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Abstract

Intensive research efforts have been placed on the development of nanospheres for targeted drug
delivery for treating a variety of diseases, including coronary restenosis, cancer, and inflammatory
reactions. Although most of these drug-bearing spheres are delivered via intravenous
administration, little is known about the effect of sphere physical characteristics on the responses
of vascular and blood cells. To find the answer, this work was aimed to investigate the cellular
uptake of nano- (100nm) and micro-sized hydrogel spheres (1 um) made of poly (N-
isopropylacrylamide) by vascular cells and phagocytes under various flow conditions in vitro. We
found that the cellular uptake of nanospheres depended on incubation times and sphere
concentrations as well as on the introduced shear stress levels of the medium. Measurements of the
intracellular released fluorescence and confocal fluorescence microscopy revealed that
nanospheres were internalized by endothelial cells and smooth muscle cells more than
microspheres, whereas microspheres were rapidly taken up by phagocytes, especially at high
concentration. Our results strongly suggest that hydrogel nanospheres are more effective as an
intra-vascular delivery system compared to microspheres in the term of vascular cellular uptake
and biocompatibility.
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Introduction

Coronary atherosclerosis is still the leading cause of mortality and morbidity in the United
States. Over the last decade, several strategies to treat obstructive atherosclerotic vessels
have been developed. Those include percutaneous transluminal coronary angioplasty
(PTCA), excisional atherectomy, endoluminal stenting, laser ablation, and systematic
administration of various drugs such as anti-thrombosis, anti-inflammation, and anti-
proliferation agents. However, the restenosis rate continues to be up to 40% within 6 months
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after these treatments.1=3 Despite extensive research on the mechanical and
pharmacological interventions in human and animal models, no therapy effectively prevents
the problem of restenosis. The unsuccessful attempts to control restenosis by these
interventions have prompted extensive research efforts to search for novel therapeutic
approaches including locally delivered therapeutics using colloidal spheres.

Small colloidal spheres, such as microspheres and nanospheres, have been introduced in the
seventies for use as locally drug and gene delivery.4=6 Therapeutic agents of interest can be
either encapsulated within the polymeric matrix or adsorbed/conjugated onto the surface of
these spheres. Local drug delivery using spheres can minimize this requirement and other
problems such as the inability to use pharmacologically active doses due to systemic side
effects and inactivity due to rapid metabolism and/or hydrolysis before reaching the target.
45 To improve the efficacy of drug and gene therapies, it is important to deliver a
therapeutic agent into specific tissues and cells at a sustained rate.* It has been shown that,
for intraluminal delivery, the size of a carrier is an important parameter for targeting,
internalization, and effectiveness of a therapeutic cargo in drug and gene delivery strategies.
For example, research has revealed that vascular cells, especially the endothelium, are only
able to take up nanospheres (less than 500 nm).*7-9

Nanospheres have several advantages as a carrier system for intra-arterial drug delivery
compared to microspheres.#10=12 One of the major advantages of nanospheres is that
nanospheres have relatively higher intracellular uptake into the vessel wall compared to
microspheres. For instance, nanospheres of about 100 and 200 nm have been found to
deposit in the inner regions of the vessel wall, whereas 514 nm nanospheres accumulated
primarily at the luminal surface of the aorta.8:12 In addition, various in vitro studies show
that only the submicron size spheres are taken up efficiently but not the larger size
microspheres in some cell lines.*13 Furthermore, nanospheres usually cause little or no local
inflammation, while microspheres in the size range of 5-10 um produce prominent
inflammatory reactions with subsequent fibrosis.#10:11:14 Moreover, nanospheres can
deliver any therapeutic agents including small molecular weight drugs, proteins, or genes.4~
6,15 Finally, spheres with small size such as nanospheres are suitable and easier for the
infusion through the pores of a delivery balloon.*

Although nanospheres provide several attractive properties for drug and gene therapy
delivery application, they have low drug loading capacity and do not provide a sustained
drug release. On the other hand, many studies have shown that microspheres have much
better drug capacity and sustained drug release property.’ To better engineer intra-luminal
drug delivery systems, it is important to investigate cellular uptake of these nanoparticles
and microspheres in interested cell types. For the vascular system, it is also important to
study cellular uptake of these particles in vascular cells under blood flow condition. In
addition, it has been suggested that injected spheres are quickly removed by the
reticuloendothelial system (RES), which includes circulating phagocyte cells.10:16719
Therefore, for developing spheres with improved therapeutic efficacy, it is important to
understand the relationship between sphere sizes, blood flow, and cellular uptake of spheres
in vascular and phagocyte cells.

