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Abstract

Purpose—Nanoparticles formulated from the biodegradable co-polymer poly(lactic-co-glycolic
acid) (PLGA), were investigated as a drug delivery system to enhance tissue uptake, permeation,
and targeting for PSC-RANTES anti-HIV-1 activity.

Materials and Methods—PSC-RANTES nanoparticles formulated via a double emulsion
process and characterized in both in vitro and ex vivo systems to determine PSC-RANTES release
rate, nanoparticle tissue permeation, and anti-HIV bioactivity.

Results—Spherical, monodisperse (PDI = 0.098 + 0.054) PSC-RANTES nanoparticles (d =
256.58 + 19.57 nm) with an encapsulation efficiency of 82.23 + 8.35% were manufactured. In
vitro release studies demonstrated a controlled release profile of PSC-RANTES (71.48 + 5.25%
release). PSC-RANTES nanoparticle maintained comparable anti-HIV activity with unformulated
PSC-RANTES in a HeLa cell-based system with an ICs of approximately 1pM. In an ex vivo
cervical tissue model, PSC-RANTES nanoparticles displayed a fivefold increase in tissue uptake,
enhanced tissue permeation, and significant localization at the basal layers of the epithelium over
unformulated PSC-RANTES.

Conclusions—These results indicate that PSC-RANTES can readily be encapsulated into a
PLGA nanoparticle drug delivery system, retain its anti-HIV-1 activity, and deliver PSC-RANTES
to the target tissue. This is crucial for the success of this drug candidate as a topical microbicide
product.
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INTRODUCTION

Today, sexually transmitted infections (STIs), such as HIV-1, are a significant medical
concern throughout the world. The number of HIV-1 infections is increasing every year.
According to the World Health Organization, at the end of 2007, there were 33.2 million
people infected with HIV-1 with 2.5 million new infections occurring that year. Of the new
infections, 1.7 million of them occurred in sub-Saharan Africa, with nearly 66% of these
infections occurring in women (1). Current strategies in HIV-1 prevention have been limited
to condom use and behavioral modification; however, in high HIV-1 prevalent areas of the
world, condom use is low due to social stigmas (2). As such, sexual transmission is one of
the primary modes of HIV-1 infection in these parts of the world (3). Given the lack of
significant progress in developing a vaccine to immunize people against HIV-1 infection,
other strategies for HIV-1 prevention are needed.

Currently, there are no candidate vaccines in the pipeline that can provide immunity to and
protect against HIV-1 infection. Therefore, there is an urgent need for alternative forms of
HIV-1 protection. One such strategy in preventing sexually transmitted HIV-1 is the
development of topical microbicides to prophylactically inhibit transmission of STls,
including HIV-1 (4,5). The topical microbicide product would be applied intravaginally by
women to inactivate pathogens deposited into the genital tract during sexual intercourse.
Due to the low compliance of condom use by men, the increasing number of women
infected with HIV-1, and other social issues, the development of topical microbicides would
provide women with a female controlled form of protection (6).

During HIV-1 infection, macrophages, T-cells, and dendritic cells located in the
subepithelial layers of the vaginal and cervical mucosa have been identified as potential
targets for the virus (7-9). However, despite several studies investigating the transmission of
HIV-1, the exact mechanism of how HIV-1 gains entry into the vaginal mucosa to these
target cells is not completely understood. It has been suggested that HIV-1 transmission
through the multi-cellular layer of stratified squamous epithelial cells occurs through uptake
by Langerhans cells that might extend near to, or into the mucosal lumen (10). Additionally,
micro-abrasions in the vaginal mucosa could increase the risk of HIV-1 infection by
allowing the virus to pass through the epithelial barrier (11). Regardless of the cell type,
HIV-1 infection typically requires the binding of the virus to CD4 receptor and either of the
chemokine co-receptor molecules CXCR4 or CCR5 to induce fusion between the virus
membrane to the cell membrane through conformational changes in the viral envelope
glycoproteins (12,13). Since the subepithelial stromal tissue is densely populated with CD4
and CCR5 expressing targets, any breach in the epithelial layer drastically increases the risk
of HIV-1 infection by allowing the virus direct access to the target cells (14).

