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Abstract

New methods for long-lasting protection against sexually transmitted disease, such as the human
immunodeficiency virus (HIV), are needed to help reduce the severity of STD epidemics,
especially in developing countries. Intravaginal delivery of therapeutics has emerged as a
promising means to provide women with local protection, but residence times of such agents are
greatly reduced by the protective mucus layer, fluctuating hormone cycle, and complex anatomical
structure of the reproductive tract. Polymeric nanoparticles (NPs) capable of encapsulating the
desired cargo, penetrating through the mucosal surfaces, and delivering agents to the site of action
have been explored. However, prolonged retention of polymer carriers and their enclosed materials
may also be needed to ease adherence and confer longer-lasting protection against STDs. Here, we
examined the fate of two poly(lactic acid)-hyperbranched polyglycerols (PLA-HPG) NP
formulations — 1) nonadhesive PLA-HPG NPs (NNPs) and 2) surface-modified bioadhesive NPs
(BNPs) — loaded with the antiretroviral elvitegravir (EVG) after intravaginal administration. BNP
distribution was widespread throughout the reproductive tract, and retention was nearly 5 times
higher than NNPs after 24h. Moreover, BNPs were found to be highly associated with submucosal
leukocytes and epithelial cell populations for up to 48h after topical application, and EVG was
retained significantly better in the vaginal lumen when delivered with BNPs as opposed to NNPs
over a 24h period. Our results suggest that bioadhesive PLA-HPG NPs can greatly improve and
prolong intravaginal delivery of agents, which may hold potential in providing sustained protection
over longer durations.
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1. Introduction

Although decades of investigation has led to significant advancements in our understanding
of how to treat and prevent human immunodeficiency virus (HIV), 2.1 million cases of
newly acquired HIV infection worldwide occurred in 2015 [1]. Moreover, there are nearly
37 million individuals currently infected with HIV, and acquired immunodeficiency
syndrome (AIDS) was responsible for 1 million deaths that same year [1]. The HIV
epidemic remains at a staggeringly high level in African countries despite the development
and optimization of many antiretroviral (ARV) therapies, microbicides, and protective
barriers [2]. The persistence of HIV infection in the developing world may suggest the need
for new approaches for prevention and treatment in order to dampen the severity of the
epidemic, thereby reducing the aforementioned incidence rates of HIV and death rates
attributed to AIDS.

The female reproductive tract serves as the site of entry for many bacterial and viral
pathogens that can lead to sexually transmitted diseases (STDs). As such, intravaginal
administration of therapeutics has long been a strategic approach for preventing and treating
STDs such as HIV [3, 4]. Though intravaginal administration has certain advantages, such as
minimal invasiveness and avoidance of first-pass metabolism [5], delivery of therapeutics in
this manner can be challenging. Intravaginal delivery of drugs or other biological molecules
must overcome the acidic pH and degradative enzymes of the vaginal environment [6, 7], the
dense, protective layer of mucus that coats the vaginal epithelium [8], poor retention of non-
viscous therapeutic formulations in the open-ended anatomical structure [9], and rapid
biological changes in tissue and mucus properties correlating to hormonal cycles [10, 11].

In order to address barriers to successful microbicide delivery, vehicles must be designed to:
1) increase penetration into the rugae and epithelium to enhance microbicide protection and
2) prolong retention in the reproductive tract to reduce dosing and improve patient
adherence, which has plagued many recent clinical trials assessing microbicide effectiveness
[12]. Polymer nanoparticles (NPs) can overcome some of these concerns by providing
protection for their encapsulated payload. Additionally, such particles can be designed for
maximal, effective transport through the mucus barrier [13]. For example, the size and
surface properties of particles can be modified to enhance penetration through the mucus
barrier layer and increase penetration into the epithelium [14, 15]. However, NPs tend to be
administered in non-viscous formulations, which can result in leakage and thus, shortened
retention times [9]. For maximal effectiveness, drug containing NPs must remain in the
lumen of the reproductive tract long enough to allow diffusion and penetration through the
mucosal layer and subsequent association with the underlying cellular layers [8].

