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Nanoparticles and microparticles have many potential
biomedical applications ranging from imaging to drug
delivery. Therefore, in vitro systems that can analyze and
optimize the interaction of such particles with cells may
be beneficial. Here, we report a microfluidic system that
can be used to study these interactions. As a model
system, we evaluated the interaction of polymeric nanoparticles and microparticles and similar particles conjugated to aptamers that recognize the transmembrane
prostate specific membrane antigen (PSMA), with cells
seeded in microchannels. The binding of particles to cells
that expressed or did not express the PSMA (LNCaP or
PC3, respectively) were evaluated with respect to changes
in fluid shear stress, PSMA expression on target cells, and
particle size. Nanoparticle-aptamer bioconjugates selectively adhered to LNCaP but not PC3 cells at static and
low shear (<1 dyn/cm2) but not higher shear (∼4.5 dyn/
cm2) conditions. Control nanoparticles and microparticles
lacking aptamers and microparticle-aptamer bioconjugates did not adhere to LNCaP cells, even under very low
shear conditions (∼0.28 dyn/cm2). These results demonstrate that the interaction of particles with cells can be
studied under controlled conditions, which may aid in the
engineering of desired particle characteristics. The scalability, low cost, reproducibility, and high-throughput
capability of this technology is potentially beneficial to
examining and optimizing a wide array of cell-particle
systems prior to in vivo experiments.
Micro- and nanoparticles are becoming increasingly important
tools for a variety of biomedical applications, such as diagnostics
(i.e. imaging1-3) and therapeutics (i.e. drug delivery4). These
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particles have been developed from a variety of materials that
could be degradable or stable and have been surface modified to
interact with antigens that are differentially expressed by a subset
of cells or tissues, thus engineering them for targeted delivery in
a specific manner. For example, by developing drug encapsulated
nanoparticles from controlled release polymer systems and targeting the delivery of these vehicles to diseased cells, it may possible
to maximize the therapeutic efficacy and reduce the effect of
drugs.5,6 This is particularly important when treating conditions
such as cancer, where it is desired to deliver cytotoxic drugs to
cancer cells while minimizing injury to nearby cells and tissues.7
In addition, quantum dots (semiconductor nanocrystals) with
tunable fluorescence have been used as highly sensitive and
specific probes for in vivo cancer imaging.1-3
Central to the use of particles for various applications is the
optimization of parameters that influence cell-particle interactions.
These parameters include the size, morphology, and chemical
structure of vehicles and the presence and density of escort
molecules on vehicle surface, which direct the targeted delivery.
Currently, a common approach is to perform sequential changes
in vehicle design that affect each parameter and evaluate the
consequence of each change on biodistribution of particles using
in vivo animal experiments. These studies may require a large
number of experimental animals, in addition to being costly and
time-consuming, and may result in limiting the number of
parameters that can be optimized and examined. Therefore, the
development of in vitro systems that can be used to optimize
various parameters associated with cell-particle interactions may
be of benefit. We hypothesized that microscale devices can be
used as a model of microcirculation to examine the targeting
efficacy of polymeric nanoparticle and microparticle delivery
vehicles in vitro. Microfluidic devices have been used to study
erythrocyte deformation,8-11 endothelial function,12-14 leukocyte
transendothelial migration,15 neutrophil chemotaxis,16 neuronal
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development17 as well as to fabricate vascularized tissue engineered constructs,18,19 and miniaturized bioreactors.20-23 Previously, in vitro methods have been described to test the efficacy
of targeted delivery vehicles in macroscopic chambers, but these
have lacked the control and the geometric scales representative
of the biological microvasculature.24,25
Here, we used microfluidic channels lined with cells as a tool
