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Abstract—The important interplay between blood circulation and
vascular cell behavior warrants the development of highly sensitive
but small sensing systems. The emerging micro electro mechanical
systems (MEMS) technology, thus, provides the high spatiotem-
poral resolution to link biomechanical forces on the microscale
with large-scale physiology. We fabricated MEMS sensors, com-
parable to the endothelial cells (ECs) in size, to link real-time
shear stress with monocyte/EC interactions in an oscillatory flow
environment, simulating the moving and unsteady separation point
at arterial bifurcations. In response to oscillatory shear stress (τ )
at±2.6 dyn/cm2, time-averaged shear stress (τave)= 0 at 0.5 Hz,
individual monocytes displayed unique to-and-fro trajectories, un-
dergoing rolling, binding, and dissociation with other monocyte,
followed by solid adhesion on EC. Incorporating with cell-tracking
velocimetry, we visualized that these real-time events occurred
over a dynamic range of oscillating shear stress between±2.6
dyn/cm2 and Reynolds number between 0 and 22.2 in the presence
of activated adhesion molecule and chemokine mRNA expression.

Keywords—Micro electro mechanical systems (MEMS), Cell-
tracking velocimetry, Shear stress, Endothelial cells, Monocytes.

INTRODUCTION

The endothelium, which lines the inner lumen of
blood vessel walls, is intimately involved in the recruit-
ment of leukocytes fundamental to the initiation of im-
mune responses.24,36 The process of leukocyte adhesion
to endothelial cells (ECs) involves a complex balance
of forces arising from hydrodynamic shear effects and
the dynamics of leukocyte/EC binding. Shear stress, the
tangential drag force of blood passing along the sur-
face of the endothelium,7 imparts profound effects on EC
function.4,6,10 Around arterial bends and branches in which
the inflammatory responses prevail, the fluid mechanical
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environment is distinct from the laminar pulsatile environ-
ment present in the long, straight sections of the vessel wall.
Oscillatory flow with a time-averaged shear stress of 0, char-
acteristic of reattachment points in the arterial branches,
modulates the biological activities of EC.20,29,39

Leukocyte rolling, adhesion, and transmigration have
been observed in response to inflammatory stimuli at the
microvascular levels.30 King and Hammer have numer-
ically examined leukocyte–leukocyte interactions during
rolling.17 What is missing is a dynamic, high spatial, and
temporal resolution view of these events in a more com-
plex physiologic flow environment simulating reattach-
ment points at arterial bifurcations.8 Therefore, we have
developed specialized micro electro mechanical systems
(MEMS) sensors and cell-tracking velocimetry to visualize
monocyte/EC binding kinetics in the presence of oscillatory
shear stress with high spatial and temporal resolution.

Despite evidence for direct correlations of shear stress
with distribution of focal atherosclerotic lesions and the
computational fluid dynamic (CFD) determinations of shear
stress in the arterial circulation,19,27,34 no direct measure-
ment has been achieved to resolve the spatial and temporal
variations. The challenge is to acquire an accurate near-wall
shear stress. When a hot wire is placed very close to the wall,
the surface affects the heat transfer; thus, decreasing the
sensitivity. The noise level of optical velocimetry, such as
obtained from a laser Doppler velocimeter or a particle im-
age velocimeter, increases mostly because of the reflection
from the wall. MEMS, which are derived from semiconduc-
tor technology, enable the realization of highly miniaturized
shear stress sensors, nearly the size of an elongated EC. The
heat transfer from a resistively heated element to the flowing
fluid can be measured as changes in voltage (V), allowing
for the determination of shear stress levels from a linear re-
lation betweenV2 andτ 1/3.22 The sensor’s small dimension
offers the possibility to measure shear stress in various arte-
rial geometries under time-varying nature of pulsatile flow.
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By simulating oscillatory flow at the unsteady and moving
separation point of arterial bifurcations,26 we were able to
demonstrate the unique trajectory patterns of monocyte/EC
binding kinetics in response to real-time shear stress at
±2.6 dyn/cm2, 0.5 Hz, and time-averaged shear stress
(τave)= 0. Individual cell–cell interaction events were vi-
sualized in the presence of mRNA expression of adhesion
molecules and chemokines.

APPARATUS AND METHODS

MEMS Shear Stress Sensors Operating Principles

The operation of the shear stress sensor is based on the
fully developed flow condition in which the rate of heat loss
from a heated resistive element to the fluid-flow is depen-
dent on the boundary-layer velocity profile.9 The change in
temperature of the local flow milieu leads to the change in
resistivity of the sensors.

