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This research aims to develop targeted nanoparticles as drug carriers to the injured arterial wall under
fluid shear stress by mimicking the natural binding ability of platelets via interactions of glycoprotein Ib-
alpha (GPIba) of platelets with P-selectin of damaged endothelial cells (ECs) and/or with von Willebrand
factor (VWF) of the subendothelium. Drug-loaded poly(p,L-lactic-co-glycolic acid) (PLGA) nanoparticles
were formulated using a standard emulsion method and conjugated with glycocalicin, the external frac-
tion of platelet GPIba, via carbodiimide chemistry. Surface-coated and cellular uptake studies in ECs
showed that conjugation of PLGA nanoparticles, with GPIb, significantly increased nanoparticle adhesion
to P-selectin- and vWF-coated surfaces as well as nanoparticle uptake by activated ECs under fluid shear
stresses. In addition, effects of nanoparticle size and shear stress on adhesion efficiency were character-
ized through parallel flow chamber studies. The observed decrease in bound nanoparticle density with
increased particle sizes and shear stresses is also explained through a computational model. Our results
demonstrate that the GPIb-conjugated PLGA nanoparticles can be used as a targeted and controlled drug
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delivery system under flow conditions at the site of vascular injury.
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1. Introduction

Recent research has focused on developing nanoparticle (NP)
delivery systems for drug and gene therapy to treat various
cardiovascular pathological conditions (Davda and Labhasetwar,
2002; Eniola and Hammer, 2005b; Zou et al., 2005). Upon injury
or under conditions like thrombosis (the formation of a blood
clot), inflammation, and restenosis (the narrowing of a blood
vessel), the endothelium is activated and shows an increased
expression of endothelial cell adhesion molecules, like P-selectin
and E-selectin, compared with normal, healthy cells (Eniola and
Hammer, 2005b; Lutters et al., 2004; Sakhalkar et al., 2003;
Zou et al., 2005). Specific ligand and antibodies bound to these
molecules have been used for targeting therapeutic agents to
the damaged endothelium. For example, E-selectin immunolipo-
somes loaded with the doxorubicin significantly decreased cell
survival in activated ECs, but had no effect on inactivated ECs
(Spragg et al., 1997). In addition, sialyl Lewis* (sLe*)-conjugated
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microparticles were shown to effectively roll on surfaces coated
with purified P-selectin, similar to the rolling of leukocytes on P-
selectin surfaces (Eniola and Hammer, 2005a,b). Conjugation of
recombinant P-selectin glycoprotein ligand-1 (PSGL-1) to micro-
or nano-particles also showed the selective adhesion of these
particles to cytokine-activated endothelium in vitro and in ani-
mal models (Sakhalkar et al.,, 2003, 2005). However, a major
limitation of NP delivery to the cardiovascular system is the
inefficient arrest of the NPs to the vascular wall under blood
flow (Blackwell et al., 2001; Lin et al., 2010).

Herein, we present a novel drug delivery system that mimics
platelets binding to the injured vessel wall under physiological flow
conditions. We chose glycoprotein Ib (GPIb) as the targeting ligand,
because its role in platelet adhesion to the vascular wall under high
shear flow conditions is well-recognized (Dong et al., 2000; Kumar
et al., 2003). GPIb also serves as the targeting ligand that binds to
both P-selectin that is highly expressed on damaged endothelium
and von Willebrand factor (VWF), which is deposited on the luminal
surface at the arterial injured site within a few minutes of injury via
balloon angioplasty (Andre et al., 1997; Giddings et al., 1997). Our
hypothesis is that these unique “platelet-mimicking nanoparticles”
would exclusively attach to the damaged arterial wall under high
shear stress conditions, increasing cellular retention and uptake of
NPs.
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In this study, we formulated and characterized dexamethasone-
loaded, biodegradable poly(D,L-lactide-co-glycolide) (PLGA)
nanoparticles. We chose dexamethasone (DEX), an immune sup-
pressant, as the model drug, because it has been shown to reduce
the development of intimal hyperplasia (Petrik et al., 1998) and
exhibit both anti-inflammation effects on ECs and anti-migration
and anti-proliferation effects on SMCs (Park and Yoo, 2006; Van
Put et al., 1995). Cellular uptake of the control and GPIb-conjugated
NPs was detected in human aortic endothelial cells (HAECs) by
fluorescent measurements and confocal microscopy imaging.
Furthermore, GPIb-conjugated NPs were also investigated for
their effectiveness in adhering onto P-selectin- and vWF-coated
surfaces and for their cellular uptake by HAECs under physiological
flow conditions using a parallel flow chamber system. The ability
of the GPIb-conjugated NPs to adhere to the injured rat artery was
also preliminarily studied via an ex vivo arterial model.