Therefore, using a modulator that reduces CCR5 expression on the cell surface may be a
viable method for preventing the sexual transmission of HIV-1 (15). One such modulator is
RANTES (Regulated upon Activation, Normal T Expressed and Secreted), a naturally
occurring chemokine that specifically binds to T lymphocytes and monocytes. RANTES has
been shown in vitro to inhibit R5-tropic HIV-1 by blocking virus binding to CCR5 (16-18).
Several analogs of RANTES have been developed to improve the affinity of the drug to the
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CCRS5 co-receptor (19-22). Unlike the natural chemokine, these analogs have the capacity to
inhibit the recycling of internalized CCR5 resulting in profound and prolonged co-receptor
sequestration (23). PSC-RANTES is an engineered amino terminus-modified analog of the
chemokine RANTES. PSC-RANTES has more potent anti-viral activity than earlier analogs,
blocks CCR5 expression, and when used as a topical treatment has demonstrated high levels
of in vitro HIV-1 protection and in vivo activity against SHIVgg162p3 in the rhesus macaque
model (24). However, the dosage necessary in rhesus macaque in vivo studies required
orders of magnitude greater PSC-RANTES to inhibit SHIVsg162p3 than the sub-nanomolar
ICs observed in vitro (25). It is hypothesized that the disparity in the results comes from
incomplete drug distribution, failure to penetrate the submucosal target tissue, or the
degradation or inhibition of the protein in vivo. Additionally, reduced in vivo efficacy may
be the result of possible pro-inflammatory side-effects that may occur with repeated and
long term exposure to PSC-RANTES (26) and may even lead to detrimental effects upon the
vaginal mucosa (27).

To overcome the potential issues involved in peptide drug delivery, the use of nanoparticle
encapsulation has been proposed as a solution for many of the obstacles (28). Such protein
drug delivery through biodegradable polymeric nanoparticles can be achieved using the co-
polymer poly(lactic-co-glycolic acid) (PLGA). PLGA is one of the most widely accepted
biodegradable polymers used in encapsulation drug delivery (28). Nanoparticles composed
of biodegradable polymers such as PLGA are commonly used due to their ability to be
reabsorbed by the body and to show lower toxicity than non-degradable polymers (29,30).
Additionally, work with PLGA nanoparticles was shown to reduce immunogenic response,
increase blood circulation lifetimes, protect against degradation, enhance tissue penetration,
and provide sustained drug release (31-38). The sub-micron size of nanoparticles allows
them to penetrate into the tissue through interstitial spaces to be readily taken up by the cells
(39). As a drug delivery system, nanoparticle encapsulation is being investigated for
therapeutic applications in oral, nasal, transdermal, brain, and cardio-vascular systems (40—
46).

In this study, we investigated the ability of PLGA nanoparticles to encapsulate PSC-
RANTES and their ability to enhance tissue permeability and drug targeting. The results of
this study demonstrate that the topical microbicide agent PSC-RANTES encapsulated in a
PLGA nanoparticle drug delivery system may facilitate therapeutic distribution by
enhancing mucosal tissue penetration and providing sustained controlled drug release for the
prevention of HIV-1 infection.

MATERIALS AND METHODS

Materials

Poly(D,L-lactide-co-glycolide) with molar ratios of 50:50, 65:35, 75:25 and 85:15 were
purchased from Sigma (St. Louis, MO). Streptavidin labeled FITC was purchased from MP
Biomedicals (Solon, OH). All other reagents used for nanoparticle formulation were
purchased from Fisher Scientific (Pittsburgh, PA).
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PSC-RANTES

PSC-RANTES was synthesized by the Peptide Synthesis Facility at the University of
Pittsburgh (Pittsburgh, PA). Additionally, a biotinylated version of PSC-RANTES was
synthesized by the Peptide Synthesis Facility at the University of Pittsburgh. For the
biotinylated PSC-RANTES, the biotin modification occurs at the Lys33 position. The
molecular weight of the PSC-RANTES was confirmed by mass spectrometry.

Nanoparticle Preparation

Blank control 50:50 PLGA nanoparticles were manufactured at room temperature using a
double emulsion-solvent evaporation method as previously described (47). Briefly, water
(100 pL) was emulsified in a solution of PLGA (100 mg) in ethyl acetate (1 mL) using a
130W, 3mm probe sonicator for 20s (Vibra-Cell, Sonics and Materials, Newton, CT). The
subsequent water-in-oil emulsion was again emulsified in 2 mL of 2% w/v aqueous solution
of polyvinyl alcohol (PVA) by sonication for 20s at 130W to form a nanoscopic water-in-
oil-in-water emulsion. The resulting nanoparticle solution was diluted with 10 mL of a 0.3%
w/v aqueous solution of PVA. The emulsion was magnetically stirred overnight
(approximately 12 h) at room temperature to allow the ethyl acetate to evaporate. The
hardened nanoparticles in suspension were centrifuged twice for 45 min at 25,000xg
(Sorvall Ultra 80, Waltham, MA). The PVA supernatant was removed and 1 mL of fresh
0.3% PVA solution was added to the nanoparticles. The nanoparticles were lyophilized for
24 h under vacuum at 0.120mbarr and at —50°C (Freezone 6, Labconco, Kansas City, MO).
Nanoparticles loaded with protein was prepared similarly to the control nanoparticles except
0.001% to 1% wiw, expressed as initial amount of bulk protein added with respect to the
polymer, of europium as a control or PSC-RANTES-biotin was added in the internal
aqueous phase. Nanoparticles containing other molar ratios of PLGA (65:35, 75:25, and
85:15) were prepared similarly to the 50:50 PLGA nanoparticles. The dried nanoparticles
were stored in aliquots in glass vials at 4°C until use.