The dynamic performance of the sensors is char-
acterized by a three-layer structure [Fig. 1(a)]: (1) the
sensing element or the film layer is the top layer; (2)
the silicon-nitride diaphragm in the middle serves as an
insulation layer; and (3) the silicon substrate at the bottom
provides heat sink. From Fig. 1(a), the energy balance
equation is expressed as15

P = I 2R= cfmf
dTf

dt
+ cimi

dTi

dt
+ h(uτ )A(T − T0), (1)

where h denotes the heat-transfer coefficient. The sub-
scripts f, i, and c represent the convective heat transfer
from the film and insulation layer to the fluid, respectively.
The term “c” is defined as specific heat and “m” as mass.
T is the temperature of the sensor element andT0 the heat
sink. “A” denotes the cross-sectional area of the sensor as
A=W L, whereW andL represent the width and length.
The convective heat-transfer coefficient is represented by
h(uτ ), which is a function of shear velocity, denoted asuτ .
The relation between the shear velocity and the wall shear
stress isτw = u2

τ ρ, whereρ is the measured fluid density.
The product of the square of current,I 2, and the resistor
sensor,R, gives rise to the heating power,P, as I 2R. At a
low frequency of cardiac cycles, the two unsteady terms in
Eq. (1) are negligible. Thus, Eq. (1) can be simplified to set
power dissipation equal to the convective heat-transfer term
(from the heated sensor to the ambient fluid). The heating
power for the sensor is related to the wall shear stress as9

P= h(uτ )A(T − T0)= (A+ Bτ
1
3 )(T − T0), (2)

where A and B are calibration constants. The resistance,
R, of the semiconductor-sensing element is a function of
change in temperature:

R= R0[1+ α(T − T0)] (3)

where R0is the resistance at room temperatureT0 and
α is the temperature coefficient of resistance (TCR). An
important feature governing the thermal shear stress sensor

FIGURE 1. Principle of thermal shear stress sensors. (a) Three-
layer model for heat transfer with “ qc” referring to convective
heat transfer. (b) The thermal element resides within a veloc-
ity boundary layer. Thus, the rate of heat loss from a heated
resistive element to the fluid flow is dependent on the velocity
profile in the boundary layer. A linear relation is obtained as
V2/R∝ τ 1/3.

operation is the temperature overheat ratio,αT , defined as
the relative change of sensor temperature compared with
the ambient temperature:

αT = T − T0

T0
(4)

It is also commonly defined as resistance overheat ratio as,
αR,which reflects the relative change of sensor resistance
compared with the resistance at the ambient temperature,

αR= R− R0

R0
(5)

The resistance over heat ratio was set at 0.12 in order to
minimize natural convection by the heating of the resistive
element. It has been demonstrated by Huanget al. that the
higher the over heat ratio, the higher the sensitivity.14,15
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The MEMS sensors are operated by either constant tem-
perature (CT) or constant current (CC) driving circuit. For
CT mode, the sensor resistance,R, is kept constant by a
Wheatstone bridge feedback circuit. The power can be ex-
pressed asP=V2/R, whereV is the voltage across the
sensor andR, the sensor resistance, Eq. (2) becomes

V2/R= (AT + BTτ
1/3). (6)

The TCR (orα in Eq. (3)) can be adjusted by chang-
ing the doping concentration of boron into the polysilicon
strip. In a fully developed channel flow, the shear stress
determines the rate of heat transfer from a heated resistive
element to the surrounding fluid field. The heating power
is proportional to convective heat transfer. The thickness of
thermal boundary layer is likely to be smaller than that of
velocity boundary layer. Thus, a linear relation between
V2 andτ 1/3

w is established [Fig. 1b].

Unique Aspects of MEMS Shear Stress Sensor Fabrication

The schematic diagram of the sensor (Fig. 2) features
the polysilicon as the heating and sensing element across
the center of a cavity diaphragm. The polysilicon, measur-
ing 2-µm wide, 0.5-µm high, and 80-µm long, was uni-
formly doped with boron at 1016/cm2 at 60 keV of energy
to give rise to a positive TCR of 0.1%/◦C and a typical
sheet-resistance of 50Ä/¤,15 or a resistance between 1.25
and 5 kÄ at room temperature. This resistance was higher
than that of the traditional metal sensor (5–50Ä). After
doping, the wafer was annealed at 1000◦C to activate the
dopant and to reduce the intrinsic stress on the polysilicon.

FIGURE 2. Fabrication steps of the micro thermal shear stress
sensor: (a) thermal oxidation and Si3N4 deposition; (b) polysili-
con deposition and patterning; (c) thermal oxidation and Si3N4
deposition; (d) opening etching holes; (e) removing the sac-
rificial poly-Si layer; (f) blocking the etching holes; (g) poly-
Si deposition, ion-implantation with boron and patterning; (h)
aluminum deposition and pattering for electrodes, and SiO 2
deposition for water proof. A vacuum was created to optimize
convective heat transfer from the heated sensor to the ambient
fluid. Refer to Fig. 4(b) for the photos of sensors.

The resistance of the sensing element could be adjusted by
changing the doping levels.