2. Methods
2.1. Materials

Poly(p,L-lactic-co-glycolic acid) (PLGA) (inherent viscosity -
0.15-0.25dl/g, copolymer ratio 50:50) with carboxyl end groups
was purchased from Lakeshore Biomaterials (Birmingham, AL).
Chemicals, if not specified, were purchased from Sigma-Aldrich
(St. Louis, MO). HAECs, low serum growth supplement (LSGS con-
sisting of 2% fetal bovine serum, hydrocortisone (1 pg/ml), human
epidermal growth factor (10 ng/ml), basic fibroblast growth factor
(3 ng/ml), and heparin (10 pwg/ml)), as well as cell culture medium,
supplements, and buffers, including trypsin-EDTA, Medium 199
(M199), fetal bovine serum (FBS), and penicillin-streptomycin
were procured from Invitrogen Corporation (Carlsbad, CA). Glyco-
calicin was purified from platelet lysates, as previously described
(Romo et al., 1999).

2.2. Formulation of NPs

PLGA NPs were formulated using the double emulsion-solvent
evaporation method since the water soluble form of dexam-
ethasone (dexamethasone-cyclodextrin complex from Sigma) was
used. In brief, dexamethasone (DEX) solution (30 mg of DEX in
300wl of distilled water) was emulsified in an organic chloro-
form dye-polymer solution (0.05 mg 6-courmarin, which is used as
a fluorescent marker for visualization and quantification of PLGA
nanoparticles, and 90 mg PLGA polymer in 3 ml chloroform) using
a probe sonicator (Misonix Inc., 3000, Farmingdale, NY) at 33 W
energy output for 30's to form the primary water/oil emulsion. The
primary emulsion was further emulsified into an aqueous solution
of polyvinyl alcohol (PVA) (0.6 g of PVA in 12 ml distilled water) by
sonication, and the secondary (w/o/w) emulsion was then stirred
overnight at room temperature to allow for any residual solvent
to be evaporated. NPs were then ultra-centrifuged at 30,000 rpm
(Beckman Coulter Inc., Fullerton, CA) to remove un-reacted mate-
rials, including PVA and non-entrapped drugs. The recovered NPs
were then collected by ultracentrifugation, resuspended in distilled
water, and lyophilized. In a similar manner, NPs without DEX and
6-coumarin dyes as well as NPs with the sizes of 500 nm (using 1%,
w/v, PVA) and 1 wm (using 0.5%, w/v, PVA) were formulated using
the same method. Nanoparticles without drug and dye were used
for biocompatibility studies, and all other studies used drug-loaded
nanoparticles, if not specified.

2.3. Characterization of PLGA NPs

The formulated NPs were characterized for their morphology,
particle size, polydispersity and surface charge (zeta potential)

using transmission electron microscopy (TEM, JEOL 1200 EX Elec-
tron Microscope) and ZetaPALS dynamic light scattering (DLS)
detector (Brookhaven Instruments, Holtsville, NY) at room temper-
ature.

2.4. Determination of drug entrapment efficiency and drug
release studies

To directly determine the percentage of drugs entrapped in the
NPs, the freeze-dried particles were dissolved in a mixture of CHCl3
and DI water, which allowed the encapsulated drugs to be released
from PLGA NPs into the aqueous phase. The drug amount was then
experimentally measured and compared to the total amount of DEX
used in the nanoparticle formulation.

For in vitro drug release studies, stock suspensions of drug-
loaded nanoparticles were prepared in 0.1M PBS. The NP
suspension was placed inside spectrum dialysis bags (the molecu-
lar weight of dexamethasone is 392.5 Da) and dialyzed against PBS
at 37°C for 21 days on a shaker to allow the released drugs to be
diffused into the dialysates. At different intervals, 1 ml of dialysate
was collected from each sample and replaced with 1 ml of fresh PBS.
The collected dialysate was stored at —20°C for later analysis. To
determine the amount of drugs released, absorbance of the samples
was read at 242 nm. The amount of released drugs was determined
by a standard DEX curve and correlated to the loading amount to
determine the cumulative percent drug release.

2.5. Conjugation of PLGA nanoparticles with glycocalicin

The formulated PLGA NPs were conjugated with glycocalicin,
the external fraction of platelet GPIbaa (MW-145 kDa), using car-
bodiimide chemistry and avidin-biotin affinity, as described in our
previous work with polystyrene nanoparticles consisting of the car-
boxylated end groups (Lin et al., 2010). In brief, glycocalcin was
biotinylated using the Biotin-X-NHS Kit (EMD Biosciences Inc., San
Diego, CA) following the manufacturer’s instructions. In parallel,
PLGA nanoparticles (40 mg) were added to 4 ml of a 15 mg/ml EDC
solution in 0.1 M MES buffer (pH 4.75) and incubated at room tem-
perature for five hours to ensure activation of the carboxyl groups
on PLGA nanoparticles. After 5 h, 500 g of avidin (EMD Biosciences
Inc.) was added to the nanoparticle suspension and allowed to
react with the activated carboxyl groups overnight against 0.1 M
sodium bicarbonate solution (pH 8.5). The avidin-conjugated PLGA
nanoparticles were washed to remove non-reacted materials via
dialysis and recovered by freeze-drying. After washing to remove
non-reacted materials via dialysis, the biotinylated glycocalicin
prepared earlier was added and incubated with avidin-conjugated
PLGA NPs at room temperature under gentle agitation for two hours
and then purified by dialysis followed by ultracentrifugation to
remove non-reacted materials. These conjugated NPs were then
characterized by TEM and DLS. Avidin and biotin affinity was used
to enhance the functional groups for peptide conjugation as one
avidin would react with four biotinylated molecules. To confirm the
conjugation of glycocalcin onto nanoparticles, 100 wl of 30 pug/ml
primary mouse monoclonal antibodies against glycocalcin was
added to GPIb-conjugated nanoparticles in PBS. A fluorescent (red)
secondary antibody was added to the nanoparticle suspension and
incubated for one hour. After washing, nanoparticles were observed
and analyzed using the enhanced optical Cytoviva microscope.

