in the number of REDV receptors is observed in the
absence of recycling inhibition, such inhibition eliminates the
distinction between the static and dynamic cases but nonetheless
allows a greater number of REDV receptors to be present at the
cell surface (relative to the uninhibited static condition). On one
hand, this observation points to the essential role that the soluble
REDV plays in increasing the number of receptors via recycling;
however, importantly, this observation also establishes a connec-
tion between receptor recycling and shear exposure.

The receptor recycling studies were further validated with cell
adhesion experiments and the results are shown in Fig. 6.
HUVECs were inhibited of receptor recycling followed by
incubation in the various concentrations of REDV and flow in
REDV-coated microchannels and adhered cells were enumerated.
(This series of experiments focuses on the ‘dynamic’ case.) The cell
adhesion data is consistent with the receptor number observations.
Overall, the inhibition of receptor recycling results in significantly
lower cell adhesion for all levels of soluble REDV examined, but
nevertheless retaining the trend of increased adhesion as soluble
REDV concentration is increased. These data conclusively show
that receptor recycling is indeed occurring under the conditions
examined and to a significant extent.
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Figure 5. Receptor number analysis after the inhibition of
receptor recycling followed by incubation in soluble REDV and
comparison with and without shear exposure via flow through
REDV-coated microchannels. Error bars denote standard errors for
each point based on 3 repetitions. Upon pre-incubation in100 pug/mL of
REDV without recycling inhibition, the static and dynamic cases are not
statistically different (p =0.161), indicating that recycling plays a role in
the rapid presentation of receptors observed in the uninhibited
condition. Statistical comparisons 50, 75, and 100 pug/mL points within
each condition are provided as Supplementary Information.
doi:10.1371/journal.pone.0065828.g005

Several major insights are provided by the studies described
above. From a mechanistic standpoint, it is now clear that the
enhancement in HUVEC adhesion observed in our earlier study
[15] resulting from incubation with soluble REDV and shear
exposure is a result of p38 pathway-mediated receptor recycling.
Signaling by downstream kinases is known to affect endocytosis
and endosomal trafficking at many points [44]. The stress-induced
p38 kinase stimulates the formation of RAB5 and GDI complexes
that consequently causes accelerated endocytosis. Studies of this
effect in the context of epidermal growth factor receptor (EGFR)
have shown that activation of p38 promotes the internalization of
EGFR that is not bound to a ligand [45,46]. Further, such
endocytosis is subcategorized into early and late endocytosis [47].
In early endocytosis, internalized molecules are either recycled
back to the plasma membrane or delivered to the next step of the
endocytic pathway, also referred to as the late endosome, where
lysosome-mediated degradation occurs [46]. In our work, it is
apparent that p38 induces such early endocytosis, which is
followed by reintroduction of the receptors to the cell surface. This
is evident in Figure 7 where cell adhesion trends between p38 and
receptor recycling inhibition are compared to the non inhibited
case. There is a significant decrease in cell adhesion when cells are
mnhibited of either p38 or receptor recycling ($<<0.001), while no
significant difference exists between the two inhibited cases
(»>0.001). Our results also show an absence in ERK 1/2
induction, which is consistent with literature showing that ERK
1/2 recycles receptors at a much later stage [46,47,48,49,50].
Indeed, it is noteworthy that the relatively simple cell adhesion
assays described herein were able to recapitulate the link between
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Figure 6. Adhesion of HUVECs in REDV-coated channels at a
shear stress of 1.1 dyn/cm® following receptor recycling
inhibition and incubation with various concentrations of
REDV. Error bars denote standard errors for each point based on 5
repetitions. * denotes significant difference with p<<0.001 compared to
the no inhibition condition for each REDV concentration. A comparison
of cell adhesion between cells pre-incubated in 75 and 100 pg/mL of
REDV following recycling inhibition shows no significant difference
between the two conditions (p=0.005) even though cell adhesion
increases at the 100 ug/mL region.
doi:10.1371/journal.pone.0065828.g006

p38 and receptor surface presentation. The experimental platform
employed herein however does not allow independent assessments
of receptor engagement with soluble versus insoluble (immobilized)
ligands. Such engagement mechanisms are highly context-
dependent; for example an instance where a cell has equal
opportunity to interact with soluble and insoluble ligand in terms
of physical proximity and time would be very different from one
where such interactions occur separately and along different time
scales. This difference would be manifested in a variety of different
ways, ranging from signaling pathway activation to differences in
cell adhesiveness.