Nanoparticle Characterization

Particle Size and Zeta Potential—Particle size and size distribution were determined at
multiple points (after second sonication, after centrifugation, and after final lyophilization)
in the nanoparticle fabrication process by dynamic light scattering (DLS) equipment
(Zetasizer Nano series, Malvern, Worcestershire, UK). Images of the formulated
nanoparticles were taken by scanning electron microscopy (SEM). The lyophilized
nanoparticles were placed on the SEM stage via carbon tape and coated for 110s in a
Cressington Sputter Carbon Coater 108 Auto (Watford, UK) under argon vacuum. The
images were taken at a magnification of 5,000% to 25,000x using a Philips Excel 30 FEG
SEM instrument (Philips, Andover, MA) through the Department of Materials Science and
Engineering of the University of Pittsburgh (Pittsburgh, PA). The zeta potential of the
PLGA nanoparticles both unloaded and loaded, in pH7.4 buffer, was measured using the
zeta potential analysis mode in the Zetasizer Nano series Malvern instrument.

Drug Loading—The amount of europium-streptavidin control (Perkin Elmer, Norton, OH)
encapsulated in the nanoparticles was determined by analyzing the europium content in the
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supernatant from the nanoparticle preparation to quantify encapsulation efficiency. Briefly,
the europium content was determined by fluorescent assay as previously described (48). Into
the stirring nanoparticle supernatant, 2 mL of Dissociation-Enhanced Lanthanide
Fluorescent Immunoassay (DELFIA) (Perkin EImer) enhancement solution was added and
allowed to incubate at room temperature for 15 min. Aliquots of the solution were
transferred to a 96-well plate and measured by time-resolved fluorescence on a Beckman
Coulter DTX880 Multimode Detector (Fullerton, CA).

The amount of PSC-RANTES-Biotin encapsulated in the nanoparticles was determined by
analyzing the PSC-RANTES content in the nanoparticle supernatant by HPLC methods.
Briefly, an HPLC system (Waters Corporation, Milford, MA) equipped with anauto injector
model 717 (Waters Corporation), a quaternary pump model 600 (Waters Corporation), and
an ultraviolet (UV) detector model 2487 (Waters Corporation) at 280 nm was used.
Separation of the compound of interest was achieved by using a Phenomenex Jupiter 5
300A (250 x 4.6 mm) column (Phenomenex, Torrance, CA) protected by a guard cartridge
Jupiter C12 (4.0 x 3 mm) (Phenomenex). A gradient consisted of mobile phase A (0.1%
trifluoroacetic acid (TFA) in Milli Q water), and mobile Phase B (0.1% TFA in acetonitrile)
at a flow rate of 1.0 mL/min was used. Retention time of PSC-RANTES was approximately
17 minutes and the total run time was 40 min. Empower Pro 2 software (Waters
Corporation) was used to control the HPLC system. The final amount of drug encapsulated
into the nanoparticles was calculated using mass balance by subtracting the amount of drug
present in the supernatant from the total bulk drug added.

PSC-RANTES and PSC-RANTES-biotin Comparison—To ensure the validity of
PSC-RANTES-biotin as a substitute for PSC-RANTES, various characterizations were
performed. Circular dichroism (CD) was used to monitor conformational changes in the
secondary structure of the proteins. CD measurements were performed on an AVIV circular
dichroism spectrophotometer model 202 (AVIV Biomedical, Lakewood, NJ) equipped with
a 0.1 cm path length quartz cell. Spectra were recorded between 198 and 300 nm at 25°C
from a 500 pg/mL protein solution in 1 mM phosphate-buffered saline (PBS). Three scans
were averaged and subtracted from buffer background over the same wavelength range.
HPLC analysis was performed as described above, to compare retention times for control
samples of PSC-RANTES and PSC-RANTES-biotin. Finally, using a cell-based HIV-1
infection assay described in “Anti-HIV activity of PSC-RANTES nanoparticles”, the
bioactivity of PSC-RANTES and PSC-RANTES-biotin was compared.

