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Abstract
The purpose of this research project was to develop nanoparticles with improved targeting,
adhesion, and cellular uptake to activated or inflamed endothelial cells (ECs) under physiological
flow conditions. Our hypothesis is that by mimicking platelet binding to activated ECs through the
interaction between platelet glycoprotein Ibα (GP Ibα) and P-selectin on activated endothelial
cells, GP Ibα-conjugated nanoparticles could exhibit increased targeting and higher cellular uptake
in injured or activated endothelial cells under physiological flow conditions. To test this
hypothesis, fluorescent carboxylated polystyrene nanoparticles were selected for the study as a
model particle due to its narrow size distribution as a “proof-of-concept”. Using confocol
microscopy, fluorescent measurement, and protein assays, cellular uptake properties were
characterized for these polystyrene nanoparticles. The study also found that conjugation of 100 nm
polystyrene nanoparticles with glycocalicin (the extracellular segment of GP Ibα) significantly
increased the particle adhesion on P-selectin-coated surfaces and cellular uptake of nanoparticles
by activated endothelial cells under physiological flow conditions. The results demonstrate that
these novel endothelial-targeting nanoparticles could be the first step towards developing a
targeted and sustained drug delivery system that can improve shear-regulated particle adhesion
and cellular uptake.

INTRODUCTION
Recent studies have focused on targeting endothelium with nanoparticles in order to deliver
drug and/or gene therapy for a variety of pathological conditions in the vascular system
because of its large population and proximity to blood flow.1–6 Under diseased conditions
such as thrombosis, inflammation, and restenosis, endothelial cells (ECs) become activated
and express endothelial cell adhesion molecules (ECAMs) such as P-selectin and E-selectin.
3–5,7,8 Using ECAM ligands has been considered for effective targeting of diseased ECs.
For instance, immunoliposomes and microparticles coated with ligands (sLex, PSGL-1), and
humanized monoclonal antibodies (mAbs) bound to P-selectin highly expressed on activated
ECs, have demonstrated varying degrees of success.4,7–12

The long-term goal of our research is to develop biodegradable nanoparticles that can target
and deliver therapeutic agents to treat injured and inflamed ECs after angioplasty and/or
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stenting treatments. Using carboxylated polystyrene (non-biodegradable) nanoparticles as
model particles, an effective targeting strategy will be determined in this study. These
nanoparticles have a uniform composition, narrow size distribution, and are stable. These
properties of the carboxylated polystyrene particles will allow us to investigate the adhesion
and uptake properties without concern for the possibility that the particle size and
degradation influence on the targeting strategy would affect the outcome. GP Ibα was
selected as an ideal ligand for conjugating onto the surface of nanoparticles in order to
increase their adhesiveness under high shear conditions. GP Ibα is well-known for its role on
the platelet adhesion onto the vascular wall in the high shear stress regions.13,14 It can also
serve as a targeting ligand that binds specifically to P-selectin expressed on activated ECs.
13,15 These “platelet-mimicking nanoparticles” should specifically adhere onto damaged or
activated ECs under conditions of high shear stress, inducing cellular retention and uptake of
nanoparticles (Figure 1).

Understanding the cellular uptake process of polystyrene nanoparticles and characterizing
interaction of platelet-mimicking polystyrene nanoparticles with P-selectin and activated
ECs is needed in order to reach a long-term goal to develop drug-loaded endothelial
targeting nanoparticles. Although previous studies successfully characterized cellular uptake
of polystyrene nanoparticles in the human colon adenocarcinoma cell line (Caco-2) and
umbilical vein endothelial cells (HUVECs),1,16,17 these cell types are different from the
human aortic endothelial cells (HAECs) used in this study. Since we want to target
restenosis after vascular intervention, HAECs are a better choice for in vitro cell culture
characterization. In this study, the cellular uptake properties of polystyrene nanoparticles of
various sizes, doses, and incubation times were investigated using HAECs. The effects of
shear stress on the cellular uptake of 100-nm size nanoparticles by HAECs were also studied
using the parallel plate flow chamber system. The cellular uptake of these particles in
HAECs was then determined using both fluorescent intensity measurements and confocal
microscopy imaging of cells after the incubation time. In addition, purified glycocalicin (the
extracellular segment of platelet GP Ibα) was conjugated to the polystyrene nanoparticles to
produce GP Ib-nanoparticles. The experiments were then performed to determine the effects
of GP Ib conjugation on particle adhesion on the P-selectin coated surfaces and cellular
uptake of these nanoparticles in activated HAECs under physiological flow conditions.