This work was focused on in vitro investigation of cellular uptake of poly-N-
isopropylacrylamide (PNIPAmM) nano and microspheres in various cell culture systems
including mouse peritoneal phagocyte cells (PCs), rat aorta endothelial cells (ECs) and
smooth muscle cells (SMCs). PNIPAm nano and microspheres were selected because these
spheres could release a therapeutic agent in response to changes in temperature, exhibiting
themselves as attractive intravascular drug carriers.20=22 Although various properties of
PNIPAm based polymer gels and their biomedical applications including drug delivery have
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been investigated,20723 the potential influence of sphere size and flow condition on cellular
uptake of these spheres in various cell types has yet to be established. In addition, many
experiments have explored cellular uptake of nanospheres in vascular cells such as ECs and
SMCs,?:24=26 though none have studied cellular uptake of both PNIPAmM nanospheres and
microspheres in both vascular and phagocyte cells. Therefore, in our approach, several
studies were developed to examine different parameters including, the effect of dose,
incubation time, and shear stress on the subsequent cellular internalization of PNIPAm
spheres in ECs, SMCs, and PCs in vitro. Intracellular uptake of spheres was assessed using
both fluorescent confocal microscopy for visualization and fluorometry for quantitative
analysis. Using a parallel flow plate system,2’ this project was also aimed to investigate the
cellular sphere uptake under static and dynamic flow conditions in vitro.

Materials and Methods

Materials

Cell culture media and supplements for cell culture were purchased from Gibco Laboratories
(Lenexa, KS). Tissue culture plates and flasks were purchased from Fisher Scientific
(Pittsburgh, PA). Total protein BCA assay kits were obtained from Pierce (Rockford, IL).
FITC was purchased from Fluka BioChemika (Buchs, Switzerland). N-1sopropylacrylamide,
allylamine, N,N’-methylenebisacrylamide (BIS), potassium persulfate, sodium dodecyl
sulfate (SDS), and other chemicals (if not specified) were purchased from Sigma-Aldrich
(St. Louis, MO).

Nano- and micro- spheres preparation

The PNIPAmM nano-spheres (~100 nm diameter) and micro-spheres (~1 pm diameter) were
prepared using free radical precipitation polymerization method.22 In brief, for the
preparation of 1.0um microspheres, a free radical polymerization of 1.9 g of NIPAM and
0.01g of allylamine was carried out in 150ml of aqueous medium containing 0.03 g of N,
N’-methylene-bisacrylamide (BIS) as the cross-liking agent and 0.08g of potassium
persulfate as the initiator. PNIPAm nano-spheres (~100 nm diameter) were synthesized by
the same method as the 1.0 pm microsphere preparation except that 0.2 g of Sodium dodecyl
sulphate (SDS) was used as a surfactant to control the sphere size. The reaction was kept at
68-70 °C under nitrogen atmosphere for 4 hours to ensure that all of the monomers reacted.
After cooling the solution to room temperature, the unreacted chemicals and SDS was
removed via dialyzing (MW cut off 12,000) against excess distilled sterilized deionized
water for a week. The concentration of the dialyzed dispersion was calculated from the
weight of a 1 ml dialyzed dispersion induced by a drying process. The size distribution of
the spheres was analyzed in water by dynamic light scattering using Nanotrac (Microtrac,
Inc., Montgomeryville, PA). The instruments optics insure that there is minimum
penetration of light into the sample. The Microtrac Flex software (Microtrac, Inc.,
Montgomeryville, PA) analyzes the signals to calculate the Doppler shifts corresponding to
sphere size. The spheres were conjugated with FITC by incubation of PNIPAm spheres and
FITC dyes with the ratio of 40 pg FITC/mg spheres overnight at 4 °C as previously
published.28 Free FITC was removed from FITC-labeled PNIPAm spheres by dialysis for 7
days.

Mouse peritoneal activated phagocytes

An in vitro culture system using mouse peritoneal phagocyte cells was employed to assess
cellular uptake of spheres. Briefly, male Balb/C mice (20-25 gram body weight) were
implanted intraperitoneally with sterile disks of polyethylene terephthalate.2® After
implantation for 48 hours, the time for maximal phagocyte recruitment, implant-bearing
animals were euthanized by CO, inhalation. Peritoneal lavage was performed with injection
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of 4 ml of sterile complete DMEM (with 10% fetal bovine serum + 1% penicillin-
streptomycin solution). The fluid was carefully recovered with sterile plastic transfer
pipettes. The lavage phagocyte solution was diluted in complete DMEM to 3.0 x 10° cells/
ml; and 1.0 ml of this cell-containing fluid was placed on the 24-well tissue culture plates
overnight for the next day experiments as mentioned later.