for studying parameters that effect the interaction of particles with
cells in a controlled microenvironment. As a model system we
studied the interaction of targeted polymeric nanoparticles and
microparticles5 with two prostate cell lines that differ in their
expression of the transmembrane prostate specific membrane
antigen (PSMA) protein. These particles were based on our
recently reported targeted drug delivery system comprised of
pegylated poly(lactic acid) (PLA) nanoparticles or microparticles
conjugated to aptamers that recognize the PSMA protein.4 PSMA
is a well-known tumor antigen expressed on the surface of prostate
cancer epithelial cells26-28 and on the microvasculature of most
studied tumors.29,30 As such, PSMA is more than a prostate tumor
marker, and vehicles that target this protein may have a broader
utility in cancer therapy.
To test the device, microchannels were seeded with prostate
cancer epithelial cells LNCaP or PC3 as model PSMA expressing
or nonexpressing cell lines, respectively. The binding of particleaptamer bioconjugates comprised of pegylated PLA particles
conjugated to the A10 PSMA aptamer,31 with these cells were
evaluated with respect to changes in shear stress, the presence
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or absence of PSMA on target cell, and the particle size. The data
indicate that nanoparticle-aptamer bioconjugates adhere to LNCaP cells but not to PC3 cells under various flow rates. In contrast,
non-targeted nanoparticles or microparticles failed to demonstrate
any significant binding to LNCaP or PC3 cells under any flow rate.
We believe that similar systems may be used for a more
comprehensive in vitro characterization and optimization of cellparticle interactions in order to potentially optimize and engineer
these systems prior to animal studies.
MATERIALS AND METHODS
Materials. All chemicals were purchased from Sigma-Aldrich,
unless otherwise indicated. Tissue culture medium and serum
were purchased from Gibco Invitrogen Corp. Prostate epithelial
cell lines, LNCaP (CRL-1740) and PC3 (CRL-1435), were purchased from ATCC. Pegylated PLA with terminal carboxylic acid
functional group (PLA-PEG-COOH) was synthesized by ringopening polymerization as described previously.4 Poly(ethylene
glycol) with terminal carboxylic acid and hydroxyl functional
groups (COOH-PEG3400-OH) was custom-synthesized by Nektar
Therapeutics.
Synthesis of PLA-PEG-COOH. The D,L-lactide and OHPEG3400-COOH were used to synthesize poly(D,L-lactic acid)-blockpoly(ethylene glycol)-COOH copolymer (PLA-PEG-COOH) by
ring-opening polymerization. The PLA-PEG3400-COOH was
characterized: 1H NMR (400 MHz), δ ) 5.28-5.11 (br, -OCCH(CH3)O- in PLA), 3.62 (s, -CH2CH2O- in PEG), 1.57-1.45
(br, -OC-CHCH3O- in PLA); molecular weight (GPC) Mn )
10 500 with Mw/Mn ) 1.54 relative to monodispersed polystyrene
standards.
Nanoparticles and Microparticles. Drug-encapsulated nanoparticles and microparticles were prepared using the water-in-oilin-water (W/O/W) solvent evaporation procedure (double emulsion method) as described previously.4 The size (nm) and surface
charge (ζ-potential in mV) of nanoparticles were evaluated by
quasielastic laser light scattering (QELS) using a ZetaPALS
dynamic light scattering detector (Brookhaven Instruments Corp.,
15 mW laser, incident beam ) 676 nm). Surface morphology and
size was also determined by high-resolution scanning electron
microscopy (JEOL 6320FV).
Nanoparticle-Aptamer and Microparticle-Aptamer Conjugation.4 Approximately 50 µL of PLA-PEG-COOH nanoparticle or microparticle suspension (∼10 µg/µL in DNase- and
RNase-free water) was incubated with 200 µL of 400 mM 1-(3dimethylaminopropyl)-3-ethylcarbodimide hydrochloride (EDC)
and 200 µL of 100 mM N-hydroxysuccinimide (NHS) in DNaseand RNase-free water for 15 min at room temperature with gentle
stirring. The resulting NHS-activated particles were covalently
linked to 50 µL of 5′-NH2-modified A10 PSMA aptamers31 (1 µg/
µL in DNase/RNase-free water). The resulting aptamer-nanoparticle bioconjugates were washed, resuspended in DNase- and
RNase-free water, and preserved in suspension for up to 24 h at
4 °C.
Cell Culture. The prostate LNCaP and PC3 cell lines were
cultured in RPMI-1640 and Ham’s F12K medium, respectively,
supplemented with 100 U/mL aqueous penicillin G, 100 µg/mL
(31) Lupold, S. E.; Hicke, B. J.; Lin, Y.; Coffey, D. S. Cancer Res. 2002, 62, 40294033.