2.6. In vitro stability of nanoparticles

We performed in vitro studies of long-term stability and protein
binding on our NPs. Since PLGA nanoparticles would be degraded
over time, we only studied the particle stability to determine
whether particles would be aggregated in the saline and serum
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conditions for up to 5 days. Either control or GPIb-conjugated
nanoparticle samples (n=4) were suspended in PBS buffer and
incubated at 37°C for 5 days to determine their stability in PBS.
The size of the NPs was measured every 24 h using DLS. Stability
and protein binding of the nanoparticles in the serum were carried
out by suspending GPIb-conjugated NPs and control NPs in 100%
FBS for 5 days at 37 °C. Size measurements were done every 24 h
by DLS for up to 5 days.

2.7. Culture of human aortic endothelial cells (HAECs)

HAECs were cultured in M199 supplemented with 10% FBS, 1%
penicillin-streptomycin and LSGS. Upon confluence, cells up to
passage 10 were used for the experiments. Since prior research
has shown that the use of high serum (greater than 1%) medium
increases the rate of endocytosis and exocytosis of PLGA NPs
(Chithrani and Chan, 2007; Panyam and Labhasetwar, 2003), we
used low serum (1% serum) M199 for all the cellular studies.

2.8. Preparation of P-selectin and vWF coated slides and
activated HAECs

Culture dishes were incubated with either 20 pg/ml P-selectin
(R&D Systems) or 5 ug/ml vVWF (Calbiochem) solution overnight
at 4°C. This was followed by a 1-h incubation with 1% (w/v) BSA
solution to block nonspecific binding and washing with PBS. To pre-
pare activated HAECs, cells were seeded on pre-etched glass slides
at 10% cells/cm? and treated with 25 mM histamine for 12 min. Both
coated surfaces and histamine-treated cells were used immediately
for the experiments.

2.9. Cellular studies of PLGA NPs by HAECs

To determine the biocompatibility of the NPs on HAECs, we
incubated HAECs with various concentrations (0-1000 pg/ml) of
control and GPIb-conjugated NPs without any drug loading for
up to 24 h, and cell viability was then assessed using MTS assays
(Promega Corp.) following the manufacturer’s instructions.

To determine cellular uptake of NPs, HAECs were seeded in 48-
well plates at 104 cells/cm? and allowed to grow for 2 days before
cells were quiescent. The dose-dependent and time-dependent
cellular uptake of control and GPIb-conjugated NPs by HAECs
were investigated. For dose studies, HAECs were incubated with
the respective NP suspensions (0-500 wg/ml) prepared in low
serum growth medium for 1 h. For the time-dependent NP uptake
study, HAECs were incubated with 100 p.g/ml of control and GPIb-
conjugated NP suspensions for varying periods of time (0-6 h).

To examine the effects of shear stress on the uptake of NPs by
HAECs, we seeded HAECs on pre-etched glass slides at a density
of 104 cells/cm? and allowed them to reach 80% confluence. The
HAECs were then exposed to medium containing NPs (200 p.g/ml)
at varying shear stresses (0-20 dyn/cm?) for 30 min using the par-
allel plate flow chamber system, as described previously (Nguyen
et al,, 2001). We chose the parallel plate flow chamber due to its
ability to generate constant levels of shear stress. Cells in static
conditions served as the controls.

After the experiments, cells were washed 3 times with cold PBS
to remove any adhering NPs and then lysed by incubating with
1% Triton® X-100 for 1h. This cell lysate was used to determine
the total cell protein, which corresponds to the cell number, using
Pierce BCA protein assays (Fisher Scientificc Hampton, NH) fol-
lowing the manufacturer’s instructions, and a standard curve was
generated using the known number of cells. In order to quantify NP
uptake by HAECs, the fluorescent intensity of NPs in cell lysates, as
well as the NP standards, was measured at EX 480 nm/EM 510 nm
using a microplate reader (Infinite M200, Tecan USA Inc.). NP uptake

was calculated by normalizing particle concentration with the cell
number of each sample. The observed optimal time and dose where
the cellular uptake was saturated from these studies were used for
all further studies.