An array of resistors was fabricated on a single chip.
The individual sensing elements were lying across the di-
aphragm [Fig. 3(b)].12 The diaphragm was separated from
the bottom of the cavity by an approximately 2-µm gap. The
pressure inside the cavity was equal to 300 mtorr (0.04 Pa),
at which the oxide layer (1.2µm) and silicon-nitride layer
(300 nm) were deposited in Fig. 2(f). Thermal evaporation
of the aluminum metalization (300 nm in height and 10µm
in width) formed the leads connecting the polysilicon re-
sistor or the sensing element to the external electronics.
The vacuum cavity allowed for effective thermal isolation
between the heated element and the substrate, thereby min-
imizing the heat conduction from the diaphragm to the sub-
strate through the gap.15

MEMS Sensor Calibration

Calibration was performed for each individual device to
establish a linear relation betweenV2 andτ 1/3

w . We gener-
ated four different pulsatile flows with various mean flow
rates,Qn [Fig. 4(a)].4 The average shear stress values cor-
responding to these individual flow rates were obtained by
using the equation for Newtonian fluid as

τw=
(

6µ

h2w

)
Qn (7)

wherew denotes the width of channel andµ the dynamic
viscosity of fluid. The voltages and the corresponding shear
stresses were obtained from Eq. (6).22 A linear relation be-
tweenV2 andτ 1/3 were established by plotting the averaged
voltage output signals (Vn) with the corresponding values
in mean shear stress at 37± 0.15◦C [Fig. 4(b)].

Interfacing MEMS Sensors with a Pulsatile Flow Channel

A pulsatile flow system was used to deliver well-defined
flow profiles simulating the flow conditions in the arterial
circulation (Fig. 3).11 This unique configuration ensured ve-
locity uniformity and absence of flow separation across the
width of the channel during flow reversal. Because of the
symmetry of the rectangular flow channel, we were able
to flush-mount the sensor opposite to the EC monolayers
[Fig. 3(a)], which were seeded on the bottom parallel plate.
This approach circumvented the local flow disturbance in-
troduced by conventional probes.

Validation of Real-Time Shear Stress

Shear stress was also obtained on the basis of the
Bernoulli’s theorem. Using an orifice located upstream from
the flow channel, we recorded the pressure signals with a
piezoelectric sensor at 10 Hz (SenSym Model 143SC03D).
The signals were phase-averaged and then, converted to the
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FIGURE 3. (a) The MEMS sensor array was flush-mounted on the upper wall of the pulsatile flow channel. Confluent BAEC monolay-
ers were seeded on the bottom. (b) A photograph of individual shear stress sensors illustrates the polysilicon as a sensing element.
The diaphragm [refer to Fig. 2(f)] was bent down by the external atmospheric pressure giving rise to an optical interference patterns
noted as Newton rings.

pulsatile flows (Fig. 5). The shear stress was expressed as13

τw(t) = µ ∂u

∂y

∣∣∣∣
y=h/2

= −un
λnµ

αnh
√

i
tanh

(
αn

√
i

2

)
ein$ t .

(8)
where αn= h

√ n$
ν

, Womersley number for a given an-

gular frequency (n$ ), and λn= Pnh2

ρunν
, a nondimensional

magnitude of the imposed sinusoidal pressure gradi-
ent varying in time with an angular frequency,n$, un,
the representative axial velocity, andPn, the repre-
sentative pressure difference. “i ” denotes the complex
number (i 2=−1), and ν the kinematic viscosity. The
detailed derivation can be accessed on-line at http://
ojps.aip.org/dbt/dbt.jsp?KEY=ABMECF&Volume=30.11

Monocyte-Tracking Velocimetry

We developed a cell-tracking velocimetry algorithm to
reconstruct the trajectories of monocyte/EC interactions in
response to oscillatory shear stress.28 The time-dependent

positions of monocyte/monocyte and monocyte/EC binding
kinetics were recorded on videotape by a CCD camera and
digitalized with a video capture card (Truevision TARGA
1000). The digital images were then analyzed by the ve-
locimetry algorithms to capture monocyte in locomotion
on the EC monolayers. The algorithm initiated the identi-
fication of monocytes by dividing the fields of interest into
interrogation areas that were comparable to the size of in-
dividual monocytes. The fields of interest were sampled
such that 50% of the interrogation areas were overlapped
to satisfy the Nyquist sampling criteria.32 The individual
monocytes and their center positions were determined by
the convolution of the interrogation area [Fig. 6(a)]. The
displacement of the monocytes was extracted by 2D cross-
correlation of the image area with the corresponding area
in the next digital image. The 2D cross-correlationF was
defined as32

F(Dx, Dy) =
∫∫

I (x, y)I (x + Dx, y+ Dy) dxdy (9)
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FIGURE 4. (a) Calibration was performed by obtaining the voltage signals detected by the MEMS sensors at 37 ±±0.15◦C. Pulsatile
flow profiles at four different mean flow rates ( Q) were recorded as voltage signals from the MEMS sensor. The mean voltage values
are shown as the linear horizontal lines corresponding to the specific flow rates. (b) Linear relationship was established between
the mean voltage signals and shear stress. This linear calibration curve was constructed from the four coordinates, ( Vn, τn). This
linear relationship allowed for converting voltage signal output to shear stress. The calibration constants are A= 9.82 and B = –26.98

whereI is the intensity of the image, andDx, Dy, the dis-
placement in thex andy directions, respectively. The peaks
of the 2D cross-correlation signal provided the displacement
information of monocytes between different digital images
[Fig. 6(b)].