streptomycin, and 10% fetal bovine serum. Confluent culture flasks
were passaged every 4 days. Primary cell patterns were performed
with medium of the respective cell.
PDMS Mold. PDMS molds were fabricated by curing prepolymer (Sylgard 184, Essex Chemical) on silicon masters etched
with SU-8 photoresist. The protruding channel patterns etched
on the masters resulted in PDMS replicas with receding prototypes. To cure the PDMS prepolymer, a mixture of 10:1 silicon
elastomer base to curing agent was poured on the master and
placed at 70 °C for 2 h. The PDMS mold was then peeled from
the silicon wafer and cleaned.
Microfluidic Device. Electrical tape (3M) was placed on
either end of a glass slide, leaving a thin gap (<1 mm) along the
center of the slide. The slide was then coated with 25 µg/mL
fibronectin (FN) for 15 min and washed in phosphate-buffered
saline (PBS) (3×). Cells were then seeded on the slide at 2 × 106
cells/mL and incubated until a confluent cellular monolayer was
formed. To fabricate the final device, the PDMS mold was plasma
cleaned for 90 s and the electrical tape was removed while cells
were maintained under moist conditions. The PDMS mold was
then aligned and clamped on top of the glass slide and connected
to the syringe pump (SP200i, World Precision Instruments Inc.).
The device was operated on an Axiovert 200 inverted microscope
equipped with an environmental chamber operated at 37 °C and
95% air/5% CO2 humidified air (Zeiss). Cell viability was determined using the LIVE/DEAD assay (Molecular Probes). The
assay consists of sequential staining of cells with Calcein AM
(green dye; live cells) and DAPI (blue dye; injured or dead cells).
Cell binding studies under fluid flow conditions were performed
by infusing particles (5 µg/mL) suspended in cell culture medium
through microchannels under a range of flow rates (0.25, 1, 4 µL/
min) for 75 min followed by infusion of medium lacking particles
at the same injection rate for 75 min to wash the unbound
particles. The number of particles per cell was quantified by
manually counting each particle attached to 150 randomly selected
cells under oil immersion 100× magnification (note that some cells
did not have particles attached, and these were also used in
calculating the average number of particles per cell).
Mathematical Modeling of the Shear Stress. To measure
the shear stress on the cells within the channels, the following
equation was used32

