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Aim: To investigate the in vitro release profile of drugs encapsulated within perfluorocarbon (PFC) nanoparticles (NPs) and their ability
to inhibit the activity of vascular smooth muscle cells (SMCs).

Methods: Dexamethasone phosphate (DxP) or dexamethasone acetate (DxA) was encapsulated into PFC nanoparticles using a high-
pressure homogenous method. The morphology and size of the NPs were examined using scanning electron microscopy (SEM) and a
laser particle size analyzer. Drug loading and in vitro release were assessed by high-performance liquid chromatography (HPLC). The
impact of NP capsules on SMC proliferation, migration and apoptosis in vitro was assessed using cell counting kit-8, transwell cell
migration and flow cytometry assays.

Results: The sizes of DxP-NPs and DxA-NPs were 224+6 nm and 23649 nm, respectively. The encapsulation efficiency (EE) of DxP-
NPs was 66.4%+1.0%, with an initial release rate of 77.2%, whereas the EE of DxA-NPs was 95.3%+1.3%, with an initial release rate of
23.6%. Both of the NP-coated drugs could be released over 7 d. Human umbilical artery SMCs were harvested and cultured for four to
six passages. Compared to free DxP, SMCs treated with tissue factor (TF)-directed DxP-NPs showed significant differences in the inhibi-

tion of proliferation, migration and apoptosis (P<0.05).

Conclusion: The results collectively suggest that PFC nanoparticles will be beneficial for targeted drug delivery because of the sus-
tained drug release and effective inhibition of SMC proliferation and migration.
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Introduction

Restenosis remains the major limitation of percutaneous trans-
luminal angioplasty and stenting in the treatment of patients
with atherosclerotic diseasel”?. Although a number of fac-
tors are involved in the pathogenesis of vascular restructur-
ing, the defining feature of restenosis is the proliferation and
migration of smooth muscle cells (SMCs) from the media to
the intima® *l. Recently, drug-eluting stents were successfully
introduced in interventional procedures and led to an accentu-
ated drop in the restenosis ratel ?. Many new antiprolifera-
tive compounds are currently under evaluation to be loaded
onto stents, including dexamethasone”). However, the exten-
sive drug distribution and burst release of the drug within the
coated polymer could result in thrombosis, aneurysm forma-
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tion, and an inflammatory reaction limited to the arterial wall
surrounding the stent®® .

With the use of nanotechnology, it is becoming possible to
target drug molecules to the site of action, paving the way for
personalized medicine that reduces the effect of the drug on
other sites while maximizing its therapeutic effect. Liposomes,
emulsions and polymer-based nanoparticles are the most
widely used drug delivery systems, as these compounds are
generally biodegradable, do not accumulate in the body and
are possibly risk-free!'".

Perfluorocarbon (PFC) nanoparticles are novel paramagnetic
contrast agents used in contrast agent design and drug deliv-
ery!"'. PFC has a structure similar to that of hydrocarbons,
except that all the hydrogen atoms are replaced with fluorine.
As there is no fluorine in the human body naturally, PFC can
be introduced into the blood as a contrast agent for magnetic
resonance (MR) imaging. PFC nanoparticles are stabilized
for in vivo use with surfactants; the most common surfactants
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are phospholipids, which restrict the ability of the PFC cores
to coalesce with one another. The phospholipid surface can
also provide an ideal location for the incorporation of special-
ized components, such as targeting ligands and therapeutic
drugs!.

In this study, Dexamethasone Phosphate (DxP) and Dex-
amethasone Acetate (DxA) were tested as candidates for a
therapeutic drug model encapsulated by nanoparticles. The
difference in solubility between the two drugs was compared
by an in vitro dissolution assay. Moreover, SMCs were treated
with free DxP and tissue factor (TF)-targeted NPs loaded with
DxP in vitro, which allowed for evaluating the feasibility of the
nanoparticle drug delivery system for the targeted inhibition
of SMC proliferation.