Endothelial Cell Culture

Bovine aortic endothelial cells (BAEC) between
passages 5 and 9 were seeded on Cell-Tak cell adhe-
sive (Becton Dickson Labware, Bedford, MA) and vitro-
gen (Cohesion, Palo Alto, RC 0701) coated glass slides
(1× 5 cm) at 3× 106 cells per slide. BAEC were then
grown to confluent monolayers in DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 20% fetal
bovine serum and 0.05% amphotericin B and 100 U/ml
streptomycin for 48 h in 5% CO2 at 37◦C.

Experimental Protocols

Confluent BAEC monolayers grown on the glass slide
were placed in the flow channel and exposed to one of the
two flow conditions at 1 Hz for 4 h: (1) pulsatile flow

at a shear stress slew rate (∂τ/∂t) of 293 dyn/(cm2 s),
with a time-averaged shear stress (τave) of 50 dyn/cm2

[Fig. 7(a)], (2) oscillating flow (±2.5 dyn/cm2 at 0.5 Hz)
with τave= 0 dyn/cm2 at 0.5 Hz [Fig. 7(b)]. For oscillat-
ing flow, minimal forward flow at a mean shear stress
of 0.2 dyn/cm2 was provided every hour to deliver nu-
trients and remove waste products from the cells. The
control samples were under static condition without flow
exposure.

Visualizing Monocyte/Endothelial Cell Interactions
in Response to Oscillatory Flow

Monocytes were isolated using a modification of the
Recalde method as previously described from normal vol-
unteers with institutional review board approval.5 Freshly
isolated monocytes (105 monocytes/cm3) were introduced
into the testing channel under oscillatory flow with pa-
rameters as described in the Experimental Protocol sec-
tion. The flow channel was mounted on an inverted light
microscope for a real-time monitoring of cell–cell inter-
actions. Five percent CO2 was delivered to the circulat-
ing culture medium. Monocytes and BAEC interactions in
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FIGURE 5. (a) The voltage output representing the pressure dif-
ference upstream from the channel was phase-averaged and
converted to flow rate for both high and low slew rates. (b) Pul-
satile shear stress profiles at 1 Hz from (a). The linear horizontal
line denotes the time-averaged shear stress at 50 dyn/(cm 2 s).

response to flow conditions were captured by phase con-
trast microscope (Nikon Eclipse TE 200), and transmitted
by a CCD camera (SONY CCD-IRIS/RGB, Model DXC
151A) to a TV monitor. Imaging data collection spanned
12 h to visualize different stages of cell–cell interactions
and tight association of cell–cell interaction throughout the
observation period. Real-time shear stress at which dif-
ferent stages of cell–cell interactions occurred was linked
with monocyte–monocyte binding and separation, mono-
cyte tethering and adhesion with the EC monolayers. At a
given shear stress, the average velocity of the flow field,
which was calculated from Eq. (7), was compared with
the individual monocyte velocities. The nonviable mono-
cytes were used as the control data. Nonviable mono-
cytes harbored the similar diameter and density as viable
monocytes; however, they lacked the ability to engage in

FIGURE 6. Cell-tracking velocimetry: (a) Intensity contours of
monocytes obtained from digitized video images; (b) typical
cross-correlation for determining the monocyte displacement.

receptor–integrin interactions with the EC monocytes.
These nonviable cells remained afloat at the vagary of
shear stress, failing to adhere to the BAEC monolayers.
Optically, they harbored ill-defined border morphology un-
der high power field (HPF). Using cell-tracking velocime-
try, we compared their trajectories in relation to the flow
fields and to the viable monocytes.

Quantitative Real-Time Reverse Transcriptase-Polymerase
Chain Reactions (RT-PCR)

After BAEC were exposed to the flow conditions,
total RNA was isolated using RNeasy kit (Qiagen).
Real-time RT-PCR was performed according to the
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FIGURE 7. Shear stress measurement by the micro thermal
shear stress sensors: (a) pulsatile flow; (b) oscillatory flow to
simulate the outer wall of arterial bifurcations at the reattach-
ment point. The rectified signal reflected flow reversal.

recommendations of PE Biosystems TaqMan PCR Core
Reagent Kit.2 Briefly, equal amounts of RNA at 0.5µg/µl
were reverse-transcribed to bring the mixed solution to
a final concentration of 1× TaqMan buffer, 5 mmol/l
MgCl2, 200µmol/l dATP/dCTP/dGTP, 400µmol/l dUTP,
100 nmol/l probe, 400 nmol/l primers, 0.01 U/µl AmpErase,
and 0.025 U/µl AmpliTag Cold DNA polymerase. Total
RNA at 0.4 ng/µl in 5 µl was then transferred to the 96-
well plate. PCR were performed at 50◦C for 2 min and at
95◦C for 10 min and then ran for 40 cycles at 95◦C for
15 s and 60◦C for 1 min on the real-time RT-PCR En-
gine (MJ Research Opticon). CT, which is the threshold
cycle number at which the initial amplification becomes
detectable by fluorescence,1Rn, defined as normalized
fluorescence. TaqMan probes were used for added speci-
ficity and sensitivity.37 Assuming amplification is 100%
efficient, we used the difference inCT values for various