MATERIALS AND METHODS
Materials

Fluoresbrite® YG Carboxylate Polystyrene particles were purchased from Polysciences, Inc.
(Warrington, PA). Chemicals, if not specified, were purchased from Sigma-Aldrich (St.
Louis, MO). HAECs and low serum growth supplement (LSGS, 2 % fetal bovine serum,
hydrocortisone (1 μg/ml), human epidermal growth factor (10 ng/ml), basic fibroblast
growth factor (3 ng/ml), and heparin (10 μg/ml)) were purchased from Cascade Biologics
(Portland, OR). Cell culture media, supplements, and buffers, including Medium 199
(M199), trypsin, fetal bovine serum (FBS), penicillin-streptomycin, and phosphate buffered
saline (PBS) were purchased from Invitrogen Corp. (Carlsbad, CA).

Cell Culture
HAECs were grown in M199 supplemented with 1% penicillin-streptomycin and LSGS
(complete M199). Upon reaching confluence, cells were passaged or used for experiments.
Cells up to passage 9 were used for the study.
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Cellular Uptake of Polystyrene Nanoparticles by Human Aortic Endothelial Cells
To determine cellular uptake of nanoparticles, HAECs were seeded onto 24-well plates at a
density of 30,000 cells/well and allowed to grow for 2 days. Since high serum media would
contribute to the variation in the assessment of particle uptake in HAECs,18 we chose to use
low serum media in all particle uptake studies. The first study was conducted to determine
the effects of particle size on cellular particle uptake in HAECs. Particles ranging in size
from 100–1000 nm were suspended in low serum growth medium at the concentration of
100 μg/ml. Medium from the 24-well plate was replaced with the particle suspensions, and
cells were allowed to incubate with the nanoparticles for one hour. The second study was to
optimize nanoparticle concentration. Nanoparticle (100 nm in size) solutions (100–800 μg/
ml) were prepared in low serum growth medium and added to HAECs for one hour. The
third study was to evaluate the effect of incubation time on cellular uptake of nanoparticles
(100-nm in size). Cells were incubated with 100 μg/ml nanoparticle solution for various time
periods up to 6 hrs. Cells without nanoparticle solutions served as controls.

An additional study was performed to investigate the effects of shear stress on cellular
uptake of nanoparticles by HAECs. Cells were seeded onto pre-etched glass slides at a
density of 105 cells/cm2. Upon reaching confluence, cells on glass slides were exposed to
either 1 or 5 dyne/cm2 of media containing 100-nm nanoparticles at concentration of 100
μg/ml for 30 minutes using the parallel plate flow chamber system as described previously.
19 The parallel flow chamber was chosen over other flow systems because of its ability to
produce constant levels of shear stress. Cells in static condition served as the control.

Quantification of nanoparticle uptake by HAECs using a fluorometer
After experiments, cells were washed carefully at least three times with cold PBS to remove
any remaining nanoparticles. After washing, 1ml of 1% Triton® X-100 was added to each
cell sample and incubated for one hour in order to lyse the cells. Twenty-five microliters of
cell lysate from each well was used to determine total cell protein content using the BCA
protein assay (Pierce) following the manufacturer’s instructions. Total protein concentration
in each sample was used for normalizing cellular uptake of nanoparticles. To quantify
nanoparticle uptake by HAECs, the fluorescent intensity in cell lysates was measured at EM
480 nm/EX 510 nm (VersaFluor™, Bio-Rad Laboratories, Hercules, CA). A standard curve
was obtained by serial dilution of same stock nanoparticle solutions in 1% Triton® X-100,
and the fluorescent intensities were measured using the same filters. The nanoparticle uptake
by HAECs was calculated by normalizing the nanoparticle concentration in each cell lysate
sample with the total cellular protein, which correlates to the number of cells in the sample.
For size uptake, we seeded HAEC’s at different seeding densities and generated a standard
plot of varying number of known cells to a standard of known BSA. We then calculated the
amount of protein per 1000 cells and converted the cellular uptake per total cellular protein
to the cellular uptake per 1000 cells.