(τs*)max )

6 × 2.95µQ2-D*
H2

Where, (τs*)max is the maximum shear stress on the cells, µ is
the viscosity of the fluid (water ) 0.01 dyn s/cm2), Q2-D* is the
flow rate per unit width in the system, and H is the height of the
channel. In our channels the height of the channels was 54 µm
and the width was 900 µm. This equation, which is valid for cases
in which the width of the channel is much larger than the width
of the cell, predicts the maximum amount of shear at the center
of cells adhering to microchannel walls and thus can be used to
calculate the shear force of fluid flow on an adherent cell in a
microchannel. This equation describes the maximum shear on a
cell, and the shear stress on the cell is highest at the “tallest”
(32) Gaver, D. P., 3rd; Kute, S. M. Biophys. J. 1998, 75, 721-733.

part of a adhered cell (typically the nucleus) and decreases toward
the periphery of the cell.32 Despite the positional dependence of
the shear stress, the values here are a good approximation of the
shear stress induced on cells within these microchannels.
RESULTS AND DISCUSSION
Development of Nanoparticle-Aptamer and Microparticle-Aptamer Bioconjugates. Using PLA-PEG-COOH, we
encapsulated rhodamine-dextran (as a model drug) and developed fluorescent pegylated PLA microparticles (1855 ( 411 nm;
N ) 3) and nanoparticles (216 ( 9 nm; N ) 3). The presence of
the hydrophilic PEG polymer on the particle surface is expected
to reduce the nonspecific interaction of particles with other
biomacromolecules, including cell surface antigens, while increasing the circulating half-life of particles in plasma. The strongly
hydrophilic PEG polymer also facilitates the presentation of the
relatively less hydrophilic carboxylic acid group on the particle
surface.4 The particles were conjugated to A10 PSMA aptamer
by converting the carboxylic acid group on the particle surface
to activated NHS ester and covalently attaching the particles to
excess amounts of 5′ NH3-modified A10 PSMA aptamer to yield
nanoparticle-aptamer and microparticle-aptamer bioconjugates
(schematically represented in Figure 1A).4,31 The density of A10
aptamer on the surface of nanoparticles and microparticles is
expected to be comparable when considering the excess amount
of aptamer used in all conjugation reactions. Particles were
characterized for their size, surface charge (ζ-potential), and
surface morphology using dynamic light scattering detector and
scanning electron microscopy, respectively, as previously described.4
Fabrication of Microfluidic Device. We fabricated a microfluidic device and immobilized cells inside the microchannels to
study the parameters that effect cell-particle interaction. Previously, we had immobilized cells within microchannels by flowing
and adhering the cells within microchannels.21 However, this
process is cumbersome and requires precise control of the rate
of fluid flow in order to prevent shearing of the cells as they come
in contact with surfaces of the microchannel while minimizing
cell necrosis due to oxygen starvation. In this paper, we built on
this work by aligning PDMS microfluidic molds on cells that had
been previously patterned on a substrate. A narrow strip of cells
was patterned on the substrate by covering the unwanted areas
with a thin removable layer. The cells were then seeded onto the
slides and adhered onto the exposed substrate. The thin covering
was subsequently peeled off the glass slide and the microfluidic
mold was then aligned on the channel (schematically represented
in Figure 1B).
To ensure that the immobilized cells in the channels were alive
and could tolerate our experimental procedure of fluid flow, we
tested for cell viability using calcein AM and DAPI to determine
cellular function and membrane integrity, respectively. Calcein
AM is membrane permeable and thus can be introduced into cells
via incubation. Once inside the cells, calcein AM is hydrolyzed
by endogenous esterase into a negatively charged green fluorescent calcein, which is retained in the cytoplasm. DAPI is a blue
fluorescent dye that permeates through cell membranes at a very
slow rate, and therefore, during a short incubation, it would stain
the nuclei of cells after loss of membrane integrity. The data
demonstrates that both LNCaP and PC3 cells remained viable after
Analytical Chemistry, Vol. 77, No. 17, September 1, 2005
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Figure 1. Schematic diagram of the nanoparticle-aptamer bioconjugate and the microfluidic device development. (A) The surface of pegylated
PLA particles was modified by covalent conjugation with RNA aptamers that recognize the PSMA protein. (B) Model cell lines, LNCaP (+PSMA)
or PC3 (-PSMA), which differ in the pattern of PSMA expression, were patterned on glass substrates and a microfluidic mold was aligned over
the cell pattern to develop the microchannels for experimental procedures.

Figure 2. The viability of LNCaP (top panels) or PC3 (bottom
panels) cells examined within microchannels after fluid flow at 1 µL/
min for 75 min. Cells were subsequently stained with calcein AM
(green) and DAPI (blue) and visualized by fluorescent microscopy.
Green fluorescence signifies an intact plasma membrane and marks
cell viability, while blue fluorescence signifies a compromised plasma
membrane consistent with cell injury or cell death.

fluid flow for the experimental conditions tested, indicating that
the process shown here can be used to generate immobilized cell
layers within microchannels (>98% of cells expressed green
fluorescence) (Figure 2).
Specificity of Nanoparticle-Aptamer and MicroparticleAptamer Bioconjugates Binding under Static Fluid Conditions. We tested the binding of nanoparticle-aptamer and
microparticle-aptamer bioconjugates to LNCaP and PC3 cells
under static fluid conditions (Figure 3). Nanoparticle-aptamer
bioconjugates and microparticle-aptamer bioconjugates, but not
equivalent control particles lacking the A10 PSMA aptamer,
adhered to LNCaP cells, which express the PSMA protein.
Consistent with the lack of PSMA protein expression on PC3 cells,
both bioconjugates and control particles failed to adhere on to
5456