Our studies demonstrate how intracellular events can impact
adhesiveness of cells, a key consideration in the design of cell
separation systems based on ligand-receptor affinity [14,51]. A
major distinction between this study and the majority of studies in
the area of shear-mediated intracellular events is that the cells are
not previously plated and adhered to a surface prior to shear
exposure [52,53], and a very simple cell adhesion assay platform is
utilized to probe intracellular events. More broadly, the method-
ology utilized herein, specifically a simple combination of soluble
ligand, recycling inhibitor and a linear microfluidic channel, can
be applied to screen combinations of cells, soluble factors,
immobilized ligands for receptor recycling phenomena. Such
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studies may enhance the process of drug discovery by being able to
characterize and identify conditions that can result in drug target
receptor endocytosis. While the present manuscript demonstrates
the capabilities of our simple platform, a more complete
mechanistic understanding would require the incorporation of
appropriate knockdowns. For example, HUVECs with p38
knocked down would shed insights into the extent that p38
induces the receptor recycling observed [54].

Conclusion

We demonstrate the surface presentation of REDV receptors in
HUVEGs is affected by both mitogen-activated protein kinases
and receptor recycling as reflected by inhibition studies that
measured cell adhesion and cell receptor number changes. The
changes observed in REDV receptor number and the associated
changes in adhesiveness are relevant not only to the design of
affinity-based cell separation methodologies but also reflect how
soluble factor- and shear-mediated intracellular signalling and
receptor recycling events can be monitored via a relatively simple
cell adhesion assay.

Author Contributions

Conceived and designed the experiments: DV SM. Performed the
experiments: DV EC MH. Analyzed the data: DV SM. Contributed
reagents/materials/analysis tools: SM. Wrote the paper: DV SM.

2. Tzima E, Del Pozo MA, Kiosses WB, Mohamed SA, Li S, et al. (2002)
Activation of Racl by shear stress in endothelial cells mediates both cytoskeletal
reorganization and effects on gene expression. Embo Journal 21: 6791-6800.

3. Young EWK, Simmons CA (2010) Macro- and microscale fluid flow systems for
endothelial cell biology. Lab on a Chip 10: 143-160.

June 2013 | Volume 8 | Issue 6 | €65828



20.

21.

22.

23.

24.

26.

27.

28.

29.

. Chien S (2007) Mechanotransduction and endothelial cell homeostasis: the

wisdom of the cell. American Journal of Physiology-Heart and Circulatory
Physiology 292: H1209-H1224.

. Plouffe BD, Njoka DN, Harris J, Liao JH, Horick NK, et al. (2007) Peptide-

mediated selective adhesion of smooth muscle and endothelial cells in
microfluidic shear flow. Langmuir 23: 5050-5055.

. Zhang BY, Xiao Y, Hsieh A, Thavandiran N, Radisic M (2011) Micro- and

nanotechnology in cardiovascular tissue engineering. Nanotechnology 22.

. Hatch A, Hansmann G, Murthy SK (2011) Engineered Alginate Hydrogels for

Effective Microfluidic Capture and Release of Endothelial Progenitor Cells from
Whole Blood. Langmuir 27: 4257-4264.

. Russom A, Sethu P, Irimia D, Mindrinos MN, Calvan SE, et al. (2008)

Microfluidic leukocyte isolation for gene expression analysis in critically ill
hospitalized patients. Clinical Chemistry 54: 891-900.

. Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, et al. (2007) Isolation

of rare circulating tumour cells in cancer patients by microchip technology.

Nature 450: 1235-U1210.

. Plouffe BD, Kniazeva T, Mayer JE, Murthy SK, Sales VL (2009) Development

of microfluidics as endothelial progenitor cell capture technology for
cardiovascular tissue engineering and diagnostic medicine. Faseb Journal 23:
3309-3314.

. Wankhede SP, Du ZQ), Berg JM, Vaughn MW, Dallas T, et al. (2006) Cell

detachment model for an antibody-based microfluidic cancer screening system.
Biotechnology Progress 22: 1426-1433.

. Cheng XH, Gupta A, Chen CC, Tompkins RG, Rodriguez W, et al. (2009)

Enhancing the performance of a point-of-care CD4+T-cell counting microchip
through monocyte depletion for HIV/AIDS diagnostics. Lab on a Chip 9:
1357-1364.

. Murthy SK, Sin A, Tompkins RG, Toner M (2004) Effect of flow and surface

conditions on human lymphocyte isolation using microfluidic chambers.

Langmuir 20: 11649-11655.

. Pratt ED, Huang C, Hawkins BG, Gleghorn JP, Kirby BJ (2011) Rare cell

capture in microfluidic devices. Chemical Engineering Science 66: 1508-1522.

. Vickers DAL, Murthy SK (2010) Receptor expression changes as a basis for

endothelial cell identification using microfluidic channels. Lab on a Chip 10:

2380-2386.

. Plouffe BD, Radisic M, Murthy SK (2008) Microfluidic depletion of endothelial

cells, smooth muscle cells, and fibroblasts from heterogeneous suspensions. Lab
on a Chip 8: 462-472.