Evaluation of nanoparticle uptake using confocal microscopy
After experiments, cover slips were washed with cold PBS, followed by the addition of cold
FM® 4–64 FX (5 μg/ml of Texas-Red® dye, Invitrogen) in PBS for 10 min to stain cell
plasma membranes. HAECs were then imaged using a confocal laser scanning microscope
(Carl Zeiss LSM Meta 510, Goettingen, Germany) equipped with FITC and RITC filters
(Ex(λ) 488 nm, Em(λ) 543 nm). Images of HAECs were taken using a fast scan option to
section the cells. Slice thickness was set at 1 μm, with an average of 18 slices taken per
image. The images were then analyzed using Carl Zeiss LSM Image Browser (version 3.5).
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Nanoparticle conjugation with glycocalicin
Carboxylated nanoparticles, 100 nm in size, were conjugated with glycocalicin using
carbodiimide chemistry and avidin-biotin affinity. First, glycocalicin were biotinylated using
the Biotin-X-NHS Kit (EMD Biosciences, Inc., San Diego, CA) following the
manufacturer’s instructions. Second, polystyrene nanoparticles were added to a 15 mg/ml
EDC solution in 0.1 M MES buffer, pH 4.75 and incubated at room temperature for four
hours to ensure carboxyl group activation. After four hours, 500 μg of avidin (EMD
Biosciences, Inc.) was added to the nanoparticle solution and allowed to interact overnight
in 0.1 M sodium bicarbonate solution (pH 8.5). Biotinylated glycocalicin (120 μl of 50 μg/
ml) described in the first step was added to the avidin-conjugated polystyrene nanoparticle
solution and reacted at room temperature under gentle agitation, for one hour. The
nanoparticle solution was then dialyzed against 0.1 M PBS for three hours to remove any
unreacted materials. Great care was taken to avoid exposure of the nanoparticles to light
throughout the entire procedure. To confirm the conjugation of ligands onto nanoparticles,
100 μl of 30 μg/ml primary mouse antibody monoclonal against glycocalicin (HIP1,
BioLegend), was added to glycocalicin-conjugated nanoparticles in PBS. A fluorescent (red)
secondary antibody (anti-mouse IgG1, BioLegend) was added to the nanoparticle solution
and incubated for one hour. After washing, nanoparticles were analyzed using confocal
microscopy method.

Preparation of P-selectin Coated Slides and activated ECs
To prepare P-selectin coated surfaces, glass slides were incubated with 500 μl of 20 μg/ml
P-selectin (R&D Systems) for four hours at 37 °C, followed by one hour of incubation with
a 1% BSA solution in PBS to block any nonspecific binding sites. Half the slides were then
further incubated with P-selectin antibodies for one hour at room temperature in order to
serve as a negative control. The slides were then washed gently with a 0.9% NaCl solution
to remove any unbound P-selectin or antibody. To prepare activated HAECs, HAECs seeded
on glass slides as described earlier were treated with 25 mM histamine for 12 minutes at
room temperature to induce P-selectin expression on HAECs. Stimulated (activated) cells
were used immediately in flow chamber experiments.