2.10. Adhesion and cellular uptake of GPIb-conjugated NPs under
flow conditions

Coated culture dishes (either with P-selectin or with VWF)
were assembled in a parallel flow circular chamber (GlycoTech,
Gaithersburg, MD) for surface studies, while glass slides with acti-
vated monolayer HAECs for cell studies were assembled into the
parallel flow plate chamber for cellular studies. To minimize the
cost and the amount of protein required for coating, we used the
parallel flow circular chamber for coated surface studies (Brown
and Larson, 2001). For cellular studies, we used the parallel flow
plate chamber to get enough cells for the bioassays’ analyses. Both
parallel flow chamber systems have been well-characterized and
demonstrated to generate the shear stress levels similar to those of
in vivo conditions (Brown and Larson, 2001; Nguyen et al., 2001).
We compared the adhesion of different-sized conjugated parti-
cles (200-1000 nm) to P-selectin- and vWF-coated surfaces under
varying shear stresses (0-25 dyn/cm?). In addition, we performed a
comparative non-cellular flow study, where the flow chamber was
set to produce 15 dyn/cm? of shear stress, as this shear stress level
is presented as the average arterial flow condition (Nguyen et al.,
2001). Three groups of NPs were used, namely control NPs, GPIb-
conjugated NPs and anti-GPIb-conjugated NPs (GPIb-conjugated
NPs with their binding sites blocked by anti-GPIb antibodies). After
the flow studies, the amount of NPs bound to the coated surface
was measured by a spectrofluorometer.

We also performed comparative cellular uptake studies of con-
trol NPs and GPIb-conjugated PLGA NPs under static and flow
conditions to evaluate the effectiveness of our GPIb-conjugated
NPs. To study the adhesion and uptake efficacy of our conjugated
NPs to activated HAEC cells under flow conditions, activated HAECs
on glass slides were exposed with either non-conjugated (control)
or GPIb-conjugated NP suspensions (100 pg/ml) under varying lev-
els of shear stress (0-25 dyn/cm?). Samples in the static condition
were also studied for comparison. Following the flow experiments,
cells were washed with PBS, lysed and analyzed for the cellu-
lar uptake of NPs as described earlier. For confocal imaging, after
the completion of experiments, cells were washed with cold PBS,
followed by the addition of cold FM® 4-64 FX (5 pg/ml, Molecu-
lar Probes, Invitrogen, Eugene, OR) in PBS for 5min to stain cell
membranes. HAECs were fixed with paraformaldehyde and imaged
using a confocal laser scanning microscope (Leica) equipped with
FITC(EX(1)488 nm,EM (1)515nm)and TRIC filters (EX (1) 561 nm,
EM (1) 635 nm). Slice thickness was set at 0.1 wm, with 32 slices
taken per image. Images were processed by Image] software (NIH,
Image] 1.40).

2.11. Simulation studies on nanoparticle binding

To interpret the experimental results, we used a computational
model to study the effects of flow shear rate and particle size
on adhesion properties and validated our model with the exper-
imental data. The steady state probability of adhesion P, can be
characterized by probabilistic kinetic formulation of McQuarrie
(Riper et al., 1998) and Decuzzi (Decuzzi and Ferrari, 2006) since
the ligand-receptor binding process is stochastic in nature:

)‘Fdis
kgTm:Ac } 1

where m; is surface density of receptors, m; is ligand density on par-
ticle surface, A. is the contact area of particle, kgT is thermal energy

Pq = mymK2A: exp [—
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of the system, and K is the affinity constant of the ligand-receptor
pair at zero load. F; is the dislodging force due to hydrodynamic
forces, which is comprised of drag force along the flow direction F
and torque T.

Hydrodynamic forces f are experienced on the particles and can
be expressed as

Fuys F 2T

f= 4 =&t An @)
where Fyj is the dislodging force due to fluid flow, A. is the contact
surface area of the particle, r, is the critical radius of the particle,
T is the torque (component of the dislodging force) and F is the
drag force component of the dislodging force along the direction
of the flow. It is evident from Eq. (2) that the force is a function
of the surface area of contact and particle size. Force and Torque
are functions of the local fluid velocity (Decuzzi and Ferrari, 2006)
defined by

F = 6maluSF* (3)
and
T = 4ma® uST* (4)

where a is the characteristic size of the particle, uS is the shear
stress at the wall, [ is the distance between the center of the parti-
cle to the substrate wall. F¥ and T® are the coefficients of drag and
torque, which are functions of the spherical particle radius r. Hence,
dislodging force and particle size are determinant factors in particle
adhesion probability. The density of adhered particles under dif-
ferent shear stress rates is calculated from the coupled continuum
convection-diffusion-reaction simulation, incorporated with par-
ticulate adhesion probability and compared with the experimental
data.