Cell culture and seeding of ECs and SMCs for sphere uptake studies

Rat aorta endothelial cells and smooth muscle cells were isolated from Lewis rats (250-300
gram body weight) by collagenase using standard enzyme isolation protocols.30:31 After
isolation, cells were subcultured in complete growth media (M199 containing 10% FBS and
1% penicillin-streptomycin solution for endothelial cells and DMEM supplemented with
10% FBS and 1% penicillin-streptomycin solution for SMCs). Cells were grown at 37 °C in
a 5% CO, atmosphere. After reaching to confluence, cells were passaged in a split ratio of
1:3. All experiments were performed with cells between passages 2-9. Aortic endothelial
cells have typical endothelial cell characteristics including a "cobbled" morphology at
confluence and positive staining for von Willebrand factor.3% On the other hand, SMCs
possess three typical cellular markers, alpha-SM actin, desmin and SM myosin.3! To study
the cellular uptake of nanospheres, subconfluent cells in the T-75 flasks were detached by
trypsin-EDTA, centrifuged, resuspended in growth media. Prior to every experiment, cells
were seeded in a 24-well plate at a density of 10,000 cells/well and allowed to grow for 3
days.

Studies of intracellular sphere uptake

Three sets of experiments were carried out in this study. First, to determine the dose-
dependent sphere uptake of nanospheres or microspheres, various amounts of FITC-labeled
spheres were added to cell-seeded wells to make final concentrations of 0, 100, 200, 400,
and 1600 pg/ml. After incubation at 37 °C for 30 minutes, the cells were ready for the
analyses. Second, to study the effect of incubation times on nanosphere uptake, the cells
were exposed to 200 pg/ml suspension of nanospheres (100 nm) at 37 °C for 15 minutes, 1,
3, or 6 hours. Third, to assess the effects of shear stress on cellular sphere uptake, cells were
seeded on the glass slides as previously described.2” These glass slides were then exposed to
the parallel flow plate system at various shear stress levels, 1 and 10 dyn/cm?, in the culture
media containing spheres for 15 minutes. Static slides incubated with sphere suspension at
the same conditions served as controls.

At the end of experiments, the culture media was recovered and then stored at —80 °C for
LDH assays to monitor the cell death or injury as described earlier.32:33 The adherent cells
were rinsed three times with serum free culture media to remove excess fluorescent spheres.
The cells were then lysed by incubating them with 0.5% Triton-X 100 solution at 37 °C for
30 minutes. A portion of the cell lysate from each sample was analyzed for the total cell
protein content to reflect the total number of adherent cells using the Pierce BCA protein
assay following manufacture’s instruction (Pierce Chemical Company, Rockford, IL).
Portions of the cell lysates were also used for the measurement of fluorescence intensity
using a fluorometer (FluoroMax-3, Jobin Yvon Inc., Edison, NJ) with a fluorescent detector
of excitation 492 nm and emission 518 nm. Based on the standard curves established for
both nano- and micro-spheres, the fluorescence intensities in different lysates were used to
estimate the amounts of intracellular spheres. The extent of sphere uptake by cells was
calculated and then expressed as the amount of spheres (jug) taken up per mg cell protein.

Confocal microscopy studies of sphere uptake

For confocal laser scanning microscopy, cells were placed on the glass slides coated with a
1% gelatin solution as described previously.2” Cells were allowed to grow for 2 days and
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then incubated with nano or microspheres at a concentration of 400 pg/ml at 37 °C for 30
minutes. The glass slides were rinsed with PBS three times to remove excess, extracellular,
and unbound spheres. The glass slides were then examined under Zeiss Confocal
Microscope (LSM 510 equipped with Argon-Krypton laser, Zeiss Imaging Inc, Thornwood,
NY). Cells were imaged using the FITC filter (Ex 495 nm, Em 520 nm) and Carl Zeiss LSM
Aim software. A representative cell was selected, and a series of z-sections (20 of sections
total at 1 pm in distance per section) were performed from the surface of the cellular
monolayers through inside the cells.