Effects of GPIb conjugation on particle adhesion and cellular uptake under physiological
flow conditions

Slides (coated with either P-selectin or P-selectin/anti-P-selectin for surface studies and
containing HAEC monolayer for cell studies) were assembled into the parallel plate flow
systems.19 For non-cellular flow studies, that flow chamber was set to produce 5 dyne/cm2

of shear stress, and three types of samples were used. These samples were PBS solution
consisting of control nanoparticles, GPIbα- conjugated nanoparticles, and GPIbα-conjugated
nanoparticles preincubated with antibodies against GPIbα (or GPIbα mAbs). After the flow
experiments, the amount of nanoparticles bound to the glass cover slides were measured
using a fluorometer. The glass slides were also observed using confocal microscopy. For cell
studies, the shear stress was varied between 0 dyne/cm2 to 15 dyne/cm2. The nanoparticle
solutions were diluted to 100 μg/ml concentration in low serum media for cell studies.
Activated HAECs seeded on the glass slides were exposed to low serum media consisting of
either non-conjugated (control) or GPIb-conjugated nanoparticles under various levels of
shear stress. Samples in the static condition served as controls.

Statistical Analysis
Analysis of the results was performed using 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 the results are given as mean ± SD.

Lin et al. Page 4

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Characteristics of cellular uptake of nanoparticles by HAECs

To determine the effects of nanoparticle size on cellular uptake by HAECs, experiments
were conducted using polystyrene nanoparticles of varying sizes (100–1000 nm) due to their
narrow size distribution. The results displayed a clear trend of decreased cellular uptake with
increase in nanoparticle size. Particles of 1000 nm displayed least uptake by HAECs, while
the smallest nanoparticles (100 nm) were uptaken the most (Figure 2A).

Nanoparticle uptake for 100-nm polystyrene nanoparticles displayed trends towards to the
concentration and incubation time dependency. For the former, cellular uptake by HAECs
reached saturation at the nanoparticle concentration of 200 μg/ml (Figure 2B). For the latter,
the saturation was reached in 30 minutes for the polystyrene nanoparticles (Figures 2C).
Confocal microscopy was used to confirm the uptake of particles inside the cells (Figure 3).
Images at the middle point of the cell confirmed that the fluorescent nanoparticles were
localized inside cells.

To investigate the effects of shear stress on cellular uptake of nanoparticles by HAECs, the
parallel plate flow chamber system was used to generate different levels of shear stress. We
found that the cellular uptake of nanoparticles was decreased with the increase of shear
stress magnitude (Figure 4), indicating an inverse correlation between nanoparticle uptake
and the levels of shear stress.

Conjugation of GPIb enhanced adhesion of particles on P-selectin surfaces and cellular
uptake of particles by activated HAECs

Because of the size of nanoparticles is 100 nm, below the detection limit of the available
flow cytometry, the conjugation of GP Ib onto nanoparticles was determined using the Zeiss
Cytoviva Microscope Imaging System (at a magnification of 10X). As shown in Figure 5,
fluorescent tagged secondary antibody against GP Ib antibody was detected around
nanoparticles, suggesting that glycocalicin had indeed been conjugated onto the
nanoparticles.

Specific interaction between P-selectin coated surfaces and GP Ibα-conjugated nanoparticles
under flow conditions was further analyzed using fluorescent intensity measurements
(Figure 6). Approximately 50% GP Ibα nanoparticles adhered to P-selectin coated surfaces,
while about 22% of control nanoparticles and GP Ib nanoparticles pre-incubated with anti-
GP Ibα antibodies adhered, respectively. The control nanoparticles adhered minimally to P-
selectin and P-selectin/anti-P-selectin surfaces, indicating that non-selective binding under
shear stress was minimal. Using antibodies against GPIb with GPIb-conjugated
nanoparticles also showed insignificant levels of nanoparticle adhesion onto P-selectin
coated surfaces, indicating the importance of GPIb binding onto P-selectin. In addition,
surfaces coated with anti-P-selectin displayed no specific interactions with any of the
nanoparticles. Confocal microscopy analysis also confirmed the observation using a
fluorometer: the highest fluorescence detected on P-selectin coated slides with adherent GP
Ibα-conjugated nanoparticles (data not shown). These results indicate that GP Ibα-
conjugated nanoparticles display an enhanced adhesion onto P-selectin coated surfaces
under physiological flow conditions.