. Xia YN, Whitesides GM (1998) Soft lithography. Angewandte Chemie-

International Edition 37: 551-575.

. Magnusson S, Kjeken R, Berg T (1993) Characterization of 2 Distinct Pathways

of Endocytosis of Ricin by Rat-Liver Endothelial-Cells. Experimental Cell
Research 205: 118-125.

. Tsavaler L, Stein BS, Sussman HH (1986) Demonstration of the Specific

Binding of Bovine Transferrin to the Human Transferrin Receptor in K562
Cells -Evidence for Interspecies Transferrin Internalization. Journal of Cellular
Physiology 128: 1-8.

Byron A, Humphries JD, Askari JA, Craig SE, Mould AP, et al. (2009) Anti-
integrin monoclonal antibodies. Journal of Cell Science 122: 4009-4011.
Humphries MJ, McEwan PA, Barton SJ, Buckley PA, Bella J, et al. (2003)
Integrin structure: heady advances in ligand binding, but activation still makes
the knees wobble. Trends in Biochemical Sciences 28: 313-320.

Azenabor AA, Cintron-Cuevas J, Schmitt H, Bumah V (2011) Chlamydia
trachomatis induces anti-inflammatory effect in human macrophages by
attenuation of immune mediators in Jurkat T-cells. Immunobiology 216:
1248-1255.

Alessi DR, Cuenda A, Cohen P, Dudley DT, Saltiel AR (1995) PD-098059 is a
Specific Inhibitor of the Activation of Mitogen-Activated Protein Kinase Kinase
In-Vitro and In-Vivo. Journal of Biological Chemistry 270: 27489-27494.
Lazar DF, Wiese R], Brady M]J, Mastick CC, Waters SB, et al. (1995) Mitogen-
Activated Protein-Kinase Kinase Inhibition does not Block the Stimulation of
Glucose Utilization by Insulin. Journal of Biological Chemistry 270: 20801
20807.

. Bennett BL, Sasaki DT, Murray BW, O’Leary EC, Sakata ST, et al. (2001)

SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proceedings
of the National Academy of Sciences of the United States of America 98: 13681~
13686.

Manthey CL, Wang SW, Kinney SD, Yao ZB (1998) SB202190, a selective
inhibitor of p38 mitogen-activated protein kinase, is a powerful regulator of LPS-
induced mRNAs in monocytes. Journal of Leukocyte Biology 64: 409-417.
Pang L, Sawada T, Decker SJ, Saltiel AR (1995) Inhibition of MAP kinase
Kinase Blocks the Differentiation of PC-12 Cells Induced by Nerver Growth-
Factor. Journal of Biological Chemistry 270: 13585-13588.

Boeynaems JM, Heilporn S, Broeders F, Brackman JC (1993) Enhancement of
the Endothelial Production of Prostacyclin by Substituted Derivatives of
BAPTA-AM. European Journal of Pharmacology 233: 13-20.

Shen KK, Ji LL, Gong CY, Ma YB, Yang L, et al. (2012) Notoginsenoside Ftl
promotes angiogenesis via HIF-1 alpha mediated VEGI secretion and the
regulation of PI3K/AKT and Raf/MEK/ERK signaling pathways. Biochem-
ical Pharmacology 84: 784-792.

PLOS ONE | www.plosone.org

30.

31.

34.

36.

37.

38.

39.

40.

41.

43.

44.

46.

47.

48.

49.

50.

51.

53.

54.

Receptor Recycling in Microfluidic Cell Adhesion

Jin H, Wang DY, Mei YF, Qiu WB, Zhou Y, et al. (2010) Mitogen-activated
protein kinases pathway is involved in physiological testosterone-induced tissue
factor pathway inhibitor expression in endothelial cells. Blood Coagulation &
Fibrinolysis 21: 420-424.

Stone MK, Kolling GL, Lindner MH, Obrig TG (2008) p38 mitogen-activated
protein kinase mediates lipopolysaccharide and tumor necrosis factor alpha
induction of Shiga toxin 2 sensitivity in human umbilical vein endothelial cells.
Infection and Immunity 76: 1115-1121.

Geiger RV, Berk BC, Alexander RW, Nerem RM (1992) Flow-Induced Calcium
Transients in Single Endothelial-Cells-Spatial and Temporal Analysis. American
Journal of Physiology 262: C1411-C1417.

. Kwan HY, Leung PC, Huang Y, Yao XQ (2003) Depletion of intracellular

Ca2+ stores sensitizes the flow-induced Ca2+ influx in rat endothelial cells.
Circulation Research 92: 286-292.

Okuda M, Takahashi M, Suero J, Murry CE, Traub O, et al. (1999) Shear stress
stimulation of p130(cas) tyrosine phosphorylation requires calcium-dependent c-
Src activation. Journal of Biological Chemistry 274: 26803-26809.