Materials and methods

Materials

Dexamethasone Phosphate (DxP) and Dexamethasone Acetate
(DxA) were purchased from Shanghai Tongyong Pharmaceu-
tical Co (China). The reference profiles of DxP and DxA were
obtained from the National Institute of Control of Pharma-
ceutical Biological Products (NICPBP, China). Perfluorooctyl-
bromide (boiling point 142 °C) was purchased from Gateway
Specialty Chemicals (USA). Biotinylated phosphatidyletha-
nolamine (PE) and biotinylated rabbit anti-human Tissue
Factor (TF) antibodies were supplied by Sino-American Bio-
technique Co (China). Lecithin, cholesterol and safflower oil
were all purchased from Sigma (USA). Cellulose membranes
(Membra-cell, with a molecular weight cut-off of 14000) were
supplied by Polylab (France).

Nanoparticle preparation

The biotinylated PFC nanoparticles were produced by incor-
porating DxP or DxA into the outer lipid layer of a PFC micro-
emulsion, using a high-pressure homogeneous method"?.
Briefly, the emulsion comprised 20% v/v perfluorooctylbro-
mide and 2% w/v lipid mixture. The lipid mixture included
60% w/w lecithin (containing 20 mg biotinylated PE), 30% w/w
cholesterol and 10% w/w DxP or DxA, which were all dis-
solved in chloroform, evaporated under reduced pressure,
dried in a 35 °C vacuum oven and dispersed in water using
an ultrasonicator (Sonics vibracell, USA). The suspension
was combined with 20% v/v perfluorooctylbromide, 2% v/v
safflower oil and distilled deionized water, and it was pro-
cessed continuously at 0.7 kPa for three cycles and 1.5 kPa for
three cycles, using a high-pressure homogenizer (Niro Soavi
NS1001L, Italy).

Morphology of drug-loaded NPs

The morphology of the nanoparticles was characterized by
scanning electron microscopy (SEM XL40, Philips). The nano-
particle samples were prepared by putting a drop of the par-
ticle dispersion on a cleaned glass cover slide, which was then
dried for 2 h at room temperature. The slides were mounted
on aluminum pins using double-sided adhesive tape. Prior to
SEM examination, the samples were coated with a gold layer
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under vacuum for 30 s.

Particle size and zeta potential analysis

Particle size was determined using a laser light-scattering
submicron particle size analyzer (NICOMP 380ZLS, USA). A
dilute suspension of nanoparticles (1:20) was prepared in dou-
bly distilled water and sonicated in an ice bath for 30 s. The
sample was subjected to particle size and zeta potential analy-
sis, which was conducted in triplicate at 37 °C.

Encapsulation efficiency (EE)

Samples (100 pL) of NPs were taken in triplicate and dissolved
in 900 mL of methanol, after which the total amount of drug
delivered by the NPs was quantified by HPLC™. The amount
of non-entrapped drug recovered in the supernatant was mea-
sured after ultracentrifugation of the NPs at 64000xg for 1 h.
Encapsulation efficiency was calculated by the following for-
mula: EE%=[1-(unencapsulated drug/total drug)]x100%.

HPLC analysis of DxP and DxA

The HPLC system used to analyze DxP and DxA included
a Waters 2487 ultraviolet detector (wavelength 240 nm), a
Waters 1525 sample processor and a Diamonsil C18 column
(4.6x250 mm, 5 pm). A mixture of methanol and water (74:26,
v/v) was employed as the mobile phase for DxA detection, at
a flow rate of 1 mL/min. The mobile phase for DxP was 0.05
mol/L PBS/acetonitrile/acetic acid in a 70:28:2 ratio, flowing
at 1 mL/min at ambient temperature.

In vitro drug release from NPs

The in vitro release of the drugs from nanoparticles was
assessed under sink conditions using side-by-side double-
diffusion chambers, separated by a dialysis membrane (MEM-
BRAE-CELL, France) with a molecular weight cut-off of 14000
Dalton. A 5-mL suspension of drug-loaded nanoparticles was
placed in the donor chamber, and the receiver chamber!™ con-
tained 200 mL of 0.9% saline supplemented with 0.2 mg/mL
human serum albumin (Shanghai RAAS, China). The cham-
bers were then placed in an orbital shaker (THC-D orbital
shaker, Taicang Lab Instrument, China) maintained at 37 °C
and 60 r/min. At appropriate intervals, 200-uL aliquots of the
receiver medium were withdrawn and immediately replaced
with an equal volume of fresh buffer. Free drug concentra-
tions within the receiver media were analyzed in duplicate
with high-pressure liquid chromatography, as described
above.