Glass slides seeded with activated HAECs were run on the flow chamber to investigate the
effects of shear stress on the cellular uptake of non-conjugated and GPIb-conjugated
nanoparticles by activated endothelial cells. Results showed significant cellular uptake when
GP Ibα nanoparticles were perfused, while control nanoparticles displayed insignificant
cellular uptake. Nanoparticles conjugated with GP Ibα displayed much higher uptake in
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HAECs activated with histamine as detected within cells, with a very low concentration of
nanoparticles present in extracellular spaces (Figure 8). Samples were observed at the
middle point of each cell using the stack imaging option, with slice thickness set at 1 μm. In
contrast, unconjugated nanoparticles were mostly detected in extracellular spaces, with
minimal within the cells (Figure 8). Control nanoparticles had the lowest cellular uptake
under exposure to shear stress with almost no nanoparticles seen within the cells, and most
nanoparticles were localized on the surface of the glass slides. Negative control samples by
blocking the GP Ibα ligand with an antibody resulted in minimal cellular uptake (results not
shown), indicating the specific interaction between GP Ibα and P-selectin. These
observations confirm that GP Ibα adhesion with P-selectin expressed in activated HAECs is
necessary for cellular uptake under conditions of fluid shear stress.

DISCUSSION
The purpose of this study was to characterize the cellular uptake of nanoparticles by
endothelial cells and to investigate a new strategy to improve cellular uptake and targeting
of nanoparticles in activated or inflamed HAECs. Particle uptake studies showed that
decrease in particle size increased cellular uptake. In addition, under static conditions,
optimal nanoparticle dosage was found to be 200 μg/ml while optimal incubation time was
found to be 30 minutes for 100-nm polystyrene nanoparticles. Our results have shown that
nanoparticles conjugated with the GP Ibα significantly increased adhesion of nanoparticles
to P-selectin coated surfaces. Cellular uptake studies conducted under fluid shear stress also
displayed increased nanoparticle uptake and targeting ability when HAECs were activated
with histamine to express P-selectin. Results from our endothelial cell uptake and
nanoparticle targeting characterization studies suggest that the GP Ibα can increase
nanoparticle targeting abilities and endothelial cell uptake under conditions of fluid shear
stress.

The cellular uptake of polystyrene nanoparticles in HAECs was investigated in order to
determine the effects of particle size, concentration, incubation time, and levels of shear
stress. Carboxylated polystyrene particles were chosen as they are frequently used as model
particles (for “a proof-of-concept”) to investigate drug targeting strategies because of their
narrow size distribution, uniform composition, and non-degradation property.20,21 Cellular
uptake of polystyrene nanoparticles by HAECs decreased as the size of nanoparticles
increased (Figure 3). Similar to HAECs, cellular uptake of polystyrene particles (ranging
from 1 μm to 6 μm) by both leukocytes and macrophages reduced with an increase in the
particle size.22 In contrast to this study, Tabata and Ikada found that the maximal cellular
uptake of polystyrene particles (ranging from 0.5 to 5 μm in size) in mouse peritoneal
macrophages was reached when the particle size was 2 μm.23 Yet these studies use particles
range at a larger size and different cell types compared to our studies. For cellular uptake of
nanoparticles as the same range as our studies, previous studies have shown that
nanoparticles below 200 nm are internalized in Caco-216,17 and HUVEC cells.16,24–26
These studies also found that cells uptake or internalize nanoparticles through receptor-
mediated endocytosis process.16,24–26 Understanding the mechanism of cellular
nanoparticle uptake plays a large role in intracellular trafficking, thus, greatly modulating
the effectiveness of any internalized drug.18,27–30 Results from our studies and previous
studies again confirm the advantage of nanoparticles compared to microparticles for
intracellular drug delivery; by showing that HAECs prefer to uptake only small size
particles. Other advantages of nanoparticles include little or no local inflammation and less
risk of arterial occlusion.31,32