flow conditions vs. control to mathematically determine the
relative difference in the levels of P-Selectin, intercellular
adhesion molecule (ICAM-1), and monocyte chemoattrac-
tant protein-1 (MCP-1) mRNA expression.23 The primers
(Table 1) were produced on an automated synthesizer
(Applied Biosystems) according to the manufacturer’s pro-
tocol. For each gene, quantitative RT-PCR was conducted
in duplicate. To ensure the quality of the measurements,
both negative and positive controls were systematically in-
cluded in duplicate in each plate. The statistical analysis
of the quantitative RT-PCR results was done using the1CT

value (CTgene of interest−CT GAPDH). Relative gene expression
was obtained by11CT methods (1CTsample−1CT GAPDH)
using the control group as a calibrator for comparison of
every unknown sample gene expression level. The conver-
sion between11CT and relative gene expression levels is
Fold induction= 2−11CT .21

Monocyte Adhesion Assay

After 4 h ofpulsatile vs. oscillatory flow conditions as de-
scribed in the Experimental Protocol section, BAEC mono-
layers on the cover slides were then rinsed with DMEM, and
assayed for monocyte-binding activities. Endothelial mono-
layers were incubated with freshly isolated monocytes (105

monocytes/cm2) for 10 min at 37◦C under static conditions.
Nonadherent monocytes were washed with DMEM. The ad-
herent monocytes were fixed with 1% glutaraldehyde. Ad-
herent monocytes were counted in a total of 20 high power
(400×) standardized fields.

Statistics

The values for shear stress at which monocyte–monocyte
binding and separation, monocyte–EC tethering, adhesion,
and detachment were expressed as mean values± stan-
dard deviation. A nonparametric (Wilcoxon rank sum test)
comparison of the groups (means of five cell–cell bind-
ing events) was applied.P value, which defined the 95%
confident interval, was considered statistically significant
at<0.05.

RESULTS

Real-Time Shear Stress by MEMS Sensors

Two flow profiles representative of different sites at vas-
cular branching points were generated: oscillatory and pul-
satile flow. Using the linear calibration curve [Fig. 4(b)], we
obtained real-time pulsatile vs. oscillatory shear stresses
that were delivered to EC at 37.0± 0.15◦C [Figs. 7(a)
and 7(b)]. The oscillatory shear stress at an arbitrary pe-
riodicity of 0.5 Hz simulated the flow pattern seen at the
reattachment points. The time-averaged shear stress (τave)
was 50 dyn/cm2 for the pulsatile flow. The flow rever-
sal was recorded as upward deflection as rectified sig-
nals [Fig. 7(b)]. The pulsatile shear stress measurement
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TABLE 1. Primers used for quantitative real-time RT-PCR.

Gene Primer sequences and TaqManprobes

P-selectin Forward: 5′-GGGCCACTGACTATCCAGGA-3′
Reverse: 5′-AACCCGTCACTAAGCCTGTTGT-3′
5′-6(FAM)-ACCCTGACTTATGTTGGTGGAGCAGCA-3′

ICAM-1 Forward: 5′-CGAGAAGAGAGGACCATGGC-3′
Reverse: 5′-GCCCTTGTGACCGCAGG-3′
5′-6(FAM)-CCAATTTCTCTTGCCGCTGGGAACTG-3′

MCP-1 Forward: 5′-GAGGCCAAACCAGAGACCAA-3′
Reverse: 5′-GCAGCGGAGACCTTCATGTT-3′
5′-6(FAM)-CACGCTGAAACTTGAATCCTCTCGCTG-(TAMRA)3′

eNOS Forward: 5′-ACGCCGCCACGGTGTCCTTC
Reverse: 3′-GCCCACAAGCTGGATGAGA
5′-6(FAM)-TCAGAACTTCTTGGAGATTCAGGTT

GAPDH Forward: 5′-CCCACTCCCAACGTGTCTG′-3′
Reverse: 5′-TCTTTGGACGGTTCATACTACTCTA′3′
TaqMan probe 5′-TGTGGATCTGACCTGCCCGCCTG-3′

using the MEMS sensors was compared and validated with
the data using the Bernoulli’s Principle with an orifice
[Fig. 5(b)].11 Both methods generated overlapping shear
stress measurement.