. Azuma N, Duzgun A, Ikeda M, Kito H, Akasaka N, et al. (2000) Endothelial cell

response to different mechanical forces. Journal of Vascular Surgery 32: 789—
794.

Kurata S (2000) Selective activation of p38 MAPK cascade and mitotic arrest
caused by low level oxidative stress. Journal of Biological Chemistry 275: 23413~
23416.

Cuadrado A NA (2010) Mechanisms and functions of p38 MAPK signalling.
Biochemical Journal 429: 403-417.

Lauffenburger DA (1993) Receptors : models for binding, trafficking, and
signalling. New York: Oxford University Press.

Wiley HS (2003) Trafficking of the ErbB receptors and its influence on signaling.
Experimental Cell Research 284: 78-88.

Hendriks BS, Wiley HS, Lauffenburger D (2003) HER2-mediated effects on
EGFR endosomal sorting: Analysis of biophysical mechanisms. Biophysical
Journal 85: 2732-2745.

Spangler JB, Neil JR, Abramovitch S, Yarden Y, White FM, et al. (2010)
Combination antibody treatment down-regulates epidermal growth factor
receptor by inhibiting endosomal recycling. Proceedings of the National
Academy of Sciences of the United States of America 107: 13252-13257.

. Borras M, Hardy L, Lempereur F, Elkhissiin AH, Legros N, et al. (1994)

Estradiol-Induced Down-Regulation of Estrogen-Receptor-Effect of Various
Modulators of Protein-Synthesis and Expression. Journal of Steroid Biochem-
istry and Molecular Biology 48: 325-336.

Syms AJ, Norris JS, Panko WB, Smith RG (1985) Mechanism of Androgen-
Receptor Augmentation-Analysis of Receptor Synthesis and Degradation by the
Density-Shift Technique. Journal of Biological Chemistry 260: 455-461.

Serge A, de Keijzer S, Van Hemert F, Hickman MR, Hereld D, et al. (2011)
Quantification of GPCR internalization by single-molecule microscopy in living
cells. Integrative Biology 3: 675-683.

. Cavalli V, Vilbois F, Corti M, Marcote MJ, Tamura K, et al. (2001) The stress-

induced MAP kinase p38 regulates endocytic trafficking via the GDI : Rab5
complex. Molecular Cell 7: 421-432.
Zwang Y, Yarden Y (2006) p38 MAP kinase mediates stress-induced
internalization of EGFR: implications for cancer chemotherapy. Embo Journal
25: 4195-4206.
Sorkin A, von Zastrow M (2009) Endocytosis and signalling: intertwining
molecular networks. Nature Reviews Molecular Cell Biology 10: 609-622.
Teis D, Taub N, Kurzbauer R, Hilber D, de Araujo ME, et al. (2006) p14-MP1-
MEKI] signaling regulates endosomal traffic and cellular proliferation during
tissue homeostasis. Journal of Cell Biology 175: 861-868.
Mace T, Miaczynska M, Zerial M, Nebreda AR (2005) Phosphorylation of
EEAI by p38 MAP kinase regulates mu opioid receptor endocytosis. Embo
Journal 24: 3235-3246.
Yasuda S, Tanaka H, Sugiura H, Okamura K, Sakaguchi T, et al. (2007)
Activity-induced protocadherin arcadlin regulates dendritic spine number by
triggering N-cadherin endocytosis via TAO2 beta and p38 MAP kinases.
Neuron 56: 456-471.
Tandon V, Zhang B, Radisic M, Murthy SK (2012) Generation of tissue
constructs for cardiovascular regenerative medicine: From cell procurement to
scaffold design. Biotechnology Advances.
Sumpio BE, Yun S, Cordova AC, Haga M, Zhang J, et al. (2005) MAPKs
(ERK1/2, p38) and AKT can be phosphorylated by shear stress independently
of platelet endothelial cell adhesion molecule-1 (CD31) in vascular endothelial
cells. Journal of Biological Chemistry 280: 11185-11191.
Surapisitchat J, Hoefen RJ, Pi XC, Yoshizumi M, Yan C, et al. (2001) Fluid
shear stress inhibits TNF-alpha activation of JNK but not ERK1/2 or p38 in
human umbilical vein endothelial cells: Inhibitory crosstalk among MAPK
family members. Proceedings of the National Academy of Sciences of the United
States of America 98: 6476-6481.
Ptasinska A, Wang SB, Zhang JH, Wesley RA, Danner RL (2007) Nitric oxide
activation of peroxisome proliferator-activated receptor gamma through a p38

MAPK signaling pathway. Faseb Journal 21: 950-961.

June 2013 | Volume 8 | Issue 6 | €65828