Sphere size and size distribution

The sphere sizes were determined at 22 °C and below low critical solution temperature. Both
nanosphere and microspheres used in this study have uniform size distribution. The
nanospheres ranged from 61 to 243 nm with the mean diameter of 109 nm, whereas the
microspheres ranged from 0.82 to 2.75 pm with the mean diameter of 1.38 um. The
distribution indicated that the PNIPAm spheres had a relatively narrow Gaussian
distribution.

Sphere biocompatibility

The cytotoxicity of nano-spheres was evaluated in vitro using LDH assays of the incubated
medium. Cells incubated with media containing spheres at low concentration (< 800 pg/ml)
were viable similarly to those of exposed to media without spheres. However, nanospheres
at high concentration (1600 pg/ml) caused some cell death as shown by more cytoplasmic
LDH released into the medium (LDH release mU/ml = 101.4 + 5.7 vs. 94.3 £ 2.3 of controls
(e.g. without spheres) for ECs, 130.5 + 4.9 vs. 101.7 = 1.4 for SMCs, and 143.1 + 2.4 vs.
110.8 + 3.0 for PCs, n =6, P <0.05). This was surprising, as PNIPAm spheres are not noted
for cytotoxic effects. It may be possible that upon internalization, the spheres with high
concentration could aggregate inside the cells, which may influence cell integrity. Similar
observation was obtained for micro-spheres (results not shown).

Effects of sphere concentrations on cellular uptake

The uptake of spheres by endothelial cells, smooth muscle cells and peritoneal phagocytes
were shown as the dose-dependence of spheres in the medium (Fig. 1A—C). In other words,
the degree of cellular uptakes of spheres is enhanced with increasing sphere concentrations.
The maximal cellular uptake occurred at a concentration of 400 ug/ml for both endothelials
cells and smooth muscle cells (Fig. 1A & 1B). Furthermore, we observed that the uptakes of
nanospheres was substantially greater than the uptake of microspheres in both endothelial
cells and smooth muscle cells. In contract to the observation seen in vascular cells,
peritoneal phagocytes devoured larger amounts of both microspheres and nanospheres. The
amounts of engulfed spheres in peritoneal phagocytes are concentration dependent. Based
on the conditions used in this study, the maximal sphere uptake by peritoneal cells can not
be achieved and is >1600 pg/ml (Fig. 1C). Interestingly, we found that microspheres were
engulfed by peritoneal phagocytes at high concentration (1600 pg/ml), whereas no
significant difference was observed in the cellular uptake of nano and microspheres by
phagocytes at lower concentration below 500 pg/ml.

Effects of incubation time on cellular sphere uptake

For subsequent incubation time experiments, incubation conditions were set at concentration
of 200 pg/ml spheres because this concentration was in the non-saturated portion for both
endothelial cells and smooth muscle cells. Our results have shown that the cellular uptake of
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nanospheres by phagocytes, endothelial cells and smooth muscle cells was rather fast. The
intracellular sphere uptake for endothelial cells achieves a plateau in 15 minutes (Fig 2).
Compared with the two other cell types, smooth muscle cells’ sphere uptake were initially
slow and then maximized in 60 minutes. The majority of sphere uptake by phagocytes
occurs within 60 minutes. Phagocytes were continuously taking up nanospheres for several
hours (Fig. 2) contrary to endothelial and smooth muscle cells

Confocal images on cellular sphere uptake

To visualize cellular responses to different spheres, confocal images were taken on cells
previously exposed to fluorescence-labeled spheres with serial z-sections performed from
the surfaces of the cells through the inside of the cells to investigate whether the spheres
were internalized by the cells. Each photograph (Fig. 3A-F) shown is a z-section through
the middle of the cells and hence the fluorescence seen reveals significant fluorescent signal
in the middle focal plane suggesting that the spheres have been endocytosed. Z-sections at
the surface of the cells detecting no fluorescent signals demonstrated that the numbers of
surface-bound spheres are insignificant (results not shown). Focal planes were chosen based
on their location at the midpoint between the upper and lower surface (section 10) of the
cellular monolayers. For the responses of individual cell types, confocal images are in
complete agreement with the results of in vitro sphere uptake study (Fig. 1A, 1B, and 1C).
Specifically, compared with microspheres (Figure 3B), nanospheres (Figure 3A) are
internalized better by endothelial cells. Similarly, nanospheres (Figure 3C) are easier
internalized by smooth muscle cells than microspheres (Figure 3D). On the other hand,
peritoneal phagocytes have a higher capacity for microspheres (Figure 3F) than nanospheres
(Fig. 3E).