SMC culture

SMCs were cultured from human umbilical artery blood,
using the explant technique™. Umbilical cord samples were
obtained from healthy pregnant women after a normal deliv-
ery. The research was carried out according to the principles
of the Declaration of Helsinki and was approved by the board
of ethics committee of Shanghai Renji Hospital. The artery
from the umbilicus was isolated surgically, and the tissue
was minced into small pieces. The pieces were plated onto a
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fibronectin-coated Petri dish and cultured in DMEM medium
(Gibco) with 10% heat-inactivated FCS (Gibco), 2 mmol/L
glutamine (Gibco), 100 U/mL penicillin and 100 pg/mL strep-
tomycin in a humidified atmosphere of 5% CO, and 95% air.
Cells were subcultured with 0.125% trypsin-EDTA (Gibco)
when there was adequate proliferation beyond the explants.
SMCs were characterized by immunohistochemical staining
for smooth muscle-specific a-actin. Further studies were per-
formed on cells at passages 4 through 6 and 80%-90% conflu-
ence.

SMC proliferation assay

For the proliferation assay, cells were plated at a concentration
of 10000 cells in 0.1 mL of 10% FBS-DMEM per well, in 96-well
plates. After 24 h of incubation, cells were serum-starved for
48 h and treated as below.

To evaluate the dose effects of DxP on SMC proliferation,
the wells were replenished with serum-free media with differ-
ent concentrations of DxP (1, 5, 10, 100 pg/mL) and cultured
for 3 or 6 d. To assess the proliferative activity of SMCs, the
number of cells was measured using Cell Counting Kit-8
(CCK-8), according to the manufacturer’s recommendations
(Dojindo, Kumamoto, Japan)". Briefly, 10 uL of CCK-8 was
added to each well and incubated at 37 °C for an additional
2 h. Absorbance at 450 nm was measured using the BioRad
680 microplate reader (USA). The results of the CCK-8 assay
are nearly proportional to the cell number and can thus be
used to determine proliferation and cytotoxicity.

To investigate the ability of SMCs inhibited by targeted NPs,
SMCs (n=5 per treatment) were exposed sequentially to excess
biotinylated anti-TF antibody, avidin (Amresco, USA) and
then biotinylated DxP nanoparticles. Positive control groups
were exposed to 10 pg/mL DxP (equivalent to theoretical drug
loading) and 1% v/v PFC (PFC content equivalent to NPs) in
buffer. Unbound nanoparticles and unabsorbed drug were
washed from wells. After treatment, SMCs were cultured in
normal conditions for 3 d. The number of attached viable cells
was counted as described above.

SMCs were also grown on glass coverslips and treated
with TF-targeted DxP-NP or 10 pg/mL DxP for 18 h and then
stained using routine Hematoxylin and Eosin methods or
smooth muscle-specific a-actin immunofluorescence for mor-
phological observation.

SMC migration

Cell migration was measured using the Transwell cell migra-
tion assay™. Briefly, human umbilical artery SMCs were sus-
pended at a concentration of 2x10° cells/mL after overnight
serum starvation. Aliquots of 0.1 mL of cells (2x10* cells)
were added to the upper chamber (fibronectin-coated, 8-um
pore size, Costar) and allowed to attach for 2 h. The upper
chambers were then transferred to the lower transwell com-
partment with conditioned media containing 0.6 mL of 0.5%
FCS/DMEM, migration factors such as PDGF-BB (5 ng/mL,
PeproTech) and VEGF (10 ng/mL, Pepro Tech); TF-targeted
DxP-NPs (5% v/v) or DxP (10 pg/mL) were also added. After

incubation at 37 °C in 5% CO, for 6 h, cells remaining on the
upper membrane surface were removed mechanically with a
cotton swab. Cells that had migrated to the lower side of the
membrane were fixed and stained with toluidine blue. The
number of cells was counted in five separate high-power fields
at a magnification of 200x (Nikon). The experiments described
were repeated a minimum of three times, and SMC migration
was averaged and expressed as mean+SD.