In vitro Release from PLGA Nanoparticles—To determine the amount and rate of
PSC-RANTES released from the nanoparticles an in vitro release study was conducted over
a 30 day period. In this study, the nanoparticles were maintained in 1M PBS adjusted to
pH4.6 with 10% hydrochloric acid (HCI). The pH4.6 condition was chosen for the in vitro
release studies because of its physiological relevance to the vagina. PSC-RANTES loaded
nanoparticles were dispersed in 5 mL of this buffer with continuous mixing at room
temperature. At predetermined intervals, the nanoparticles were isolated via centrifugation
and the entire buffer solution was decanted for analysis. The nanoparticles were then
suspended in fresh PBS (pH = 4.6) and returned to the in vitro release set-up. To determine
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the effect of pH on drug release, in vitro release studies were also performed in 1M PBS at
pH7.4. The amount of PSC-RANTES released into the pH7.4 PBS solution was determined
by HPLC methodology as previously detailed. Additionally, the effect that PLGA
composition has on the in vitro release of PSC-RANTES in physiological relevant pH4.6
PBS was measured by formulating nanoparticles composed of PLGA at various ratios of
lactide to glycolide (50:50, 65:35, 75:25 and 85:15) as described above. The amount of PSC-
RANTES released into the PBS solution was determined by HPLC methodology as
previously detailed.

Anti-HIV-1 Activity of PSC-RANTES Nanoparticles

The cell toxicity and anti-HIV-1 activity of PSC-RANTES nanoparticles was studied in a
cell based assay with a TZM-bl indicator cell line obtained through the NIH AIDS Research
and Reference Reagent Program, Division of AIDS, NIAID, NIH (49). TZM-bl is a HeLa
cell line derivation that stably expresses high levels of CCR5, CD4, and CXCR4 receptors.
The cells enable simple and quantitative analysis of HIV through luciferase or -
galactosidase reporters that activate through HIV expression. The cells were cultured in
DMEM medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 pg/mL streptomycin (DMEM™) at 37°C in 5% CO, atmosphere. The TZM-bl cells
were added to a 96-well Packard ViewPlate at a concentration of 5 x 102 cells per well in
100 uL of DMEM™ medium and allowed to adhere for 24 h at 37°C (50,51). Treatments of
PSC-RANTES, PSC-RANTES-biotin, and PSC-RANTES nanoparticles were exposed to the
cells at dosing levels ranging from 1 mM to 1fM for 4 h. Identical but separate plates were
set-up to measure cell toxicity and bioactivity. Cell toxicity was assessed by the addition of
100 pL of Cell Titer-Glo™ (Promega Corp., Madison, WI) to each well. Luminescence was
then measured using a Beckman Coulter DTX880 Multimode Detector to determine
toxicity. Loss of luminescence indicates a loss of ATP activity which is indicative of
toxicity. For the bioactivity evaluation, HIVV-1g;,, at approximately 3,600 50% tissue culture
infectious dose (TCIDsg) was added to each pre-treated well in the presence of 40 pg/mL of
DEAE-Dextran. Viral infection was allowed to proceed for 2 h at 37°C, in 100 pL of
DMEM™. An additional 100 uL of DMEM* was added to bring the total volume in each
well to 200 pL. After 48 h, 100 pL of Bright-Glo™ reagent (Promega) was added to each
well, and luciferase activity was measured on a Beckman Coulter DTX880 Multimode
Detector. In all luminescence measurements, results were reported in relative luminescent
units (RLU). All measurements were done in triplicate. Untreated wells with cells only
served as luminescent background controls while wells with cells and HIV-1 served as
positive controls.