Analytical Chemistry, Vol. 77, No. 17, September 1, 2005

the surface of PC3 cells. The high specificity of these delivery
vehicles is due in part to the specific interaction of A10 PSMA
aptamers on vehicle surface with their target PSMA antigen on
LNCaP cells and in part due to PEG’s ability to reduce nonspecific
interaction with proteins present on PC3 cell membrane. Indeed,
this combination results in targeted delivery vehicles with remarkably low nonspecific binding characteristics.
Nanoparticle-Aptamer and Microparticle-Aptamer Bioconjugate Binding under Flow Conditions. We next studied
the effect of shear stress generated by fluid flow through
microchannels on adhesion of nanoparticle or nanoparticleaptamer bioconjugates to LNCaP and PC3 cells. Specifically, we
were interested to see the effects of the following parameters on
targeting efficacy of nanoparticle drug delivery vehicles: (1) the
presence or absence of PSMA on target cells, (2) the presence
or absence of aptamer on vehicle’s surface, and (3) the rate of
fluid flow (corresponding to shear stress). In each experiment,
nanoparticle-aptamer bioconjugates or control nanoparticles
lacking the A10 PSMA aptamers (5 µg/mL) were injected in the
channels at 0.25, 1, or 4 µL/min to examine the shear values that
result in loss of particle-cell interaction. The maximum shear
stress values for 0.25, 1, and 4 µL/min flow rates were calculated
to be 0.28, 1.1, and 4.5 dyn/cm2 (see Materials and Methods),
respectively, which are in the lower range of shear stresses
present at different regions of systemic microvasculature.15,33-36
Each nanoparticle group was first injected in microchannels at
the desired speed for 75 min followed by 75 min of wash at the
same injection rate prior to imaging of cells by transmission light
and fluorescent microscopy. Nanoparticle and nanoparticleaptamer bioconjugate adhesion to LNCaP and PC3 cells was
(33) Taylor, C. A.; Cheng, C. P.; Espinosa, L. A.; Tang, B. T.; Parker, D.; Herfkens,
R. J. Ann. Biomed. Eng. 2002, 30, 402-408.
(34) Moore, J. E.; Xu, C. P.; Glagov, S.; Zarins, C. K.; Ku, D. N. Atherosclerosis
1994, 110, 225-240.
(35) Masuda, M.; Fujiwara, K. Front Med. Biol. Eng. 1993, 5, 79-87.
(36) Wang, D. M.; Tarbell, J. M. J. Biomech. Eng. 1995, 117, 358-363.

Figure 3. The binding of rhodamine-labeled dextran encapsulated nanoparticles (left two columns) and microparticles (right two columns), or
similar particles conjugated to the PSMA aptamer, with LNCaP and PC3 cells was evaluated under static fluid conditions. The particles are
visualized by red fluorescence.

quantified by manually counting the number of particles attached
per cell (N ) 150 cells) under high magnification (Figure 4). In
addition, calcein AM/DAPI staining was performed with each
experiment to confirm cell viability under these conditions.
The combined presence of PSMA antigen on cell surface and
the A10 PSMA aptamer on nanoparticles significantly enhanced
cellular binding of vehicles as predicted. This is important, since
targeted drug delivery vehicles should exhibit minimal binding
characteristic toward non-targeted cells while exhibiting an
enhanced binding characteristic toward the targeted cells. Furthermore, changes in flow rate corresponding to an increasing
amount of shear stress adversely affect binding of nanoparticleaptamer bioconjugate with cells. Figure 4 shows fluorescent
images of the LNCaP cells after the attachment of the nanoparticle-aptamer bioconjugates under various shear stress values.
At low shear stress (i.e. <1.1 dyn/cm2), the average number of
attached nanoparticle-aptamer bioconjugate was >10 per cell.
However, when the bioconjugate was injected in channels at 4
µL/min, corresponding to shear stress of 4.5 dyn/cm2, there was
a significant decrease in attachment of the particles (p < 0.05).
In addition, it was found that the particles did not adhere to PC3
cells, irrespective of the flow conditions, indicating that the
presence of the PSMA protein was essential for the observed
binding. Furthermore, the lack of adhesion of control nanoparticles
to LNCaP cells further illustrates the specific targeting of nanoparticle-aptamer bioconjugates to PSMA expressing cells.
We next examined the effect of particle size on vehicle’s
targeting efficiency using microparticles with mean diameter ∼8.6fold larger than that of the nanoparticles. We evaluated the binding
characteristics of microparticle-aptamer bioconjugates and con-