Analysis of apoptosis by flow cytometry

Annexin V binding and propidium iodide staining were car-
ried out using the Annexin V-FITC Apoptosis Detection Kit
I (BD Pharmingen) and flow cytometry”. Briefly, human
umbilical artery SMCs (passage four to six, 80%-90% conflu-
ence) were exposed to TF-targeted DxP-NPs (5% v/v) or 10
pg/mL DxP in 0.5% FCS/DMEM media for 4 h, then washed
twice and resuspended at a concentration of 1x10° cells/mL;
100 pL of cells was mixed with 5 uL. each of Annexin V-FITC
and propidium iodide for 15 min at room temperature in the
dark. After adding 400 pL of binding buffer, cells were ana-
lyzed by flow cytometry (FACSCalibur, BD Biosciences). The
percentage of cells undergoing apoptosis was determined
according to the manufacturer’s instructions for the apoptosis
detection kit.

Statistical analysis

Data are expressed as means*SD. Statistical analysis of dif-
ferences between different treatments was assessed with Stu-
dent’s t test or ANOVA, as appropriate. A 0.05 level of prob-
ability was used as the threshold for significance.

Results

Characterization of drug-loaded PFC NPs

The SEM morphological observation of NPs loaded with DxP
or DxA demonstrated uniform, rounded particles. Based on
the smooth spherical surface of NPs, no drug nanocrystals had
formed around the NPs (Figure 1). The particle sizes of both
DxP and DxA presented a normal distribution, with the chi-
squared values being 1.95 and 0.79, respectively. The particle
sizes, zeta potentials and encapsulation efficiencies are shown
in Table 1. The average diameter of drug-loaded NPs was
comparable (P>0.05) to that of the NPs without drugs. As

Figure 1. Morphological appearance of drug-loaded nanoparticles
under scanning electron microscopy. (A) DxP-loaded PFC nanoparticles
(x10000), (B) DxA-loaded PFC nanoparticles (x28000).
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Table 1. Characterization of PFC nanoparticles and drug-loaded PFC
nanoparticles by mean diameter, zeta potential and encapsulation
efficiency (EE). Each value represents the mean+SD. n= 3.

Code Mean diameter Zeta potential EE (%)
(nm) (mV)
NPs? 221+3.7 32+1.4
DxP-NPs® 224+6.2 18+1.7 66.4+1.0
DxA-NPs® 236+9.3 43+2.3 95.3+1.3

“NPs, perfluorocarbon nanoparticles
°DxP-NP, dexamethasone phosphate-loaded perfluorocarbon nanoparticles
°DxA-NP, dexamethasone acetate-loaded perfluorocarbon nanoparticles

depicted in Table 1, there were significant differences (P<0.05)
in zeta potential and EE between DxP-NPs and DxA-NPs.

In vitro drug release from NPs

The release of DxP and DxA from PFC nanoparticles in vitro
is depicted in Figure 2. The early release phase is dominated
by an initial drug burst. In the case of DxP-NPs, 77.2%+2.6%
of the encapsulated DxP was released during the first day.
DxA-NPs exhibited a lower burst release of approximately
23.6%%1.7% in the first day. The following release phase for
both NPs was characterized by a slow but continuous profile
over a time period of 7 days.
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Figure 2. In vitro release of dexamethasone phosphate (DxP) and
dexamethasone acetate (DxA) from perfluorocarbon nanoparticles (NPs).
The amount of drug released from the nanospheres was quantified by
HPLC. Data are means+SD. (n=3).

Effect of DxP on SMC proliferation

As shown in Figure 3, normal human umbilical artery SMCs in
primary culture exhibited a typical phenotype with a charac-
teristic spindle-shaped morphology and the presence of actin
stress fibers. At confluence, spontaneous retraction occurs
and produces a “hill and valley” pattern. Cell proliferation
assays were performed on SMCs at passages 4 to 6. Control
cells that had been incubated with normal growth medium
continued to grow until they reached confluence. In contrast,
cells incubated with DxP-containing medium were attenuated
in a concentration-dependent manner for 3 or 6 d (Figure 4).
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Figure 3. Morphology of normal SMC. (A) Phase contrast micrograph of
human umbilical vascular smooth muscle cell (SMC) showing the hill and
valley morphology, scale bar 200 um. (B) Fluorescence micrograph of
SMCs stained with mouse anti-human SMC a-actin, scale bar 20 um.
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Figure 4. Effect of dexamethasone phosphate (DxP) on SMC proliferation.
The number of cells was determined with a CCK-8 kit after 3 or 6 d of
exposure to DxP. The absorbance value (at 450 nm) is proportional to the
number of living cells. Data are represented as means+SD. DxP inhibited
the proliferation of SMCs in a concentration-dependent manner. °P<0.05
compared to control.