The micro shear stress sensor offers three particularly
novel design characteristics: (1) the heat insulation fea-
tures a free standing diaphragm on a vacuum cavity, which
minimizes heat loss to the substrate; (2) the semiconductor
material serves as a high performance heating/sensing ele-
ment providing a much higher resistivity than metal which
is used in conventional thermal sensors; and (3) the high
sensitivity of sensing element allows for real-time shear
stress measurements (frequency> 10 kHz) and a fine spa-
tial resolution comparable to the length of an elongated
EC (<100µm). Time constant of sensors was obtained by
feeding an electronic square wave into theEt terminal of
the CT circuit.22 The transient voltage response was mea-
sured at 85µs, or 11.7 kHz. This high frequency response
enabled us to measure oscillating shear stress otherwise dif-
ficult with the conventional Bernoulli’s Principle using an
orifice.11

Nonlinear Displacement of Monocyte Locomotion
in Response to Oscillatory Flow

The paths followed by monocyte locomotion were traced
by cell-tracking velocimetry, revealing diverse modes of
cell–cell interactions in response to oscillating flow. A
sequence of images reveals two monocytes undergoing
attachment; separation, short-lived reattachment, and re-
separation with one another were captured [Figs. 8(a)–
8(e)]. Both monocytes briefly established adhesion on EC
[Fig. 8(b)]. Monocyte 2 then separated from monocyte 1,
which eventually established solid adhesion on EC as il-
lustrated at 0 reference point on they-axis [Fig. 8(d)].
The corresponding trajectories of these two individual
monocytes were captured using cell-tracking velocimetry

[Fig. 8(f)]. Monocyte 1 was observed to undergo tethering,
characterized as abrupt halt in locomotion alternating with
resumption of to-and-fro motion. Despite the identi-
cal magnitude of oscillatory shear stress, the absolute
displacement, velocities, and direction of monocytes were
nonlinear, and nonrandom, suggesting the dynamics of
molecular interactions underlying the cell–cell binding ki-
netics. The rolling velocities of individual monocytes were
distinct from the average hydrodynamic velocity of the
flow field [Fig. 8(g)]. Once in contact with the EC mono-
layers, the locomotion of individual monocytes was re-
tarded. The trajectory of the nonviable monocytes which
were buoyant above the EC monolayer, contrasted those
of monocytes 1 and 2 [Fig. 8(f)]. The trajectory of non-
viable monocyte followed the direction of shear stress;
whereas, the motion of monocytes was influenced by the EC
monolayers.

Additional sequence of trajectories shows the mean-
dering paths of three monocytes undergoing to-and-fro
rolling and firmed attachment to the EC [Fig. 9(a)]. Un-
der oscillatory shear stress, the irregularities of mono-
cyte trajectory could be due to the undulating surface of
the EC monolayers, and the time variation in integrin–
ligand bond formation and breakage. Individual mono-
cytes were observed to display binding and separation
with other monocytes, transient tethers and solid attach-
ment to the EC monolayers [Fig. 9(b)]. Figure 10(a) elu-
cidates the velocity profile of a monocyte undergoing teth-
ering in response to oscillating flow at 1 Hz. Figure 10(b)
demonstrates two velocity profiles nearly at 0µm/s, sug-
gesting two monocytes establishing firm attachment to
BAEC monolayer at 1 Hz. Therefore, the patterns of dis-
placement facilitate the identification of cell–cell binding,
monocyte rolling, transient adhesion, and solid adhesion
to ECs. The velocity profiles of individual monocytes pro-
vide clues to monocytes undergoing dynamic changes in
displacement.



P1: GXB/JWF

Annals of Biomedical Engineering [AMBE] pp1098-ambe-479323 January 20, 2004 13:57 Style file version 14 Oct, 2003

Shear Stress Sensors to Study Vascular Inflammatory Responses 197

FIGURE 8. Captured images of cell–cell interactions under os-
cillatory shear stress: (a) monocyte 1 was undergoing teth-
ering while monocyte 2 displaying to-and-fro locomotion;
(b) monocytes 1 and 2 established binding; (c) monocytes 1
and 2 started to separate; (d) monocytes 1 and 2 were apart;
(e) monocyte 2 resumed to-and-fro locomotion while monocyte
1 remained attached to EC. (f) The dark blue profile reflects the
real-time oscillatory shear stress. The trajectories of mono-
cytes 1 and 2 from the captured images (a–e) are superimposed
with the dotted blue trajectory of the nonviable monocyte (con-
trol). (g) Velocity profiles of monocytes 1 and 2 are compared
with that of the nonviable monocyte (control) in relation to the
velocity of oscillating flow field. Theses images were synaptic
recordings over 12 h of oscillatory flow exposure.

Effects of Pulsatile vs. Oscillating Shear Stress
on P-Selectin, ICAM-1, and MCP-1 and

eNOS mRNA Expression

The expression of adhesion molecules and chemokines
mediated monocyte/EC interactions. Introduction
of pulsatile flow with ∂τ/∂t = 293 dyn/cm2s, and
τave= 50 dyn/cm2 vs. oscillatory flow at±2.6 dyn/cm2 at
τave= 5 for 4 h differentially induced mRNA expression of
P-selectin, ICAM-1, and MCP-1 [Fig. 11(a)]. Compared
with pulsatile flow, oscillatory flow significantly upregu-
lated P-selectin mRNA expression by 3.4-fold, ICAM-1
by 10.5-fold, MCP-1 by 4.8-fold (oscillatory vs. pulsatile
flow: P-selectin: 5.1± 0.63 vs. 1.75± 0.63; ICAM-1: 26.5
± 3.3 vs. 2.5± 0.7; MCP-1: 8.47± 0.63 vs.1.75± 0.62.
P < 0.05, n= 3) [Fig. 11(b)].