trol microparticles lacking the A10 PSMA aptamer to LNCaP and
PC3 cells under different shear stress conditions. Despite the
selective adhesion of the microparticle-aptamer bioconjugates to
LNCaP cells under static conditions, these bioconjugates did not
adhere to LNCaP cells at any of the experimentally tested shear
stresses (Figure 5). This lack of adhesion is potentially due to
the imbalance between the drag forces exerted on the microparticles (i.e., shear forces by the flowing fluid) and the binding
interaction between the A10 PSMA aptamer on microparticle
surface and the PSMA protein on LNCaP plasma membrane. The
size of the particle will greatly influence the drag force, gravity,
and the surface area of the particles. In general, the forces
attaching the particles to the surface of the targeted cell (i.e.
ligand-receptor interactions) should be larger than forces pulling
away the particle (i.e. drag force from the fluid). Our data suggest
that, as the particle size increases, the fluid drag forces increase
at a greater pace in comparison to the forces mediated by the
affinity of aptamer for its target antigen. We had also previously
shown that nanoparticle-aptamer bioconjugates are taken up by
LNCaP cells after binding to cell surface and thus may be less
affected by fluid drag forces as compared to microparticleaptamer bioconjugates. Therefore, in this experimental system
the nanoparticles provide a more suitable targeted delivery vehicle
in comparison to the microparticles. Although not examined,
similar microfluidic systems can be used to determine the optimal
surface concentration of a targeting molecule on delivery vehicles
prior to in vivo evaluation. For example, by increasing the density
of aptamers on microparticle surface, it may be possible to obtain
specific binding of these vehicles under the desired shear stress
conditions. This problem is confounded by the fact that, by
Analytical Chemistry, Vol. 77, No. 17, September 1, 2005
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Figure 4. Effect of fluid shear on nanoparticle or nanoparticle-aptamer bioconjugate adhesion to cells. (A) The fluorescent images of rhodaminelabeled dextran-encapsulated nanoparticle-aptamer bioconjugates binding to LNCaP cells under fluid flow at 0.25, 1, or 4 µL/min. The cell
viability was determined by staining with calcein AM (green) and DAPI (blue), and the nanoparticle-aptamer bioconjugates are shown in red.
(B). The number of nanoparticle (np) or nanoparticle-aptamer bioconjugate (np + apt) attachment to LNCaP or PC3 cells was quantified under
static or fluid flow conditions by manually counting the number of particles per cell under oil immersion (100× magnification) (N ) 150 randomly
selected cells per group; note that some cells did not have particles attached and these were also used in calculating the average number of
particles per cell). An asterisk represents a statistically significant difference between nanoparticle and nanoparticle-aptamer bioconjugate
groups (p <0.05). A dagger represents a significant difference relative to the 4 µL/min group (p <0.05). Red fluorescence indicates rhodaminelabeled dextran-encapsulated particles.