2.12. Preliminary ex vivo retention study of GPIb-conjugated NPs

All animal experiments were performed in accordance with the
animal welfare policies and IACUC-approved protocols of the Uni-
versity of Texas at Arlington. For the NP retention study, the NPs
were loaded with NIR-797 (Sigma-Aldrich, St. Louis, MO) fluores-
cent dyes and conjugated with GPIb peptides as described above.
Carotid balloon injury was induced in six male Sprague-Dawley
rats after giving general anesthesia intraperitoneally. Then, through
a midline neck incision, the common, external, and internal carotid
arteries were exposed by blunt dissection, followed by the intro-
duction of a 2F Fogarty balloon catheter into the external carotid
artery via an arteriotomy which advanced to the origin of the left
common carotid artery. The balloon was then gradually inflated
to 7 atm to cause a balloon injury and then deflated. This process
was repeated 3 times to consistently produce the injury along the
length of the common carotid artery similar to a standard angio-
plasty procedure. After removal of the balloon catheter, the injured
artery was infused with either control NPs or GPIb-conjugated NPs
(5 mg/ml) over 3 min. When the NPs were delivered, the apical end
was also clamped with a vascular clamp. This created a closed loop
system that allowed the contact of the NPs with the injured vessel
wall for a short time, after which the vascular clamps were removed
to restore the blood circulation in the injured artery. After 30 min,
the arteries were then collected and extensively washed with PBS
over 3 min to remove non-adherence nanoparticles, excised, and
imaged using the KODAK FX Pro imaging system (Carestream, EX-
760 nm/EM-830 nm).

2.13. Statistical analysis

Results were analyzed using one-way ANOVA and t-tests with
p<0.05 (StatView 5.0 software, SAS Institute). Post hoc comparisons

were made using the Fisher’s least significant differences (LSD). All
of the results are given as mean + SD (n=3-6 experiments).

3. Results

3.1. Characterization and in vitro stability of drug-loaded PLGA
NPs and drug-loaded, GPIb-conjugated PLGA NPs

The mean hydrodynamic diameter of the drug-loaded PLGA
NPs as determined by ZetaPALS was 180447 nm, while the
drug-loaded, GPIb-conjugated PLGA NPs showed a size of
220+4735nm. The surface charge of the drug-loaded PLGA NPs
was —32 +470.8 mV, while the drug-loaded, GPIb-conjugated PLGA
NPs showed a zeta potential of —13+470.5mV. TEM images
(Fig. 1A) demonstrated the spherical morphology and range size
of the drug-loaded, GPIb-conjugated NPs within 100-250 nm. Con-
jugation of GPIb onto PLGA NPs was also confirmed through
observation of antibodies against GPIb (red) on PLGA NPs using
the enhanced optical fluorescent microscope, Cytoviva microscope
(results not shown).

For stability studies of non-conjugated and GPIb-conjugated
PLGA nanoparticles, size measurements of both NPs via DLS in PBS
demonstrated that the NPs’ size was comparable over the five-day
period without any significant change in particle size (results not
shown). In addition, the protein binding and long-term stability of
the control NPs and GPIb-conjugated NPs in FBS showed that the
NPs did not aggregate and maintained their size over the studied
time period after an initial 10-20 nm increase in size (results not
shown).

3.2. Drug release profile from drug-loaded GPIb-NPs

To determine the efficacy of drug-loaded NPs as a sustained drug
delivery carrier, we performed an in vitro drug release study to mea-
sure the amount of DEX released from the NPs over a course of time.
The loading efficiency of DEX into the PLGA NPs was calculated to
be about 66%. Release kinetics of DEX from PLGA NPs indicated a
sustained drug release from the NPs showing the ability for a con-
tinued drug release for up to 3 weeks with about 80% of loaded
drugs released at a period of 3 weeks (Fig. 1B).

3.3. Cellular studies of NPs by HAECs

The cellular viability results show that both groups of NPs (PLGA
NPs and GPIb-conjugated NPs without any drug loading) exhib-
ited greater than 90% cell viability after HAECs were exposed to
NPs at concentrations of up to 500 wg/ml for 24 h (Fig. 1C). How-
ever, at a concentration of 1000 p.g/ml, cells exposed to control NPs
displayed only around 70% viability, while cells exposed to GPIb-
conjugated NPs still showed more than 90% cell viability. NP cellular
uptake studies indicated the uptake of nanoparticles by HAECs to be
both dose- and incubation time-dependent. HAEC cellular uptake
for both groups of NPs saturated at concentrations of 300 ug/ml
(Fig. 2), while after 4 h of incubation, the uptake reached a plateau
(results not shown). In addition, the GPIb-conjugated NPs exhibited
a fivefold higher uptake by HAECs, compared to the control NPs.