Franz Cell Human Tissue Study

To determine the biocompatibility and localization of the PSC-RANTES-biotin drug loaded
nanoparticles in tissue, human cervical tissue was obtained from patients (age 35 to 50 years
old) undergoing hysterectomy through the Magee-Womens Hospital Tissue Procurement
Center (Pittsburgh, PA) as per approved IRB protocol. Tissue targeting and permeability
studies were preformed in a Franz cell system as previously described (52). Briefly, the
Franz cells were maintained at 37°C. Sink conditions were maintained throughout the
experiment. Fresh human cervical tissue was placed on top of a 7-mm Franz cell opening. A
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suspension of PSC-RANTES-biotin PLGA nanoparticles (100 mg/mL) in 1M PBS buffer
(pH = 4.6) was added to the donor compartment. At regular time intervals from 0 to 4 h, 200
pL samples were taken from the receptor compartment (4.9 mL) and replaced with fresh
buffer. HPLC analysis was conducted to quantify PSC-RANTES present in the receptor
compartment at that time point. Tissue concentrations of PSC-RANTES were determined by
mass balance. Histological evaluation was conducted on all tissue specimens tested.
Retained tissue from each test specimen was fixed for histology and processed prior to the
experiment in order to compare with post-experimental histology. Tissue was fixed in
Clark’s solution (ethanol-acetic acid [75:25]) for 24 h, transferred to ethanol for 24 h, and
subsequently embedded in paraffin. Tissue sections of 5 um were cut and stained with
hematoxylin and eosin (H&E). Histology was conducted to determine any gross
morphological changes in the tissue during the exposure period when compared to pre-
exposed tissue. To image the tissue uptake and targeting of the nanoparticles, the mounted
tissue was washed in decreasing amounts of alcohol and then incubated for 1 hour with
FITC labeled streptavidin in a darkroom. One drop of Vectashield DAPI (Vector,
Burlington, CA) was added to stain the nuclei of the cells in the tissue. The tissue was then
imaged on a Zeiss Axioskop 40 inverted phase-contrast microscope (Thornwood, NY) with
an EXFO X-cite 120 Fluorescent lllumination System (Quebec, Canada) at 40x.

All differences were evaluated by Student’s t test. P < 0.05 was considered statistically
significant. All error bars represent standard deviations.

PLGA Nanoparticle Characterization

In manufacturing the PLGA nanoparticles via the double emulsion method, it was found that
sonication duration and intensity were significant factors in controlling nanoparticle size
(47). From the sonication parameters described in the methods section, nanoparticles with
diameters ranging from 231.75 + 14.46 nm (unloaded nanoparticles) to 256.58 + 19.57 nm
(PSC-RANTES nanoparticles), with a polydispersity of 0.074 + 0.015 and 0.098 + 0.054,
respectively, were fabricated. Zeta potential measurements also resulted in minimal change
from unloaded to loaded state, with values of —-8.82 + 0.48 mV and -10.35 + 1.89 mV,
respectively, at a pH of 7.4. SEM imagery of the PLGA nanoparticles confirmed their
monodispersity and spherical shape (Fig. 1A). A PSC-RANTES encapsulation efficiency of
82.23 + 8.35% was obtained from the manufactured PLGA nanoparticles.

Comparisons Between PSC-RANTES and PSC-RANTES-biotin Show Similar Behavior

In comparing PSC-RANTES and PSC-RANTES-biotin to ensure similar structure and
behavior, circular dichroism, HPLC analysis, and bioactivity measurements were performed.
Measurements via circular dichroism showed no modification of the secondary structures
between PSC-RANTES and PSC-RANTES-biotin (Fig. 1B). The retention times observed
in HPLC analysis were consistent between each other. Finally, from a 48 h TZM-bl HeLa
cell-based assay, the bioactivity against HIV-1 infection remained consistent between PSC-
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RANTES and PSC-RANTES-biotin both with a calculated 50% inhibitory concentration
(ICsp) of 1.12 and 1.19pM, respectively.

In vitro Release Studies of the PLGA Nanoparticles Resulting in Controlled Steady Release

The in vitro release of PSC-RANTES from PLGA nanoparticles was measured over 30 days
at pH4.6 (Fig. 2). The in vitro release of PSC-RANTES from the nanoparticles followed a
biphasic release profile: an initial burst release from time 0-5 days, followed by a slow
steady release over the remaining 25 days. After 5 days, 60.20 + 2.85% of the PSC-
RANTES was released from the nanoparticles. Over the next 25 days, an additional 11.28 +
2.41% was released. The total amount of drug released over the 30 day period was 71.48 +
5.25%.

The effect that pH has on the in vitro release of the PLGA nanoparticles was measured at
pH4.6 and 7.4 for a period of 10 days (Fig. 3). In vitro release profiles obtained for
nanoparticles suspended in pH7.4 buffer solution displayed a slower burst release by day5
during which only 35.80 + 7.80% of the protein was released whereas in a pH4.6 buffer
solution, 60.20 + 2.85% of the protein was released.

Additionally, the effect that co-polymer composition of the PLGA nanoparticles has upon in
vitro release was studied. The ratio of lactide to glycolide was changed to increase or
decrease the hydrophobicity of the nanoparticles. Using lactide to glycolide ratios of 50:50,
65:35, 72:25, and 85:15 the in vitro release of protein from the nanoparticles was measured
at pH 4.6 was measured for 10 days (Fig. 4). The increase of lactic acid in the nanoparticle
structure decreased the degradation rate of the nanoparticle, thus resulted in reduced burst
release and an overall decrease in total amount released.