FIGURE 9. (a) Distinct monocyte trajectories illustrate the me-
andering paths of three monocytes in response to oscillatory
shear stress, undergoing to-and-fro rolling, followed by attach-
ment to the EC (monocyte 1) and close interaction between
monocytes 2 and 3. The displacement of nonviable monocyte
follows the direction of shear stress. (b) Three distinct velocity
profiles of monocytes convey detailed information of binding
kinetics compared with the almost harmonic profile of non-
viable monocyte. The precise delineation of velocity profiles
would be otherwise difficult to capture without the imaging
modality. Theses tracings represent synaptic recordings over
12 h of oscillatory flow exposure.

Monocyte Binding to BAEC in Response to Pulsatile vs.
Oscillatory Flow

After 4 h of pulsatile vs. oscillatory flow conditions,
monocyte adhesion assays were performed. The num-
ber of monocyte binding to the BAEC after unidirec-
tional pulsatile flow exposure was significantly attenuated
[4 ± 1 monocytes/high power field (HPF),P < 0.05].
In contrast, the distribution and probability of monocytes
binding to EC exposed to oscillatory flow was enhanced
(static control= 5± 2 monocytes/HPF, oscillatory flow
= 36± 5, P < 0.05) [Fig. 12]. Hence, the upregulation of
adhesion molecule and chemokine expression in response
to oscillatory shear stress implicated their roles in recruiting
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FIGURE 10. (a) Velocity profile of a monocyte undergoing teth-
ering in response to oscillating flow at 1 Hz. The dark blue
line represents the average velocity of the flow field. (b) Veloc-
ity profiles of two monocytes undergoing attachment to BAEC
monolayer in relation to the average velocity in the oscillating
flow field at 1 Hz. BAEC monolayers were exposed to oscilla-
tory flow prior to introduction of the monocytes. Theses pro-
files represent synaptic recordings over 12 h of oscillatory flow
exposure.

monocytes as the initiating events in inflammatory
responses.

DISCUSSION

This report introduces MEMS shear stress sensors and
cell-tracking velocity as novel tools for real-time quan-
tification and visualization of monocyte adhesion events.
We demonstrated the distinct behaviors of monocyte/EC
binding kinetics in response to oscillatory shear stress with
high temporal and spatial resolution. The induction of adhe-
sion molecules and chemokines from BAEC in the presence

FIGURE 11. (a) Fluorescence signal vs. cycle number for P-
selectin, ICAM-1, and MCP-1 normalized with GAPDH. (b) Bar
graphs show relative mRNA expression for P-selectin, ICAM-1,
MCP-1 in response to pulsatile vs. oscillatory flow conditions
at 4 h. Values are expressed as mean ±±SEM.

of an oscillatory shear environment modulated the duration
of monocyte tethering, and subsequent attachment. The in-
crease in residence time was conducive to monocyte re-
ceptors binding to sufficient ligands such as P-selectin and
ICAM-1.

Shear environment in the vasculature provides the dy-
namics and molecular constituents necessary to mediate
leukocyte–EC adhesion. Not only the magnitude but also
the temporal component of shear stress is important in
regulating the adhesive interactions. The binding kinetics,
which is mediated by adhesion molecules such as selectin
and integrin, was reported to range from 4 to 7 dyn/cm2.35

Shear stress has been implicated in modulating the kinetics
and receptor specificity of polymorphonuclear cell (PMN)
– tumor cell interactions.16 Furthermore, the kinetics of
PMN transmigration through EC junctions was significantly
faster than that of PMNs placed under static conditions.18

The nature of oscillatory flow, specifically, low mean
shear stress and high shear stress gradient, has been shown
to induce the expression of inflammatory markers such
as ICAM-1, E-selectin, and ET-1,1 activation of NADH
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FIGURE 12. Effect of pulsatile vs. oscillatory flow on mono-
cyte binding to BAEC by monocyte adhesion assay at 4 h.
Oscillatory flow induced a statistically significant increase in
the number of adherent monocytes by 1.2-fold per high power
field (HPF) (oscillatory: 36 ±±4, control: 5 ±±2, P < 0.05, n = 5).
Pulsatile flow attenuated the number of monocyte bound by
1.6-fold (pulsatile flow: 4 ±±1). Data (mean ±±SD) are based on
five separate experiments.

oxidase system, heme oxygenase-1 mRNA, and produc-
tion of reactive oxygen species.3 Recently, Sorescuet al.
demonstrated that bone morphogenic protein 4 (BMP4) as
a mechanosensitive and pro-inflammatory factor in early
steps of atherosclerosis in the arterial regions exposed to
oscillatory shear stress.33 The upregulation of adhesion
molecules and cytokines in response to the oscillatory na-
ture of shear stress (τave= 0) affected the unique behav-
ior of cell–cell interactions in which a sequence of bond
formation–breakage events occurred causing the monocytes
to undergo to-and-fro rolling, transient tethering before firm
reattachment on the undulating EC surface.