Beside size-dependence, the uptake of nanoparticles in HAECs was also dose- and
incubation time-dependent. HAEC uptake of polystyrene nanoparticles was saturated at low
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concentrations (200 μg/ml). Other studies using similarly sized polystyrene nanoparticles
(100 nm) in Caco-2 cells also displayed cellular uptake proportional to dosage, but reached
saturation at higher particle concentrations (500 μg/ml).16,17 The difference in results
between this study and previous studies may be due to different cell types. Nevertheless, our
result, combined with previous data, suggest that a drug can be delivered using nanoparticles
with particle concentration-based dosages. In fact, increasing nanoparticle concentration in
the infusate has been shown to significantly increase arterial uptake of drug (anti-
proliferative reagents)-loaded nanoparticles, leading to the increased levels of anti-
proliferative reagents at the arterial wall using acute dog models.33–35

In addition to dose-dependence, the uptake of nanoparticles by cells is also dependent on the
incubation or exposure time. Previous studies using Caco-2 cells displayed a similar trend in
cellular uptake, but reached saturation after two hours of incubation.16,17 In contrast, our
study found that the uptake in endothelial cells was saturated after 30 minutes of incubation.
These results might imply that particle uptake in endothelial cells is more active, requiring
lower incubation times, and reaching the saturation limit more rapidly than Caco-2 cells.
Interestingly, in vivo studies using dogs have found that the nanoparticle arterial uptake was
two-fold for repeated short infusions of nanoparticle suspension (15 s × 4) than a single
prolonged infusion (60 s).34 These results indicate that optimized concentration and time
could be used to enhance the particle delivery and reduce the drug side effects.

Besides the particle composition, particle size, and cell type, cellular uptake of nanoparticles
can also be affected by other factors such as surface properties of nanoparticles, high
concentration of serum, and levels of shear stress. For instance, studies have shown that cells
do not uptake polystyrene nanoparticles as efficiently as PLGA nanoparticles, possibly due
to increased surface hydrophobicity or charges.17,24 In addition to particle surface
properties, media with high serum content may also result in excessive cell exocytosis of
nanoparticles, due to the energy dependent nature of the process.18 The level of shear stress
is another factor that can affect particle adhesion to and uptaken by endothelial cells. Similar
to our observation, others have found that adhesion of nanoparticles on surfaces and/or
endothelial cells is inversely correlated to the levels of shear stress.36,37