Compared to the control, the number of cells was significantly
lower in the group treated with 100 pg/mL DxP (P<0.05). No
additional drug was added in the 6-day group, and prolonga-
tion of treatment did not result in any further inhibition of
SMC proliferation.

Therapy targeting the proliferation of SMCs

Three days after the 30-min exposure, the anti-proliferative
effects of the TF-targeted DxP-NPs and control PFC or free
DxP were quantified (Table 2). TF-targeted DxP-NPs mark-
edly decreased cell number by almost40% compared to the
control, and they resulted in dramatic morphological changes,
such as condensed nuclei and a disrupted a-actin cytoskeleton

Table 2. Effect of DxP-NPs, DxP and PFC on the proliferation of SMCs.
n=5.°P<0.05 vs control; ®P<0.05 vs DxP or PFC.

Group

Control DxP-NPs* DxP PFC

Mean+SD 1.279+0.023 0.782+0.069*
RGR* 1 0.61

1.105+0.036 1.208+0.03
0.863 0.944

*RGR, relative growth rate



Figure 5. Smooth muscle a-actin of SMCs exposed to TF-targeted DxP-
NPs (5% v/v) (A, C) and exposed to 10 ug/mL DxP (B, D) Routine HE and
immunofluorescence staining were used in the upper and lower pannels,
respectively. Scale bar 20 uym.

in many surviving cells (Figures 5A and 5C). However, free
DxP mildly inhibited cell proliferation and produced no obvi-
ous morphological changes (Figures 5B and 5D). PFC, the core
of the nanoparticle, had no obvious toxicity on the prolifera-
tion of SMCs (P>0.05 vs control).

SMC migration assay

The transwell cell migration assay was performed to compare
the effect of TF-targeted DxP and free DxP on growth factor-
induced SMC migration. Human umbilical artery SMCs
induced by PDGF and VEGF showed relatively high migra-
tion activity (85.7£3.0). This response was inhibited by DxP
(47.3+2.6, P<0.05). Compared to the DxP group, TF-targeted
DxP-NPs exhibited an enhanced inhibition effect on SMC
migration (25.8+2.5, P<0.05, Figure 6).

SMC apoptosis assay

Apoptosis in human umbilical artery SMCs was measured
after treatment of the cells for 4 h with free DxP or TF-targeted
DxP-NPs. To confirm that the loss in cell viability was due to
apoptosis, we used FITC-conjugated Annexin V and Propium
Iodide (PI). Annexin V staining can identify apoptosis at an
earlier stage based on nuclear changes. The results in Figure
7 show quantitative apoptotic activity induced by free DxP
and TF-targeted DxP-NPs. Early apoptotic (Annexin V+/PI-),
late apoptotic (Annexin V+/PI+) and damaged (AnnexinV-/
PI+) cells were distinguished on the basis of double-labeling
for Annexin V-FITC and PI. The scatter plots show that there
was no significant difference in the amount of apoptotic cells
treated by free drug DxP or TF-targeted DxP-NPs (76.7+8.7 vs
76.5£15.4, P>0.05), but there were significant difference in late
cellular apoptosis when SMCs were induced by TF-targeted
DxP-NPs (6.4+2.8) compared to treatment with free DxP
(1.6+0.4, P<0.05).
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Figure 6. Effect of DxP-NPs or DxP on SMC migration. (Top) Migration
assay was performed 6 h after the addition of DxP-NPs or free DxP to the

lower chamber. For each experiment, five random fields were counted.
Values are expressed as means+SD (n=4). °P<0.05, °P<0.01 compared
to the control, respectively. (Bottom) Representative views of migrated
cells (blue, spindle-like) from each sample. A, control. B, treated with free
DxP. C, treated with TF-targeted DxP-NPs; scale bar 100 ym.