Effects of shear stress on cellular sphere uptake

For achieving optimal intra-vitreous drug delivery, it is important to study the sphere:cell
interaction in a fluid dynamic environment. To achieve this goal, endothelial cells and
smooth muscle cells were exposed to nanospheres and microspheres under flow conditions
designed to mimic the blood circulation in vivo. Overall, we find that the influence of shear
stress on cellular sphere uptake is similar among endothelial cells and smooth muscle cells.
As shown in Fig. 4A and 4B, cellular uptake of nanospheres was higher in static rather than
shear conditions. Shear force has no influence on microsphere uptake by endothelial cells
(Fig. 4A), although shear force at 1 dyn/cm?, but not 10 dyn/cm?, reduced microsphere
uptake by smooth muscle cells (Figure 4B).

Conclusion

Several strategies have recently developed toward local delivery systems such as nano and
microspheres designed to achieve local sustained drug release at the wall site of balloon
injury and to avoid the potential systemic side effects. Vascular cells such as endothelial
cells and smooth muscle cells are important targets for drug or gene therapy because these
cell types are involved in several normal and patho-physiological conditions such as
angiogenesis and atherosclerosis. Spheres could also be taken up rapidly by the circulating
phagocytes for clearance. Characterization of the cellular uptake of spheres such as nano and
microspheres in vascular cells and phagocytes presented here provides a clearer
understanding of the relationships between several parameters including sphere size, flow
rate, and cellular uptake. This information may provide better strategies for engineering
targeted drug delivery vehicles.

Sphere size is one of the key parameters affecting cellular uptake and biodistribution of
drug- or gene-releasing spheres.*5:34 We have observed that nanospheres were internalized
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more efficiently by endothelial cells and smooth muscle cells than microspheres.
Conversely, the sphere uptake increases with increasing size for phagocytes. In support of
our findings, early reports has shown that nanospheres preferentially accumulate in the
arterial wall. Furthermore, uptake of spheres smaller than 350 nm but not spheres larger than
500 nm has been observed in human endothelial and mesothelioma cells;35 whereas uptake
of spheres larger than 500 nm has been shown in phagocytic cells.3® The poor uptake of
microspheres by endothelial cells in vitro may help explaining in vivo observations that only
a negligible number of spheres (larger than 500 nm in size) were detected in the inner parts
of the vessel wall.12:37 The endothelial layer might act as a strong barrier to inhibit the
penetration of micro-spheres through the connective tissue.

Cellular uptake of PNIPAm nanospheres by vascular cells including endothelial cells and
smooth muscle cells was dose-dependent and time-dependence. Recent work by others has
observed similar behavior in the cellular uptake of poly(D,L-lactide-co-glycolide) (PLGA)
nanospheres by endothelial cells and smooth muscle cells.9:25:38 It has also been found that
cellular uptake of PLGA nanospheres by vascular smooth muscle cells were through an
energy-dependent endocytosis process involving both nonspecific receptor mediated
endocytosis and fluid-phase endocytosis.25 Furthermore, in vivo studies of arterial uptake of
nanospheres found that increasing the concentration of biodegradable PLGA nanospheres
(70-160 nm) in the infusate applied to dog carotid arteries significantly increased arterial
nanosphere uptake levels.8

Interestingly, in contrast to vascular cells, immune cells have higher affinity to microspheres
than nanospheres. This finding is in agreement with early observations by Kawaguchi H et
al.39 that the rate of oxygen consumption by stimulated phagocytes increased with
increasing sphere size of polystyrene spheres. In addition, in vitro work has shown that
macrophages belonging to the phagocytic cells can take up microspheres up to 12 pm in
diameter.17:36 |n vivo studies have also observed that delivering of PLLA microspheres (1-
5 um) in the rabbit carotid artery was associated with some degree of inflammatory response
and increase in intimal arteriosclerosis tissue.#0 On the other hand, nanospheres appeared to
be biocompatible and caused little or no local inflammation.37 Taken together, results in
both vascular cells and phagocytes suggest that nanospheres might be more effective as an
intra-vascular delivery system compared to microspheres in the term of vascular cellular
uptake and biocompatibility.