PSC-RANTES PLGA Nanoparticle Toxicity and anti-HIV-1 Activity

The toxicity of nanoparticle formulated PSC-RANTES was compared to unformulated PSC-
RANTES using the TZM-bl cell line following a 24 h exposure (Fig. 5). PLGA
nanoparticles and unformulated PSC-RANTES at concentrations ranging from 1 mM to 10
pM resulted in no significant reduction (<3 standard deviation loss; 100% + 12%) of
viability of the TZM-bl cells as compared to untreated TZM-bl cells.

The ability of PSC-RANTES nanoparticles compared to unformulated PSC-RANTES to
protect against HIV-1g;,,_ infection was evaluated using the TZM-bl cell line (Fig. 6). A
range of PSC-RANTES concentrations (1 mM to 1 pM) was studied. Anti-HIV-1 protection
was measured in % relative luminescence units (RLU) compared to unprotected TZM-bl
cells exposed to HIV-1g,, . The encapsulation of PSC-RANTES in PLGA nanoparticles
slightly shifted the ICsq from 1.12pM for the unformulated PSC-RANTES to 426fM for the
PSC-RANTES nanoparticles. The PLGA nanoparticle themselves did not offer any
protection against HIV-1 infection as treatments of unloaded nanoparticles did not prevent
luciferase activity by the TZM-bl cells (Fig. 6).
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PLGA Nanoparticle Permeability and Targeting into Human Ectocervical Tissue

The distribution and permeability of PSC-RANTES nanoparticles and unformulated PSC-
RANTES into tissue was performed using a Franz cell apparatus. From mass balance, the
amount of PSC-RANTES within the tissue was calculated by subtracting the total amount
released in the receptor compartment from the initial donor compartment concentration. To
ensure that PSC-RANTES did not bind to the walls of the donor cell compartment, control
studies were preformed which showed that an insignificant amount of PSC-RANTES non-
specifically adsorbed to the donor compartment walls (0.31 £ 0.01%). When ectocervical
tissue was exposed to PSC-RANTES, the PLGA nanoparticles displayed a 5-fold increase in
tissue uptake over unformulated PSC-RANTES.

From H&E staining and imaging of the epithelial layer of the tissue, no gross morphological
changes were identified over the time course of the study (Fig. 7A, B). Using a dual staining
and labeling method for FITC and DAPI, release and localization of PSC-RANTES-biotin
was evaluated. Unformulated PSC-RANTES remained at the superficial epithelial layer
(Fig. 7C, D). Conversely, the majority of the PSC-RANTES nanoparticles permeated
through the superficial epithelium and accumulated at the basal epithelium (Fig. 7E, F).

DISCUSSION

PSC-RANTES, a CCR5 chemokine receptor inhibitor, has demonstrated high efficacy
against the HIV-1 virus. However, in vivo activity was significantly reduced from that
observed in vitro requiring orders of magnitude greater PSC-RANTES to inhibit viral
infection. This study shows that by nanoparticle encapsulation, PSC-RANTES can obtain
enhanced tissue distribution, penetration, and targeting. While nanoparticle encapsulation as
a drug delivery system is being investigated in numerous therapeutic fields, currently, there
is little work done within the microbicide field. Therefore, to track the microbicide drug
candidate PSC-RANTES within tissue, a modified PSC-RANTES protein was used: PSC-
RANTES-biotin. The addition of the biotin tag did not affect any of the characteristic
properties of PSC-RANTES. From characteristic CD and HPLC measurements comparing
the two proteins, PSC-RANTES and PSC-RANTES-biotin resulted in similar overall
secondary structure and partitioning behavior. And the bioactivity of both PSC-RANTES
and PSC-RANTES-biotin in an anti-HIV-1 cell-based assay resulted in an ICsq of 1.12 and
1.19 pM, respectively, against HIV-1g, , which are equivalent to the published “sub-
nanomolar” 1Csq against SHIVgg162 (25) and 8 pM against HIV-1¢_g2gRrozs (53).