Poly(lactide-co-glycolide) (PLGA), a degradable polymer that has been used in many FDA
approved devices, has long been the standard NP material for intravaginal delivery of
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therapeutics. PLGA NPs easily encapsulate a wide array of biological agents and can be
engineered to provide appropriate release properties [16]. Polyethylene glycol (PEG) has
been widely used as a surface addition to PLGA NPs to provide stability and enhanced
mucosal penetration and delivery of therapeutic molecules in the treatment of cervicovaginal
diseases [9, 17-21]. But recently it has been reported that immune responses can develop to
PEG [22-24], which could be particularly harmful for repetitive delivery to a mucosal
surface. Our group has recently developed a method for dramatically improving the stealth,
aggregation-resisting, mucus-penetrating, and local retention properties of NPs, without the
use of PEG. This new method involves the conjugation of poly(lactic acid) (PLA) to
hyperbranched polyglycerols (HPG) to produce PLA-HPG NPs, with the HPG forming a
corona on the NP surface (Figure 1A) [25]. Because this HPG layer should provide stealth
properties to the NPs, HPG was directly compared to particles coated with PEG, which is
the most widely used stealth material [26]. The NPs produced from PLA-HPG had a
significantly longer half-life after intravenous injection, 10 hr, than NPs produced from
PLA-PEG, 6 hr [25]. Because this stealth property is associated with a lack of adhesion to
proteins and protein-rich surfaces, we call these PLA-HPG particles nonadhesive NPs or
NNPs.

Furthermore, PLA-HPG NPs can be made bioadhesive. In these bioadhesive NPs (BNPs),
the surface coating of the NNPs were oxidized by simple exposure to sodium periodate for
brief periods; this procedure converts the vicinal diols on HPG to aldehydes [27]. Aldehydes
on the BNPs are capable of forming stable Schiff base interactions with amine groups, such
as N-terminal or lysine side chain of proteins [27, 28]. Our group has demonstrated that
these BNPs, through amine interactions, can serve as an effective topical sunscreen through
enhanced skin bioadhesion, which resists vigorous washing with water, thereby serving as a
long-lasting potent UV protectant for the skin [27]. Additionally, we have recently reported
the effectiveness of these BNPs in reducing systemic toxicity of the potent chemotherapeutic
agent epothilone B (EB), enhancing retention of EB after intraperitoneal administration, and
increasing therapeutic efficacy against the development of high-grade ovarian and
endometrial carcinomas [28].

This current report describes the development and characterization of PLA-HPG NNP and
BNP formulations (Figure 1A) encapsulating elvitegravir (EVG) (Figure 1B), a strand
transfer inhibitor of HIV [29]. We explore whether these NP formulations can increase
particle penetration and retention in the reproductive tissue, thereby prolonging the local
dose and therapeutic efficacy of ARV prophylactic treatments against HIV. To test this
hypothesis, we examine the distribution and retention of fluorescent NPs in the reproductive
tracts after vaginal administration in mice. Specific nanoparticle-cell association was also
explored to give insight into mucus penetration and tissue association as well as intravaginal
EVG retention to assess long-term efficacy. In summary, we demonstrate that BNPs have
significantly longer retention times after vaginal delivery than NNPs. The superior
performance of BNPs makes sense: these nanoparticles can similarly penetrate mucus but
once in contact with epithelial cells or leukocytes, they become immobilized and are
retained for long periods. In contrast, the NNPs — lacking bioadhesive properties — are
readily cleared by natural turnover of mucus or lymphatic drainage if they reach the tissue
space (Figure 1C).
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2. Materials and methods

2.1. Materials

Elvitegravir was provided by Gilead Sciences (Foster City, CA) via CONRAD (Arlington,
VA). PLA-HPG was synthesized as previously described [25]. IR-780 iodide, glycerol,
NalOy4, NaySO3, bovine serum albumin (BSA), lactic acid, acetic acid, mucin, urea, glucose,
Tween 80, Solutol (Kolliphor) HS 15, and HPLC-grade formic acid were obtained from
Sigma-Aldrich. The 4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide salt (DiA)
and 4,6-diamidino-2 phenylindole (DAPI) stain were ordered from Invitrogen. Antibody
stains anti-CD45 (ab10558) and anti-EpCAM (ab71916) and corresponding isotype controls
for flow cytometry were purchased from Abcam. HPLC grade acetonitrile and water were
purchased from VWR (J.T. Baker).