The dynamic visualization in our model displays the
nonlinear locomotion of monocytes mediated by the res-
ident time of the oscillatory flow, undulating surface of EC
monolayers, integrin–ligand engagement, and expression
of chemokines. The use of vitronectin-coated glass rather
than more physiologic substrates may affect cellular re-
sponses since normal artery wall is compliant and has more
complex extracellular matrix. Since EC produces basement
membrane in culture, the substrate in this model is reason-
ably physiologic. The lack of erythrocytes in the medium
may also influence the leukocyte–endothelial interactions.
Rolling red cells may collide with, enhance binding of,
or displace the leukocytes interacting with EC.25,31 How-
ever, these effects are likely to be small and second-orders.
Overall, this modeling provides previously unachievable
quantitative analysis. MEMS technology and cell-tracking
velocimetry offer an entry point to study monocyte/EC fo-
cal contact dynamics and variation in binding kinetics under
realistic shear stress fields.

The micro shear stress sensors based on heat-transfer
principles were developed by Liuet al.22 However, to make
MEMS device a reality for biomedical application, we de-
signed the MEMS sensors tailored to the configuration of
the pulsatile flow channel under physiologic condition. The

micro-circuitry of the sensors was insulated by a 1.5-µm
layer of oxide by low-pressure chemical vapor deposition to
prevent resistance drift from spontaneous oxidation. Back-
side wiring was established with an IC board.

The shear stress measurement is most sensitive when the
span-wise direction of sensors is perpendicular to the flow.
The sensitivity of the sensor is proportional to the direction
of flow at an angle to the longitudinal direction of the sensing
element asU =U ∗ cosθ . Five-degree misalignment would
result in less than 1% error in velocity measurement. The
span-wise length of the resistive element determines the
thermal conduction to the substrate; thereby, the sensitivity.
The calibration constants,A andB, of the linear calibration
curves may vary from other sensors because of different
fabrication processes and doping concentration [Fig. 3(b)].
However, the difference among individual sensors is likely
to be small provided that boron doping into the polysilicon
on the same chip is uniform. To avoid thermal interaction be-
tween sensors, we will need to incorporate the temperature
compensation circuit to the existing constant temperature
(CT) mode driving circuit. Xuet al. has developed a circuit
that uses another on-chip polysilicon sensor to accomplish
the temperature compensation. This sensor has a matched
temperature coefficient of resistance (TCR) with the shear
stress sensor.38

The individual MEMS sensors, which operate on the
heat-transfer principles, would not provide the directional-
ity of oscillatory flow. Rectified signals reflect flow reversal
from a single sensor [Fig. 7(b)]. Two separately calibrated
sensors will be needed to provide the direction of the flow.

The sensitivity of the sensor is also related to the
resistance of the sensing element, which, in turn, is
dependent on the boron-doping concentration into the
polysilicon. This property is related to the frequency re-
sponse of the hot film as a function of the sensor resis-
tance. What underlies the MEMS sensor’s high-frequency
response is the elevated resistance 1–10 kÄ compared with
the traditional metal sensors from 5 to 50Ä.15 Previously,
Liu et al. reported the measured time constant to be 72µs
for the MEMS sensors.22 According to the approximate re-
lation between the time constant,tc, and cutoff frequency,
fc, at constant temperature,fc= 1/(1.5tc ), the cutoff fre-
quency is estimated to be 9 kHz.14 Huanget al. showed
that micro shear stress sensor operating in the CT mode can
reach a cutoff frequency of 70 kHz and a shear stress sensi-
tivity of 7 mV/(dyn/cm2).15 The sensitivity of our sensors
was estimated at 154 mV/(dyn/cm2).

While there are various algorithms for cell-tracking, we
have adopted a new code tailored to our pulsatile flow chan-
nel. The algorithm was designed to filter the nonuniform
background intensity of the digital images from the pres-
ence of ECs. The algorithm allowed for tracking several
monocytes in the flow fields, displaying different events of
cell–cell interactions with various morphology and inten-
sity on the digital images. Our algorithm was developed
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with minimal computational steps. We selected the sam-
pling frequency to identify the monocytes for individual
interrogation regions, satisfying the Nyquist frequency. The
video capture rate of 30 frames per second was below
the range to image instantaneous adhesion events. How-
ever, the reconstructed velocity and displacement profiles
of individual monocytes allowed for precise recognition of
various cell–cell interactions.

CONCLUSION

Real-time shear stress and cell-tracking velocimetry pro-
vide a window into the dynamics of monocyte behaviors
in response to oscillatory flow. The visualization of cell–
cell interactions revealed the nonlinear, and nonrandom
binding kinetics of monocytes that were not observable by
standard histological cell culture techniques. In response
to oscillatory shear stress, the monocyte/EC interactions
were influenced by the induction of adhesion molecules
and chemokine gradients.
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