3.4. GPIb-conjugated NPs improved adhesion on coated surfaces
and cellular uptake by HAECs under physiological flow conditions

We examined the adhesion of different-sized GPIb-conjugated
NPs on vWE- and P-selectin-coated surfaces under different flow
rates. The number of NPs that adhered to vVWF surfaces reduced
with increasing shear stress; however, 200 nm-sized NPs adhered
in greatest numbers on vVWF-coated surfaces compared to 500 nm-
and 1 wm-sized particles (dots in Fig. 3 for experimental results).
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Fig. 1. Characterization of drug-loaded, GPIb-conjugated PLGA NPs. (A) Representative transmission electron microscopy (TEM) images of drug-loaded, GPIb-conjugated
PLGA NPs. Scale bar - 200 nm. (B) In vitro release profile of Dexamethasone from the drug-loaded PLGA NPs at 37°C. Inset is the cumulative percentage release of DEX
over 24 h. Values represent mean + standard deviation (n=4). (C) Biocompatibility of control NPs and GPIb-conjugated NPs without any drug loading. Cells were exposed to
respective nanoparticle suspensions for 24 h, and cell viability was determined via MTS assays. Cells not exposed to nanoparticles served as controls (100% cell viability). **
Indicates significant differences compared to the control samples (p <0.001). All values are represented as mean + standard deviation (n=4).

Similar to vWF-coated surfaces, P-selectin-coated surfaces had
more GPIb-conjugated NPs adhered, compared to control (non-
conjugated) NPs (results not shown).

The experimental NP bound densities (markers in Fig. 3) at dif-
ferent shear rates and particle sizes are illustrated via simulation
studies as solid lines in Fig. 3. Since the binding of PLGA NPs to
coated P-selectin surfaces has been documented (Takalkar et al.,
2004), we only presented the binding dynamics of PLGA NPs with
vWF-coated surfaces. The bound density at different shear rates
was normalized with that at the static condition. It is observed
that bound particle density decreases with increased shear rate.

This is due to the increasing dislodging force and detachment rates
at higher shear rates. At the same shear rate, the adhered particle
density is lower for larger particles compared to that for smaller
particles. This is attributed to the fact that larger NPs experience
larger dislodging forces, resulting in higher detachment rates, thus
lower adhered NPs densities. Both simulation and experimental
results indicate that nanoparticle adhesion efficacy is higher for
smaller particles under lower shear stresses.

We further analyzed the specific interaction of the control and
GPIb-conjugated NPs on P-selectin- and vVWF-coated surfaces under
arterial flow conditions of 15dyn/cm? (Fig. 4). A nearly twofold
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as mean £ SD (n=4). ** Indicates significant difference compared to the control NP
samples (p<0.001).

increase in the adhesion of GPIb-conjugated NPs to P-selectin- and
VWE-coated surfaces was observed compared with the control NPs.
Using antibodies against GPIb with GPIb-conjugated NPs (anti-GPIb
NPs in Fig. 4) or free GPIb peptides for competitive studies (results
not shown) also showed that the NP adhesion to P-selectin and
VWF-coated surfaces was comparable to those of the control NPs,
indicating the importance of the role of GPIb binding to P-selectin
and vWF under physiological flow conditions.

Shear regulated cellular uptake and binding studies of control
(non-conjugated) and GPIb-conjugated NPs by activated HAECs
showed that perfusion of GPIb-conjugated NPs over activated
HAECs exhibited a significant cellular uptake, while control NPs dis-
played lesser cellular uptake (Fig. 5A). In addition, confocal imaging
revealed that un-conjugated NPs were mostly detected in extracel-
lular spaces, with minimal NPs within the cells (Fig. 5B). In contrast,
NPs conjugated with GPIb showed higher uptake as detected within
cells, with a very low concentration of NPs present in extracellular
spaces (Fig. 5C).

3.5. Ex vivo retention study

As shownin Fig. 6B, GPIb-conjugated NPs adhered more onto the
injured arterial wall compared to control NPs (Fig. 6A). In prelimi-
nary ex vivo adhesion studies using the rat carotid injury model as a
proof-of-concept, normalized fluorescent intensities between two
nanoparticle groups adhered onto the injured arterial wall showed
a significantly higher adhesion (more than twofold retention) of
the GPIb-conjugated NPs to the injured vascular wall compared to
the control NPs (results not shown).