2.2. Nanoparticle preparation

To prepare NNPs, 100 mg of PLA-HPG was dissolved in 2.4 ml of ethyl acetate. For dye
loaded particles, either IR-780 iodide dye or DIA (0.5 wt %) was dissolved in 0.6 ml of
dimethyl sulfoxide (DMSO). For drug loaded particles, EVG (20% w/w) was dissolved in
0.6 ml of DMSO. The drug or dye solution was then combined with the polymer solution
resulting in a polymer/dye or polymer/drug solvent mixture (ethyl acetate: DMSO = 4:1).
The resulting solution was added to 4 ml deionized (DI) water under vortex and sonicated
with a probe sonicator (4%, 10s each). Then, the emulsion was diluted in 20 ml of DI water
and subsequently placed on a rotavapor for 30 min. The particle solution was washed by
filtration using Amicon ultra-15 centrifugal filter units (100K cut-off) 3 times before being
suspended in DI water. NNPs were flash frozen with liquid nitrogen and stored at —20°C
until use [25, 27].

To convert NNPs into BNPs, NNPs were incubated with 0.1 M NalO,4 and 10x phosphate
buffered saline (PBS) (1:1:1 volume ratio) for 20 min. The reaction was quenched with 0.2
M Na,SOs3 (1:3 volume ratio). BNPs were washed by filtration three times with DI water
using Amicon ultra-0.5 ml filters (100K cutoff) and resuspended in DI water [27].

2.3. In vitro characterization of nanoparticles

The surface charge, diameter, and polydispersity index (PDI) of NP formulations (n=5) were
determined by laser doppler electrophoresis and dynamic light scattering using a Zetasizer
Nano ZS (Malvern Instruments). Particle morphologies were characterized by transmission
electron microscopy (TEM) (FEI, Tecnai G2 Spirit BioTWIN).

To determine the concentration of the IR-780 or DiA in dye loaded particle formulations,
aqueous solutions of particles were diluted 10 fold in DMSO. The concentration of the
IR-780 dye was quantified with a plate reader at absorbance of 650 nm. The concentration of
DiA was quantified by fluorescence with a plate reader (em/ex 590/456 nm). Dye loading
was calculated from a standard curve.

EVG loading in NP formulations was determined by high-performance liquid
chromatography (HPLC) (Agilent 1100 HPLC) with ZORBAX Extend C18 analytical
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column (Agilent). NPs were diluted 10 fold in Acetonitrile and filtered with a 13mm HPLC
syringe filter (Pall Laboratory, VWR). Acetonitrile/water supplemented with 0.1% formic
acid was used as the mobile phase and the wavelength of the UV detector was set at 256 nm.
Drug loading was determined from a standard curve.

In vitro drug release of NNPs and BNPs was determined by diluting a 100 ul suspension of
EVG loaded NNPs or BNPs (n=3) 10 fold in a suspension of simulated vaginal fluid (SVF)
(NaCl, 3.51 g/L; KOH, 1.40 g/L; Ca(OH),, 0.222 g/L; bovine serum albumin, 0.018 g/L;
lactic acid, 2.00 g/L; acetic acid, 1.00 g/L; glycerol, 0.16 g/L; urea, 0.40 g/L; glucose, 5.0
g/L; mucin 1.5% wi/v; pH 4.2) supplemented with 1% Tween 80 and 2% Solutol. The
resulting solution was placed in microdialysis tubes (100 kDa cut-off) and floated in a 4L
suspension of the same supplemented SVF. At each time point, microdialysis tubes (n=3)
were removed, and the remaining EVG level in each tube was quantified using HPLC as
described previously. At each time point the SVF solution in the large beaker was replaced
with fresh buffer.

Similarly, to confirm dye molecules served as particle tracers, 100 ul of NNPs or BNPs
loaded with IR-780 or DiA were placed microdialysis tubes (100 kDa cut-off). A similar
protocol was carried out and the remaining dye at each time point was quantified with a
plate reader as previously described.

To test the effect of NNPs and BNPs on cell viability, epithelial cell lines from the vagina
(VK2/EBE7; ATCC CRL-2616) and cervix (End1/E6E7; ATCC CRL-2615) were cultured in
Keratinocyte Serum Free (KSF) medium (GIBCO) supplemented with 0.1 ng/ml human
recombinant EGF, 0.05 mg/ml bovine pituitary extract, and 1% penicillin/streptomycin.
Vaginal epithelial cells (VEC) and cervical epithelial cells (CEC) in 180 pL of KSF medium
were plated in each well of a 96-well plate at a density of 2,000 per well and maintained at
37 °C to incubate overnight. The following day, 20 pL of either KSF medium, blank NNPs,
blank BNPs, EVG/NNPs, EVG/BNPs was added to cells. Cells were incubated at 37 °C for
72 h, and then cell viability was quantified with a Cell Titer Blue Assay (Thermo Fisher
Scientific).