increasing the density of aptamers on particle surface, it is possible
to adversely affect the aptamer binding characteristic through
spatial hindrance caused by the proximity of aptamers (Farokhzad,
O. C.; Jon, S.; Khademhosseini, A.; Langer, R. Unpublished
observation). This hypothetical issue underscores the importance
of in vitro systems for optimizing targeted delivery vehicles prior
to further in vivo evaluation.
It should be noted that we used cell culture medium (low
viscosity Newtonian fluid) as a substitute for blood (high viscosity
non-Newtonian fluid) in all of our binding studies with nanoparticles and microparticles. This approach is in general valid because
the expectation is that the same Reynolds number would give the
same rheological behavior, regardless of the viscosity of the fluid.
Thus, by altering the fluid flow rate, we corrected for the
differences in fluid viscosity between blood and cell culture
medium and tested the binding of particles under equivalent fluid
shear stress. There is, however, intrinsic differences between cell
culture medium and blood that limits the translation of these data
to what may be observed in vivo. One such difference is the
influence of circulating cells (∼45% of blood volume) as well as
plasma proteins on bioconjugate behavior in vivo. For example,
circulating cells may alter particle settling on target cells while
plasma proteins may interact with particle surface affecting its
ligand binding properties and target antigen recognition.
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A potential drawback of an in vitro system to study targeted
drug delivery is the differences in the biology of targeted and nontargeted cells in vitro vs in vivo. For example, it is well known
that shear stress induces changes in gene expression and cell
shape of various cell types.37,38 Consequently, these changes may
have altered the expression of the PSMA antigen on LNCaP cell
surface at high shear values and qualitatively affect the interpretation of our data. However, since alteration in gene and protein
expression are slower in onset than the durations used in our
experiments,12,39 it is unlikely that the PSMA antigen expression
was significantly altered as a result of fluid flow.
Another potential limitation of the current model is that the
flow of particles was not pulsatile, as is the case physiologically
arteries in systemic vasculature. We anticipate that the addition
of time-varying pulsatile flow could enhance this system in order
to better mimic the physiological flow in systemic vasculature.
Furthermore, other parameters that influence the interaction of
particles with cells that have not been specifically addressed in
this device may include the clogging of microvasculature particles
and the blood cells’ interactions with the particles. These complex
(37) Resnick, N.; Gimbrone, M. A., Jr. FASEB J 1995, 9, 874-882.
(38) Wasserman, S. M.; Topper, J. N. Vasc. Med. 2004, 9, 35-45.
(39) Fisher, A. B.; Chien, S.; Barakat, A. I.; Nerem, R. M. Am. J. Physiol. Lung
Cell Mol. Physiol. 2001, 281, L529-533.

Figure 5. Effect of fluid shear on microparticle (mp) or microparticle-aptamer bioconjugate (mp + apt) adhesion to LNCaP or PC3
cells under 0, 0.25, 1, or 4 µL/min fluid flow rate were determined.
The number of microparticle or microparticle-aptamer bioconjugate
attachment to LNCaP or PC3 cells was quantified under static or fluid
flow conditions by manually counting the number of particles per cell
under oil immersion (100× magnification) (N ) 150 randomly selected
cells per group; note that most cells did not have particles attached
and these were also used in calculating the average number of
particles per cell; consequently, the average number of particles per
cell may be less than 1). Red fluorescence indicates rhodaminelabeled dextran-encapsulated particles.

parameters may be modeled in future systems that integrate some
of these complexities. However, it is clear that these devices will
be useful with respect to optimizing particular parameters of
nanoparticles for various applications that may aid in reducing
the development time and lead to improved delivery vehicles.
CONCLUSION
In summary, we have developed a microfluidic model that
could be used to study the interaction of particles and cells. We

have used pegylated PLA nanoparticles and microparticles and
studied their interaction with cells under various conditions. We
demonstrated that the presence of ligands on vehicle surface, size
of vehicles, and amount of shear stress generated during fluid
flow can affect the targeting efficiency of these vehicles in vitro.
Our studies reproducibly demonstrated that the shear stress
generated from fluid flow can have a significant effect on the
binding characteristic of targeted delivery vehicles in vitro.
Depending on the specific application, the ideal vehicle should
be able to bind to its target cell at a particular range of shear
stress. Therefore, this model can be used to determine the ideal
particle size and ligand density on particle surface for binding to
target cells under fluid flow conditions. We postulate that similar
microfluidic models can be designed to test multiple parameters
simultaneously and therefore maximally optimize the physical and
chemical properties of therapeutic and diagnostic particles prior
to their in vivo evaluation.
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