4. Discussion

The majority of patients with obstructive coronary blockages
are usually treated with percutaneous interventions (PCI) such as
angioplasty and stenting; however, PCI involves vascular injury
caused during inflation of balloons (angioplasty), leading to exu-
berant smooth muscle cell proliferation and neointimal hyperplasia
that results in the re-narrowing of lumen (restenosis) (Brodie et al.,
2011). Although immunosuppressive drug-coated metal stents
(drug-eluting stents or DES) have reduced restenosis by suppress-
ing neointimal proliferation, they are associated with an increased
and prolonged risk of stent thrombosis (clot formation) due to
delayed ‘healing’ or endothelial coverage of exposed stent sturts.
Stent thrombosis is associated with over 50% acute mortality, thus
patients with DES are treated with potent anti-platelet agents for
prolonged durations, and thereby often have severe bleeding com-
plications (Brodie et al., 2011). The use of nanoparticles (NPs) as
vehicles for targeted endovascular immunosuppressive drug deliv-
ery to address neointimal hyperplasia or restenosis, without the
presence of a metal stent as a potential place for clot formation can
provide a viable solution to the above problems. Drug-loaded NPs, if
delivered to the vessel wall during coronary angioplasty, may sup-
press neointimal hyperplasia without the need for a permanent
endovascular stent. Previously, we have investigated the effects
of shear stress on the cellular uptake of nanoparticles by HAECs
and proposed the development of endothelial-targeting nanopar-
ticles using polystyrene nanoparticles as a model (Lin et al., 2010).
These studies have the shortcoming that nanoparticles made of
polystyrene are non-degradable and therefore cannot be used as a
real drug delivery carrier. The intent of this research was to further
examine our novel strategy of platelet-mimicking nanoparticles
for targeted drug delivery to the injured arterial wall and acti-
vated HAECs using biodegradable nanoparticles made of the FDA
approved material, PLGA.
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Fig. 5. (A) Adhesion and uptake of control and GPIb-conjugated NPs by activated HAECs under shear stresses via measurement of particles in lysis cell samples. Cells were
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control NPs (p <0.05). (B) Confocal image of ECs taken up of control NPs. (C) Confocal image of ECs taken up of GPIb-conjugated NPs. Fluorescent NPs were imaged using a
FITC filter, while plasma membranes were stained with FM® 4-64 FX red membrane dye and imaged using TRIC filter. Images on the far right represent the color overlay of
FITC and TRIC filters. Scale bar = 20 m. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

PLGA nanoparticles have been developed previously to provide
controlled and sustained drug delivery as PLGA has been approved
by the US FDA for the use of drug delivery and diagnostics in car-
diovascular disease, cancer, and tissue engineering due to many of
its advantages (Jain et al., 2011; Song et al., 2010). One of them is
that PLGA degrades slowly in vivo and can be used to entrap both
water-soluble and water-insoluble therapeutic molecules for sus-
tained drug delivery. As shown in our results, the formulated PLGA
NPs produced a sustained drug release for up to 21 days, were
stable in different physiological fluids, and demonstrated mini-
mal cytotoxicity in HAECs. The release of the drug dexamethasone
from our NPs showed an initial burst release (about 36% in 24 h)
owing to drug desorption from the NPs surface, followed by a sta-
ble sustained release attributable to both diffusion of the drug and
degradation of the PLGA NPs. These results are consistent with the
findings reported by other researchers (Cascone et al., 2002; Kim
and Martin, 2006; Song et al., 1997). For instance, after 25 days, up
to 85% of total DEX release from PLGA NPs was reported by Song
et al. (1998), while both Cascone et al. (2002) and Kim and Martin
(2006) reported about 90% DEX release from the PLGA NPs over 3
weeks. These results, in addition to our results, indicate that PLGA
NPs could be used as drug carriers for targeted and controlled drug
delivery, providing a sustained drug release over a time course.

It is well-known that uptake of nanoparticles by targeted
cells is affected by various factors including cell types and

particle materials. The uptake of PLGA NPs by HAECs was found to
be dose- and incubation time-dependent with an optimal dose of
300 wg/ml and an optimal time of 4 h in our studies. These results
were similar to the PLGA NP cellular uptake outcomes in previ-
ous studies using HUVECs, where uptake saturated at 300 pg/ml
(Davda and Labhasetwar, 2002). Contrary to our studies of HAECs,
NP uptake saturated after 2 h of exposure in HUVECs. In addition,
Caco-2 cells showed a saturated uptake at a dose of 500 pg/ml PLGA
particles in 2 h (Desai et al., 1997). Moreover, uptake of polystyrene
nanoparticles by HAECs reached saturation at 200 pg/ml within a
half hour (Lin et al., 2010), whereas uptake of PLGA nanoparticles
by HAECs reached saturation at a higher concentration (300 p.g/ml)
for a longer time, 4 h, in our studies. Thus our results, in combina-
tion with previous findings, suggest that the uptake of drug-loaded
nanoparticles by targeted cells needs to be well-characterized to
find the optimal particle concentration and incubation time, as this
process is dependent not only on cell types but also on particle
materials.

The incorporation of specific targeting motifs has been used
to enhance the cellular uptake of nanoparticles by targeted cells,
and thereby would minimize the drug side effects and enhance
drug delivery. In our study, the GPIb-conjugated NPs exhibited
an eightfold increase in cellular uptake compared to the control
(un-conjugated) NPs. A similar trend in increased uptake of conju-
gated NPs by cells was observed by Ke et al. (2009) and Xu et al.

Fig. 6. Images of rat carotid arteries after balloon angioplasty injury and local delivery of (A) control NPs and (B) GPIb-conjugated NPs using the KODAK FX Pro imaging

system.
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(2009a). Other researchers have also shown that the targeting of
drug-laden carriers to the endothelium enhances their availability
at the target cells. For instance, Smirnov et al. (1986) found that the
conjugation of anti-collagen type I antibodies or fibronectin to lipo-
somes increased their binding to denuded endothelium of arterial
segments in situ. Muro et al. (2006, 2008) also demonstrated that
conjugating polymer nanocarriers with anti-ICAM increased their
vascular targeting and internalization by ECs and that the carrier
shape influenced vascular targeting and transport into the ECs. In
addition, polymer nano-carriers conjugated with anti-PECAM/SA
were able to deliver the active encapsulated catalase to the ECs
in both cell culture and animal studies (Dziubla et al., 2008). The
intracellular localization of NPs as seen by confocal microscopy is
due to the endocytosis of the NPs and has been well-documented
by other researchers (Qaddoumi et al., 2004; Wiewrodt et al., 2002;
Xu et al., 2009b). Results from our and others’ studies establish that
conjugation of targeting motifs onto nanoparticles would enhance
cellular uptake of these drug-loaded nanoparticles by targeted cells,
probably through one of the endocytosis pathways.