2.4. Animal Preparation

All procedures and experiments were approved by the Yale University Institutional Animal
Care and Use Committee. Five days prior to NP delivery, C57BL/6 mice (6-8 weeks old,
Charles River Laboratories) were treated with Depo-Provera (Pfizer) by subcutaneous
injection (2 mg/animal) to synchronize mice into the diestrus phase. To ensure
reproducibility, mice were lavaged 24h prior to experimentation and only those confirmed to
be in the diestrus phase were used for experimentation.

2.5. In vivo toxicity of nanoparticles

Fifteen uL of either PBS (control), EVG/NNPs, or EVG/BNPs were administered
intravaginally to mice (n=3 PBS, n=5 EVG/NNPs, n=5 EVG/BNPs). After 24h, mice were
sacrificed and vaginal tissue was harvested for histological examination. Samples were fixed
overnight in 10% neutral buffered formalin and sent to the histology service core at the Yale
School of Medicine (Section of Comparative Medicine) for paraffin embedding and
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hematoxylin and eosin (H&E) staining. Representative H&E stained tissue sections were
examined by a pathologist blinded to the experimental groups using an Olympus BX45
microscope. Tissue sections were analyzed for toxicity based on epithelial disruption,
epithelial layer number, leukocyte infiltration, apoptotic cells, and cellular debris in the
lumen. Images were collected using an Olympus BX61 microscope with a SPOT Flex 64
MP digital color camera.

2.6 Nanoparticle retention and distribution in vaginal lumen

Ten uL of either IR-780/NNPs or IR-780/BNPs were administrated intravaginally to mice
(n=5). At each time point, mice were sacrificed and vaginal tissue was harvested for ex vivo
imaging. Particle retention and distribution was visualized and quantified using a live
imaging instrument (In-Vivo MS FX PRO, Bruker). Positive signals were determined in
reference to untreated control tissues and quantified using the instrument software. The
lower end of the fluorescence intensity range was adjusted to eliminate any tissue auto-
fluorescence from untreated controls and the higher end of the fluorescence intensity range
was set to avoid saturation of fluorescence.

To further assess particle distribution and retention of BNPs, mice (n=3) were treated with
10 pL of DiA/BNPs. Mice were sacrificed at 24h after treatment and vaginal tissue was
excised. Harvested tissues were embedded in OCT medium and flash frozen with liquid
nitrogen. Samples were sliced using a cryostat (Leica CM 3050S) to represent representative
transverse sections throughout the reproductive tract. Sectioning began from the uterine horn
end to the vaginal opening end using 10 um tissue section to approximate single cell layer
thickness. Sectioned tissue samples were stained with DAPI and microscopically imaged
(SteREO Lumar V.12, Zeiss). Positive BNP signals were determined using ImageJ and were
in reference to untreated control tissue samples.

2.7. Nanoparticle-cell association

Fluorescent activated cell sorting (FACS) was used to assess particle-cell associations and
cell-specific particle distribution. Mice (n=5) were intravaginally administered with 15 pL of
either DiA loaded NNPs or BNPs. At each time point, mice were sacrificed and vaginal
tissue was excised. The tissue was cut into several pieces, incubated in 2 mL of 0.4%
collagenase for 30 min, homogenized manually, and then filtered using a 70 pm strainer. The
resulting single cell suspension was pelleted and resuspended in 2% BSA. The cells were
then incubated with anti-CD45 antibody and anti-EpCAM for 10 min. After staining, cells
were washed with 2% BSA 3 times for 10 min each. Cells were resuspended in 250 pl of 2%
BSA and samples were sent for FACS (Attune NxT, Invitrogen). Positive fluorescent
antibody signals in each sample were ensured with comparison to corresponding isotype
antibody controls and appropriate gates were set using control cell populations not treated
with NNPs or BNPs.

2.8. Retention profile of EVG in reproductive tissue

Fifteen uL of a PBS/EVG, NNP/EVG or BNP/EVG suspension was delivered intravaginally.
At each time point, mice (n=5) were sacrificed and vaginal tissue was excised. Tissues were
homogenized in 0.7 mL of DMSQ. After homogenization, samples were centrifuged at
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10,000 rpm for 10 min and the supernatant was collected and evaporated with a Speedvac.
Samples were then reconstituted in 0.5 mL of acetonitrile and filtered, as previously
described. EVG in the processed tissue samples was quantified using HPLC as previously
described.