In this paper, PLGA nanoparticles were used to encapsulate an anti-HIV-1 microbicide
candidate PSC-RANTES. Successful encapsulation of PSC-RANTES nanoparticles resulted
in monodispersed, spherical particles that maintain anti-HIV-1 bioactivity. The constant
negative zeta potential of the nano-particles from unloaded state to loaded state suggests that
the hydrophilic microbicide is being encapsulated rather than adsorbed onto the surface of
the nanoparticles. In these studies, the double emulsion fabrication of PSC-RANTES
nanoparticles yielded an encapsulation efficiency greater than 80%. Additionally, SEM
imagery displayed smooth spherical surfaces further supporting that little surface adsorption
has occurred.
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Controlled release of loaded protein is one of the defining characteristics of PLGA
nanoparticles. The in vitro drug release profile from the nanoparticles was characterized by
two stages: the initial burst release and a sustained release of drug over extended time. In
vitro release studies for PSC-RANTES nanoparticles showed that a significant amount of
drug (71.48+5.25%) was released over a 30 day period. Similar results were observed in the
control europium-streptavidin which suggests that nanoparticle release may be independent
of the encapsulated molecule properties and due solely to the polymer degradation of the
PLGA nanoparticle. The polymer degradation is expected to undergo bulk hydrolic
degradation where hydration relaxes the polymer chains until the matrix becomes more
porous and falls apart.

The in vitro release of the protein from the nanoparticle can be affected by both the
environmental conditions and the composition of the PLGA shell. Under normal conditions,
the vaginal environment has an acidic pH (approximately 4.6) (54). As such, in vitro release
studies conducted at pH 4.6 resulted in significant release (>70%) of PSC-RANTES.
However, when pH was increased to pH 7.4, the resulting release was reduced. These
studies showed that specific changes in the pH environment can affect the release profile of
PSC-RANTES from the PLGA nanoparticles. These data imply that when the pH of the
vagina increases, as it does with the introduction of semen or in pathogenic situation, the
release of PSC-RANTES into vagina may be altered. Further studies are needed to
characterize the impact of this phenomenon in an in vivo system.

Additionally, the release of PSC-RANTES from nanoparticles can be controlled through the
modification of the PLGAcomposition. The degradationof PLGAfilms and micro/nano-
spheres has been shown to be strongly dependent upon the ratio of lactide to glycolide
(55,56). As the hydrophobicity of the PLGA increases, the slower the drug release becomes.
With a range of lactide to glycolide ratios tested in this study, we observed that as the
hydrophobicity of the nanoparticles was increased, the rate and cumulative release of protein
was reduced. The hydrophobicity of the PLGA nanoparticles affects the uptake of water and
subsequently the release rate of drug. Therefore, the more hydrophilic 50:50 PLGA
nanoparticles displayed a faster burst release over the more hydrophobic 85:15 PLGA
nanoparticles. Such behavioral profiles in PLGA nanoparticles allow a degree of
predictability in controlling the microbicide drug candidate release.

To prevent HIV-1 infection, PSC-RANTES needs to bind to the target cell surface to inhibit
CCRS5 expression. Therefore, nanoparticles need to effectively transport and release PSC-
RANTES into the surrounding target tissue to bind to the cell surface. In a HeLa cell line
based system (TZM-bl), the presence of PSC-RANTES and PLGA nanoparticles displayed
no toxicity over a 24 hours period. Furthermore, in excised human ectocervical tissue, no
gross morphological changes in the tissue were observed when exposed to both unloaded
and drug loaded PLGA nanoparticles. These results suggest that the PSC-RANTES PLGA
nanoparticles are biocompatible with vaginal tissue, non-toxic, and thus are a safe vector for
drug delivery into the female reproductive tract. Furthermore, encapsulation did not result in
any reduction of PSC-RANTES bioactivity. The ability of PSC-RANTES nanoparticles to
protect TZM-bl cells against HIVV-1g,,_ infection after 48 h parallels that seen in
unformulated PSC-RANTES. The unformulated PSC-RANTES and PSC-RANTES
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nanoparticles displayed I1Csq values of 1.12 pM and 426 fM, respectively. The two fold
change in ICg is statistically and biologically significant in this cell-based assay. However,
the change in bioactivity is less than a log. Therefore it is unknown whether or not this
difference will have any effect in vivo. Additionally, empty PLGA nanoparticle provided no
protection against HIV-1 infection, demonstrating that there was no baseline steric inhibition
which results from the PLGA nanoparticles themselves.

The encapsulation of PSC-RANTES into nanoparticles has been shown to enhance the
uptake of PSC-RANTES into tissue and to mediate transfer to the target cells. The
intracellular uptake and targeting of the nanoparticles has been shown to be directly related
to the physical characteristics of the nanoparticles themselves. The size of the particle can
affect tissue uptake and interstitial trafficking (57). The zeta potential of the nanoparticle is
an important factor, with negatively charged nanoparticles displaying greater tissue
permeability preventing rapid uptake by cellular membranes (35). As such, the PLGA
nanoparticles formulated in this study with the particular physical characteristics,
hydrophilic-ity, and zeta potential afford it increased tissue uptake and permeation into
excised human ectocervical tissue over unformulated PSC-RANTES. The 5-fold increase in
tissue uptake and permeation through the stratified squamous epithelium to passively target
the basal layer demonstrated the advantage of nanoparticle encapsulation over unformulated
PSC-RANTES, which was only capable of permeating the outer most superficial layers of
the epithelium. HIV has been shown to transmigrate throughout the epithelium (9), therefore
these data are important in illustrating the ability of PSC-RANTES nanoparticles to localize
in areas where the virus may be.