Other factors, like varying shear stress levels, can also influ-
ence the NPs’ uptake by endothelial cells. Our studies indicated
that increasing the shear stress to 20 dyn/cm? decreased the cel-
lular uptake of NPs by HAECs by threefold compared to the static
controls. This observation is supported by similar research studies
from both our group and others, which have also found that adhe-
sion of NPs on ligand-coated surfaces and activated endothelial cells
is inversely related to shear stress levels despite particle materials
(Blackwell et al., 2001; Dickerson et al., 2001; Lin et al., 2010). Such
decrease in NP adhesion at high shear stress levels and larger par-
ticle size is well-explained through the computational model. It is
shown that larger dislodging forces under higher shear stresses for
bigger particles might wash adhered particles away against adhe-
sion, thus decreasing NP adhesion probability. The computational
model also suggests that designing NPs with a higher coating den-
sity and a larger contact area/non-spherical shape might improve
adhesion efficacy of NPs (Decuzzi and Ferrari, 2006).

To improve the adhesion and targeting capability of NPs
to endothelial cells under physiological flow conditions, we
designed “platelet-mimicking endothelial-targeting NPs” for better
adherence to both P-selectin- and vWF-coated surfaces under phys-
iological flow conditions by imitating the binding of platelets to the
injured arterial wall and subendothelium. Other researchers have
used leukocyte-imitating particles (Eniola and Hammer, 2005a;
Sakhalkar et al., 2003; Zou et al., 2005) and endothelial target-
ing particles coated with humanized antibodies against E- and
P-selectins (Blackwell et al., 2001; Dickerson et al., 2001). Parti-
cles (both nano and micro) conjugated with sialyl Lewis* (sLeX)
(Eniola and Hammer, 2005a,b; Zou et al., 2005), as well as antibod-
ies against P-selectin (Dickerson et al., 2001) and LFA-1 (Eniola and
Hammer, 2005b) were also observed to better adhere to P-selectin-
, E-selectin- and ICAM-1-coated surfaces, as well as to activated
endothelial cells. Just like these studies, our “platelet-mimicking
endothelial-targeting NPs”, GPIb-conjugated NPs, adhered better
to both P-selectin- and vWF-coated surfaces and were taken up
more by activated ECs under physiological flow conditions by
imitating the binding of platelets to activated ECs, compared to non-
conjugated NPs, as shown in our results. This induced adhesion and
uptake of GPIb-conjugated NPs might be due to the higher binding
strength of platelet ligand-GPIb under high shear stress situations
(Andrews et al., 2001; Chen and Lopez, 2005). Preliminary ex vivo
results also indicate that the GPIb-conjugated NPs have a consider-
ably better retention to the vascular wall on local administration of
the NPs in the injured carotid artery of rats. This finding lends sup-
port to our hypothesis that modifying the NPs with platelet GPIb
would enhance the arterial endothelial retention of drug-loaded
agents to treat restenosis.

In summary, this study investigated GPIb-conjugated NPs as
mimicking platelet adhesion onto the injured arterial wall for
improved binding and targeting to the inflamed endothelial cells
and injured arterial wall under fluid shear stress. Conjugation of
GPIb to PLGA NPs increased particle adhesion onto targeted sur-
faces and cellular uptake of these nanoparticles by activated ECs
under shear stresses. These GPIb-conjugated NPs also provided a
controlled release of the anti-inflammatory drug model. The adhe-
sion efficacy of PLGA NPs of various sizes under physiological
shear flow were characterized through a flow chamber study and
explained through computer simulations. Our in vitro and simula-
tion results suggest that the drug-loaded, GPIb-conjugated PLGA
nanoparticles could be used as a targeted and controlled drug
delivery system to the site of vascular injury for treatment of cardio-
vascular diseases. However, the current study did not look into the
competitive binding of GPIb-conjugated NPs with platelets, which
will be done in the future, along with in vivo animal studies. It
is also important to note that particles with a large size as our
nanoparticles (about 200 nm) would be easily cleared from circula-
tion by the reticuloendothelial system (RES) within a few minutes
after administration. To overcome these limitations, local deliv-
ery of these nanoparticles to the injured vasculature via infusion
catheters (Guzman et al., 1996) or coating of these nanoparti-
cles onto drug-eluting stents to form nanoparticle-eluting stents
(Nakano et al., 2009) could be used.
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