2.9. Data Analysis

3. Results

All graphs were prepared using GraphPad Prism software. Flow cytometry data were
analyzed using FlowJo software (TreeStar). Error bars represent either standard deviation or
standard error of the mean (SEM) and have been indicated appropriately in each figure
caption. Statistical significance was calculated using a two-tailed unpaired nonparametric
Mann Whitney U test (a = 0.05) with GraphPad Prism software. Significance is represented
on plots as ns > 0.05, *< 0.05, ** < 0.01.

3.1. NP synthesis and characterization

PLA-HPG nanoparticles encapsulating EVG were synthesized using a single emulsion
protocol. The optimal formulation, based on NNP size and EVG encapsulation efficiency,
was found to require preparation by nanoemulsion, an initial PLA-HPG concentration of 100
mg/ml and 20% (w/w) of EVG (Table s1). The size of EVG/NNPs was <150 nm, which
remained similar even after conversion to EVG/BNPs with NalO4 treatment. The
polydispersity index of EVG/NNPs and EVG/BNPs was low (Figure 2A). This result was
confirmed by TEM, which also demonstrated NNP/EVG and BNP/EVG morphology was
spherical and fairly uniform in size. (Figure 2B-C).

To confirm that EVG loaded nanoparticles had the potential to provide an extended,
controlled release of EVG, EVG/NNPs and EVG/BNPs were places in dialysis tubes (100
kDa cut-off) and dialyzed in SVF. Both NNPs and BNPs had a similar EVG release profile
(Figure 2D). After an initial burst release of EVG (~40%) within the first 8h, both NNPs and
BNPs demonstrated a slower and more stable release up to 3d in the SVF. The release rate of
EVG from both NNPs and BNPs was greatly reduced after 3d such that from day 3 to day 4
the release was ~5 ng EVG/mg NP/day.

3.2 NPs do not cause toxicity in vitro or in vivo

To test NP toxicity, in vitro cultured human VEC and CEC lines were treated with EVG/
NNPs and EVG/BNPs at varying concentrations, and after incubating for 72h, cells were
assessed for viability. The addition of NNPs and BNPs did not decrease cell viability relative
to untreated controls in both VEC (Figure 2E) and CEC lines (Figure 2F) at all
concentrations tested, ranging from 100 ng/ml to 100 mg/ml. Additionally, in vivotoxicity
of EVG/NNPs and EVG/BNPs was analyzed using H&E stained sections of treated tissue.
PBS-treated tissue was used as control. Tissues exposed to either NNP or BNP formulations
appeared similar to control tissues, and, based on the assessment of an expert pathologist,
there was no evidence of toxicity or inflammation in any group, as assessed by epithelial
disruption and damage, epithelial cell layer number, cellular content in the lumen, leukocyte
infiltration and visible apoptotic cells (Figure 3).
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3.3. BNPs enhance retention and distribution of nanoparticles in the vaginal lumen

To test whether BNPs provide prolonged retention in vaginal tissue as compared to NNPs,
IR-780 dye loaded NNPs and BNPs were delivered intravaginally and the remaining dye
percentage was quantified after 12h and 24h. IR-780/NNPs and IR-780/BNPs had
comparable diameters and morphology to EVG/NNPs and EVG/BNPs, respectively (Figure
2A—-C and s1A-B). Furthermore, little IR-780 dye was released from NNPs and BNPs over
48h when incubated in SVF, with ~90% of dye remaining in both NNPs and BNPs even
after 48h (Figure s2A). Visually, BNPs demonstrated enhanced retention and distribution
throughout the vaginal lumen 12h and 24h after particle administration (Figure 4A). BNPs
had ~70% retention 12h post treatment, which was over two-fold higher compared to NNPs.
BNPs had ~40% particle retention at 24h post treatment, nearly four-fold higher than NNPs
(Figure 4B). These differences were found to be highly significant.

To further assess BNP retention and distribution at 24h, mice were similarly treated with
DiA/BNPs. Like IR-780/BNPs and IR-780/NNPs (Figure s1A-B), DiA/BNPs and DiA
NNPs (Figure s1C-D) exhibited similar morphology to EVG/BNPs and EVG/NNPs (Figure
2B-C), and had over 90% dye retention even up to 96h of incubation in SVF (Figure s2B).
At 24h, tissue was harvested, cut into transverse sections, stained with DAPI and imaged for
fluorescence. Representative sections of the vaginal tissue showed widespread distribution of
BNPs lining the vaginal epithelium and rugae at 24h (Figure 4C).