Discussion

Drug-loaded PFC nanoparticles were produced using a high-
pressure homogenous method. In this study, Dexamethasone
Phosphate (DxP) or Dexamethasone Acetate (DxA) was dis-
solved in an organic solvent. Phospholipids, which acted as
surfactants, were also dissolved in the solvent, restricting the
ability of the PFC cores to coalesce with one another™. The
phospholipid surface also provides an ideal location for the
incorporation of targeting ligands. After further processing of
the solution using an ultrasonicator, drugs were fully diffused
into the lipid layer, and the solvent was removed from the fine
emulsion!"”. Then, the high-pressure homogenizer was used
to achieve a further reduction in particle size, yielding a round
uniform profile with a normal Gaussian distribution.

The ratio of drug to phospholipids was maintained at 1:9
to achieve a good dispersion of the drug in the lipid layer.
The process of phase separation/coacervation has been well
established™. The ratio of PFC/safflower oil/phospholipids
was 10:1:1. These ratios are within the “stability window”
for optimal encapusulation of drugs into PFC nanoparticles.
Moreover, the rate of addition of safflower oil was maintained
atnearly 5 mL/min for better coacervation™.

The characteristics of the nanoparticle are summarized in
Table 1. The findings suggest that particles smaller than 300
nm are well suited for an effective intravenous drug delivery
system™ ?. This report reveals that DxP-NPs and DxA-NPs
are similar in size (200-250 nm). Both are suitable candidates
for SMC-targeted therapy because these particles can pen-
etrate through microfissures into the vascular media. In the
present study, the potential site-directed nanoparticles were
incorporated with tissue factor antibody, which has high avid-

Acta Pharmacologica Sinica
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Figure 7. Apoptotic activity of DxP or TF-targeted DxP-NPs. The scatter
plots (top) show that there was enhancement in apoptosis of SMCs
treated with TF-targeted DxP-NPs (E, F, G) compared to that of free DxP
(B, C, D). The percentage of the respective population is given in the
quadrant. Quadrant 1, dead cells; Quadrant 2, late apoptotic cells;
Quadrant 3, viable cells; Quadrant 4, early apoptotic cells. The bars
(bottom) represent the percentage of fluorescent cells after exposure to
DxP or TF-targeted DxP-NPs for 4 h. The values reported are means+SD
of three separate experiments. °P<0.05 (vs DxP-treated values for each
experimental condition tested).

ity for smooth muscle cell membranes in vivo™ and may be

readily detected with diagnostic imaging modalities. Targeted
nanoparticles bound to medial smooth muscle cells could also
provide a unique vehicle to deliver antiproliferative chemo-
therapeutic agents, like those eluting off stents in the lumen,
directly within the balloon-injured vascular wall.

Surface potentials play an important role in maintaining
the stability of nanoparticles due to electrostatic repulsion.
The DxP-NPs exhibited a lower charge than either free NPs
or DxA-NPs (P<0.05). The significant difference between DxP
and DxA is that DxP is ionic and freely soluble in water. The
effect of electrostatic repulsion is expected to decrease with
increasing ionic strength, due to the decrease in the screening
effect and diffusivity™'. Since DxP is a relatively linear mol-
ecule with a charged hydrophilic group on one side and the
hydrophobic group on the other, it is reasonable to expect DxP
to be surface-active and form micelles. However, the decrease
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in diffusivity due to aggregation of DxP into micelle still needs
to be further verified.

DxA-NPs have a relatively higher encapsulation efficiency
(95.3%+1.3%) compared to DxP-NPs (66.4%+1.0%, P<0.05).
PFC nanoparticles are distinctly different from other oil-based
emulsions by virtue of the perfluorinated chains, which are
extremely hydrophobic and lipophobic. Therefore, during
microfluidization, a more hydrophobic form of the drug DxA
(partition coefficient: log P=2.91) partitioned away from the
water phase and the PFC core to reside in the hydrophobic
lipid surfactant layer, which resulted in an increase of encap-
sulation efficiency within PFC NPs. To the contrary, the parti-
tion coefficient of DxP is very low, which caused a decrease
in the drug content within the NPs due to drug migration
toward the outer water phase. In addition, PFC nanoparticle
emulsions are heterogeneous mixtures, formulated by at least
one immiscible liquid intimately dispersed in another!". The
incorporation of lipids could lead to crystal order disturbances
on the lipid matrix of the PFC nanoparticles, thus leaving
enough space to accommodate other molecules.