Since drug carriers interact with vascular cells in a fluid dynamic environment in vivo,
adhesion and cellular uptake of spheres by vascular cells in the presence of flow or shear
model is needed to provide a better understanding of vascular sphere adhesion and uptake in
vivo. In one such adhesion study, Blackwell et al.24 found that in some shear regimes the
level of fluid shear stress can significantly reduce the adhesion of polystyrene nanospheres
to monolayers of the endothelium compared to static cells. For instance, this study
demonstrated that increasing shear rate from 150 to 300 s™1 cause no significant effect on
the adhesion of nanospheres, whereas shear rates greater than 300 s~1 resulted in significant
reduction in adhesion. In addition, previous studies using animal models have noted a low
efficiency of nanosphere retention in the arterial wall after restoring the blood flow.”+37
Another study found that multiple short infusions resulted in better arterial wall retention
than with a single-prolonged infusion.® Although effects of shear stress on the adhesion of
spheres to vascular cells have been well-investigated,24:41=44 the effects of shear stress on
cellular uptake of these particles in vascular cells have not been studied. Using an in vitro
flow system, we found that increasing the shear stress significantly decreased the cellular
uptake of nanospheres in both endothelial cells and smooth muscle cells. Taken together,
results from literature and our studies suggest that vascular cells including endothelial cells
and smooth muscle cells exhibit shear-dependent cellular sphere uptake and this behavior
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also depends on the sphere size. Thus a major challenge of nanosphere administration within
an artery is to overcome the potential of arterial blood flow to wash away a significant
fraction of infused nanospheres. Conjugating nanospheres with many adhesion ligands to the
endothelium might help to overcome this challenge.

In this study, we have shown the relationship between parameters such as size and
intracellular uptake of spheres by vascular cells and phagocytes. We have shown that
delivery of micron-sized and nanometer-sized spheres at high concentrations leads to
increased internalization in vascular cells than phagocytes. Nanospheres at low
concentration and long incubation time are also biocompatible with the cells. In addition,
cellular uptake of nanospheres are dose, time, and shear dependent in both endothelial cells
and smooth muscle cells. A number of important questions remain to be addressed by future
research in this area. Those include (i) investigating the mechanisms of the cellular sphere
uptake in these various cell types, (ii) defining optimal conditions for nanospheres drug
delivery in vivo, and (iii) modifying the surfaces of nanospheres with specific ligands*® for
targeted drug or gene delivery. Although the dynamics of cellular uptake and retention in
vivo could be different from that observed in vitro, it is important to understand the factors
affecting the cellular uptake of spheres and the underlying mechanisms to further explore the
drug delivery applications of nanospheres. A greater understanding of sphere cellular
uptake, such as presented here, would be useful in exploring degradable nanospheres and
microspheres for drug and gene delivery, and thus should aid in disease treatments.
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Figure 1.

Effects of sphere concentrations on cellular uptake by (A) aorta endothelial cells (ECs), (B)
smooth muscle cells (SMCs) and (C) peritoneal activated phagocytes (PC). Filled circles (o)
present the uptake of nanospheres (100 nm) and open circles (o) demonstrate the uptake of
microspheres (1 pm). Values represent as mean + SEM (n = 6).
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Figure 2.

Effects of incubation time on cellular uptake of nanospheres by endothelial cells (ECs),
smooth muscle cells (SMCs) and peritoneal phagocytes (PC). Open triangles (A) present the
uptake in peritoneal phagocytes, whereas open circles (o) and closed squares (m)
demonstrate the uptake in endothelials (ECs) and smooth muscle cells (SMCs), respectively.
Values represent as mean + SEM (n = 6).

J Biomed Mater Res A. Author manuscript; available in PMC 2010 July 22.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nguyen et al.

Figure 3 A:

J Biomed Mater Res A. Author manuscript; available in PMC 2010 July 22.

Page 15



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nguyen et al.

Figure 3 B:

J Biomed Mater Res A. Author manuscript; available in PMC 2010 July 22.

Page 16



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nguyen et al.

Figure 3 C

J Biomed Mater Res A. Author manuscript; available in PMC 2010 July 22.

Page 17



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nguyen et al.

Figure 3 D
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Figure 3 F:

Figure 3.

Confocal fluorescence microscopy: cellular uptake of nanospheres (A) and microspheres (B)
by endothelial cells, cellular uptake of nanospheres (C) and microspheres (D) by smooth
muscle cells, and cellular uptake of nanospheres (E) and microspheres (F) by peritoneal
phagocytes. The pictures are taken at the midsection of the cells.
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Figure 4.

Particle Sizes

Cellular uptake of nanospheres and microspheres by (A) endothelial cells (ECs) and (B)
smooth muscle cells (SMCs) under static or fluid flow conditions (1 or 10 dyn/cm?). Values
represent as mean + SEM (n = 6). * indicated significant difference compared to control

samples (static samples).
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