To enhance recruitment of nanoparticles to endothelial cells under physiological flow
conditions, previous studies use “endothelial targeting particles” coated with humanized
antibodies against E- and P-selectins36,37 and especially “leukocyte-inspired” particles.4,7–
12 Micro- and nano-particles conjugated with antibodies against P-selectin,36,37 the
selectin ligand, sialyl Lewisx (sLex)4,8,10–12,38 and LFA-139 were found to adhere to
surfaces coated with P-selectin, E-selectin and ICAM-1 and activated endothelial cells.
Similar to leukocyte-inspired nanoparticles, our “novel endothelial-targeting nanoparticles”
that mimic the adhesion of platelets on activated endothelial cells were able to adhere to P-
selectin coated surfaces under physiological flow conditions. The nanoparticles may also
adhere better with von Willebrand factor, the ligand of GP Ibα, deposited on injured vessel
wall and expressed P-selectin on activated HAECs compared to “leukocyte-inspired
nanoparticles” due to the higher binding strength of the platelet ligands under high shear
stress conditions.15,40–42 Of interests in the leukocyte-mimicking approaches, Eniola and
Hammer developed novel endothelial targeting nanoparticles that mimic leukocyte adhesion
onto endothelial cells using multiple-receptor targeting: the selectin ligand sLex and an
antibody against intercellular cell adhesion molecule-1 (ICAM-1).4 These couple receptors
have been involved in the initial dynamic interaction (sLex) and the firm arrest of leukocytes
on the endothelium (ICAM-1). Therefore, nanoparticles with these double ligand bindings
would have a great selective adhesion onto the inflamed endothelium.
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One final note for this study is its limitations. There is a concern regarding the GP Ibα and
its role in mediating adhesion onto vWF surfaces. Previous discussions have defined the role
of GP Ibα in adhesion of platelets towards vWF in vitro and in vivo.13,14,43–45 Our current
study did not include vWF; however, its binding action with GP Ibα can occur under much
higher fluid shear stress than found in P-selectin mediated adhesion. Other studies have
successfully characterized this vWF mediated adhesion under shear stress,13,14,43–45
while less work has been done on the role of P-selectin. Another limitation of this study is
that nanoparticles made of polystyrene are non-degradable and can not be used as a real drug
delivery carrier. Finally, the relationship between the bond forces upon the GP Ibα-vWF
and/or GP Ibα P-selectin interaction and shear stress with the size of the particles has not
been investigated in this study. Although our studies have these shortcomings, using
polystyrene nanoparticles as model nanoparticles to confirm “a-proof-of-concept” is
necessary to help us further in our next step, to design drug carriers that can selectively
target endothelium under physiological flow conditions. Future work on this project will
include studies involving vWF coated surfaces and our GP Ibα-conjugated and drug-loaded
biodegradable nanoparticles.
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Figure 1.
Platelet-mimicking Nanoparticles for Targeting Dysfunctional Endothelium
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Figure 2.
Figure 2A. Effects of the particle size on the cellular uptake of polystyrene nanoparticles in
ECs. Values were obtained after one hour of incubation with nanoparticle solutions and
represent mean ± SD (n=6). ** indicates significant differences compared to the 100-nm
nanoparticle samples (p<0.001).
Figure 2B. Effect of concentration on the cellular uptake of 100-nm polystyrene
nanoparticles in ECs. Values were obtained after one hour of incubation with nanoparticle
solutions and represent mean ± SD (n=6).
Figure 2C. Effect of the incubation time on the cellular uptake of 100-nm polystyrene
nanoparticles in ECs. Samples were incubated with 100 μ/ml of nanoparticle solution.
Values represent mean ± SD (n=6).
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Figure 3.
Confocal Images of Nanoparticle Uptake in ECs. Represents cells incubated with
polystyrene nanoparticles. Plasma members were dyed using Texas Red® and imaged using
a RITC filter. Fluorescent nanoparticles were imaged using a FITC filter. Images represent
an overlay of RITC and FITC filters and were taken at Ex(λ) 488 nm, Em(λ) 543 nm.

Lin et al. Page 14

J Biomed Mater Res A. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effects of shear stress on the cellular uptake of 100-nm nanoparticles by HAECs. Values
were obtained after 30 minutes of flow with nanoparticle solutions and represent mean ± SD
(n=4). *and ** indicate the significant differences compared to the static samples (p< 0.05
and p< 0.001, respectively).
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Figure 5.
Cytoviva Images of GPIb conjugation onto 100nm polystyrene nanoparticles. the Flurocent
nanoparticles were imaged using aFITC(green) filter (A) and Image (B) represents the
image obtained using both the FITC and Texas Red (Red) filters. Magnification is at 10X.
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Figure 6.
Nanoparticle Adhesion onto P-selection and Anti-P-selection Coated Surfaces Using
Different Nanoparticle Samples. Values represent mean ± SD (n=6). *indicates the
significant differences compared to the control nanoparticle samples (p< 0.05)
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Figure 7.
Cellular Adhesion of GP Ib conjugated nanoparticles and control nanoparticles by HAECs
under varying shear stress. values were obtained after 30 minutes of flow with nanoparticle
solutions represent mean ± SD(n=3). * indicates the significant differences compared to the
control nanoparticle static samples (p< 0.001). ** indicates the significant differences
compared to the control nanoparticles (p< 0.001) at each flow rate.
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Figure 8.
Confocal Images of Cellular Uptake of Polystyrene Nanoparticles and (C) anti-GP Ibα
Conjugated Nanoparticles. Plasma membranes were dyed using Texas Red® and imaged
using a RITC filter. Fluorescent nanoparticles were imaged using a FITC filter. The third
image (far right) represents an overlay of RITC and FITC filters. All images were taken at
Ex(λ) 488 nm, Em(λ) 543 nm.
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