Additional research is required to further develop nanoparticles as a drug delivery method
for PSC-RANTES. Further investigation into the exact transport mechanisms and
degradation process in the targeted tissue is required. Additionally, encapsulation of PSC-
RANTES may provide this microbicide drug candidate protection against overall
degradation in the vaginal environment. Therefore a thorough evaluation of the effect of
nanoparticle encapsulation on PSC-RANTES stability must be conducted. Finally, to
address potential pro-inflammatory responses from PSC-RANTES, alternatives to PSC-
RANTES, such as recombinant variants (58,59), coupled with nanoparticle encapsulation
may be developed to further optimize RANTES as a microbicide product.

CONCLUSION

In this study, PSC-RANTES was formulated into a non-toxic nanoparticle drug delivery
system that displays increased tissue uptake, permeation, drug targeting to the site of action,
and anti-HIV-1 activity over extended periods of time. The formulation of biodegradable
nanoparticles to encapsulate PSC-RANTES additionally provides a release rate from the
nanoparticles that is both predictable and controllable. The ability of nanoparticles to
successfully deliver PSC-RANTES to the target tissue is important for the development of
chemokine inhibitors as a microbicide product.
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Fig. 1.
SEM image of PLGA nanoparticles loaded with PSC-RANTES-Biotin at a magnification of

10,000x and 10 kV (A). Averaged circular dichroism comparison of PSC-RANTES and
PSC-RANTES biotin in water n=3 (B).
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Fig. 2.
Cumulative in vitro release profile of PSC-RANTES-biotin loaded PLGA nanoparticles for

30 days. pH=4.6. (N=3).
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Fig. 3.
In vitro release of PLGA nanoparticles over 10 days. pH=7.4 (triangles) and pH=4.6
(diamonds). (N=3).
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Fig. 4.
In vitro release of PLGA nanoparticles over 10 days with varying molar ratios of L (lactide):

G (glycolide). 50:50 PLGA (closed diamonds), 65:35 PLGA (closed square), 75:25 PLGA
(closed triangle), 85:15 PLGA (open circle). (N=3).
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Fig. 5.
Toxicity of PSC-RANTES treatment to TZM-bl cells with a 24 h exposure. In 96-well plates

TZM-bl were exposed to decreasing amounts of unformulated PSC-RANTES (black) and
PSC-RANTES nanoparticles (white) for 24 h at 37°C. Luminescence was measured after the
addition of Cell Titer-Glo in percent viability based on positive controls. A non-toxic
response was determined if the % viability of the unformulated PSC-RANTES or PSC-
RANTES nanoparticles did not fall below 3 standard deviations of the control. N=3
independent experiments. *p<0.05 by Student’s t test.
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Luciferase luminescent readings of PSC-RANTES treated TZM-bl cells exposed to HIV-1.
TZM-bl cells were treated with control empty nanoparticles (closed triangles), unformulated
PSC-RANTES (filled diamond) or PSC-RANTES encapsulated nanoparticles (open squares)
at a dosing range of 1 mM to 1 fM for 4 h at 37°C. Presented are data from 1 nM to 1 fM.
After treatment, HIV-1g,_ was added with DEAE-dextran and allowed to culture for 48
additional hours. Results are reported on a log scale of PSC-RANTES dosing levels in
percent of relative luminescent units (RLU) as compared to untreated TZM-bl cells infected
with HIV-1. (*p<0.05 by Student’s t test comparing unformulated PSC-RANTES to PSC-

RANTES nanoparticles).
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Fig. 7.
Representative H&E microscopy images of ecto-cervical tissue pre-nanoparticle exposure

(A) and post nanoparticle exposure (B). Representative fluorescent microscopy images of
ecto-cervical tissue with FITC (green) or DAPI (blue) staining at 40x magnification. Ecto-
cervical tissue treated with unformulated PSC-RANTES for 4 hours with stained with DAPI
(C) or FITC (D). Ecto-cervical tissue treated with PSC-RANTES encapsulated nanoparticles
for 4 h stained with DAPI (E) or FITC (F).
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