The release of DxA and DxP from PFC nanoparticles in vitro
is depicted in Figure 2. The burst release of hydrophilic DxP
from PFC nanoparticles is possibly due to the influence of the
hydrophobic backbone and the lipid outlayer. The lower solu-
bility of DxP in the lipid layer results in an increased amount
of free DxP and decreased EE compared to the DxA-NPs. Dur-
ing the in vitro dissolution assay, surfactants act in an impor-
tant role to maintain the stability of NPs in suspension,
When DxA is released from NPs, the surfactant attaches to the
hydrophobic NP surface and prevents the drug from diffusing
back into the solid core of the nanoparticles. We noticed that
DxA exhibited a nearly linear release from PFC NPs during 7 d
of administration, whereas there was about 17% DxP remain-
ing within the NPs. Both of the NP-loaded drugs maintained
release over one week.

The aim of this study was to develop SMC-targeted drug
delivery nanoparticles loaded with dexamethasone as a drug
model for anti-restenosis therapy. It is interesting to note that
dexamethasone has been used in many in vitro and in vivo
anti-proliferative studies” ¥\,
inflammatory steroid more commonly used than DxA in the

DxP is a water-soluble anti-

therapy of serious types of inflammatory diseases. In this
study, the antiproliferative effect of free DxP and TF-targeted
DxP-NPs on proliferating SMCs was evaluated in vitro. It was
noted that the proliferation of SMCs was inhibited by DxP in
a dose-dependent manner (Figure 4). However, other studies
have found that the highly concentrated local delivery of an
anti-restenotic agent, such as from a drug-eluting stent, not
only inhibited neointima proliferation but also resulted in a
loss of general vessel wall integrity. Since the therapeutic win-
dow of dexamethasone is very narrow'
formulate an SMC-targeted drug delivery system that allows

, it was necessary to

for release within this window.

PFC, which was used as a backbone of the nanoparticles,
had no obvious cytotoxicity. Compared to free DxP, the TF-
targeted DxP nanoparticles markedly decreased cell numbers



(P<0.05) and destroyed the structure of SMCs (Figure 5). In
this study, free DxP demonstrated moderate inhibition of pro-
liferation compared to TF-targeted DxP-NPs (Table 2). This
could be explained by the differences obtained when analyz-
ing the drugs in solution. Targeted drug delivery nanopar-
ticles could bind, and the close apposition to the targeted cell
membrane may permit enhanced lipid-lipid exchange with the
lipid monolayer of the nanoparticle, which propels drugs dis-
solved in the outer lipid membrane of the nanoparticles into
the targeted cells, enhancing the inhibition effect on SMCs.
Cleek™! et al also demonstrated that prolonged contact of the
drug with SMCs could result in growth inhibition. Thus, a
continuous exposure of cells to dexamethasone is probably
necessary for sustained inhibition of proliferation.

SMC proliferation and migration from the tunica media to
the intima are key mechanisms of intimal hyperplasia and ath-
erosclerosis. SMC migration is a complex response to vascular
injury that is mediated through various chemoattractants. In
this report, the transwell migration assay showed that SMC
migration was significantly inhibited by TF-targeted DxP-NPs
compared to treatment with free DxP (P<0.05). TF-targeted
DxP-NPs also result in more late stage apoptotic SMCs than
free DxP (P<0.05). Isner® et al observed that apoptosis was
most frequentin hypercellular tissue specimens typical of rest-
enosis, which suggested a potential role in the maintenance
of stable cell numbers in tissues with various degrees of pro-
liferative activity. The TF-targeted DxP-NPs could stimulate
more SMCs into late stage of apoptosis, which is usually an
irreversible process of programmed cell death. This effect
could ameliorate the reaction of intimal hyperplasia induced
by percutaneous transluminal angioplasty, and provide a
great opportunity for anti-restenosis therapy using a nanopar-
ticle drug delivery system.

Conclusion

In this report, we demonstrate that DxP- and DxA-loaded PFC
NPs exhibited better profile of encapsulation efficiency and
sustained release in vitro. Compared to free drug, TF-targeted
DxP-NPs manifested an enhanced effect on the inhibition of
SMC proliferation and migration.
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