3.4. BNPs improve nanoparticle-cell interaction in vaginal cell populations

BNPs demonstrated excellent retention and distribution across the vaginal surfaces, so we
next wanted to determine whether BNPs were capable of providing enhanced association
with relevant cell population in the vaginal tract. Treated and harvested vaginal tissues were
homogenized into a single cell suspension for FACS. Leukocytes were gated on CD45*
EpCAM™ and were found to represent ~27% of the overall cell population (Figure 5A).
Epithelial cells were gated on CD45~ EpCAM™* and represented over 13% of the total cell
population (Figure 5B). At 24h, NNP treated mice had an increase in DiA expression in both
CD45" and EpCAM™ cell populations compared to untreated controls (Figure 5C), and this
trend was even further pronounced in BNP treated mice (Figure 5D). Similar trends
indicating increased DiA association cell populations of BNP treated mice compared to both
NNP treated and untreated mice were observed between 12h and 48h in CD45™ cells and
between 12h and 72h in EpCAM™ cells (Figure s3). The difference in the percentage of cells
that were CD45* DiA™ and EpCAM™ DiA* between NNP and BNP treated mice was found
to be statistically significant at 12h, 24h, 48h, and 72h for CD45* cell populations (Figure
5E) and 12h, 24h, and 48h for EpCAM™ cell populations (Figure 5F).

The mean fluorescence intensity (MFI) of CD45* DiA* and EpCAM™ DiA* were not
significantly different between NNP and BNP treated mice at 12h (Figure 5G-H). However,
MFI for BNP treated mice was significantly higher than for NNP treated mice at 24h in the
EpCAM* DiA* population (Figure 5H). The CD45" DiA™* cell population presented an
increase in MFI of BNP treated mice relative to those treated with NNP at 24h, but this was
not statistically significant (Figure 5G). The most significant increase in MFI between NNP
and BNP treated mice for both CD45* DiA* and EpCAM* DiA* populations was observed
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at 48h. In CD45* DiA* cells, the MFI remains significantly increased in BNP treated mice
relative to NNP treated mice at 72h, but this significance is not observed in EpCAM™* DiA*
cells (Figure 5G-H).

3.5. BNPs prolong EVG retention after intravaginal administration

After observing that BNPs are retained longer than NNPs after intravaginal administration
and that BNPs are more readily associated with and internalized by vaginal cell populations,
we next wanted to determine whether EVG delivered by BNPs would have prolonged
retention in the vaginal tract. EVG delivered by BNPs (EVG/BNPs) was compared to EVG
delivered by NNPs (EVG/NNPs) or without any encapsulant (free EVG). At 4h post-
treatment, the EVG/BNP group retained 90% of the initial dose while the EVG/NNPs and
free EVG groups retained 80% and 75% of the initial dose, respectively (Figure 6). EVG/
BNPs had a statistically significant increase in retention over free EVG but not EVG/NNPs
at this time point. At 8h post treatment, the EVG/BNPs, EVG/NNPs and free EVG groups
retained 80%, 40% and 30% of the initial EVG dose, respectively, with the EVG/BNP group
having very significant increases in retention as compared to the other two groups (Figure
6). No statistical difference was observed between EVG/NNPs and free EVG. A similar
trend and significance levels were observed at 12h with the EVG/BNP group still maintain
60% of the initial EVG dose (Figure 6).

At 18h, the EVG/NNP group retained 10% of the initial dose, which was significantly higher
than free EVG (less than 5% of the initial EVG amount). The EVG/BNP groups had nearly
20% retention, which was very statistically significant compared to the EVG/NNP and free
EVG treated groups at 18h (Figure 6). At 24h post treatment, EVG/BNPs retained 10% of
the initial dose, which was statistically different than the free EVG (<1%) and EVG/NNP
(<2%) groups.

4. Discussion

One of the main challenges hindering the effectiveness of vaginal microbicides use is drug
retention in the vaginal lumen [9]. PEG-modified PLGA particle formulations have notably
achieved good initial distribution throughout the vaginal lumen, including rugae [9, 21, 30].
However, prolonged retention in the reproductive tract beyond several hours has not been
widely explored. Here, we report the development of a potentially long-acting bioadhesive
nanoparticle capable of extended drug release and retention over multiple days. EVG/NNPs
and EVG/BNPs formed virus sized particles (<150 nm) and were optimized to provide a
controlled release profile in vitro. Though an imperfect representation of the vaginal
microenvironment, SVF was used to simulate NP exposure to the vaginal fluids; the NP
formulation maintained stability and released EVG slowly over a 4d period (Figure 2C). The
release curves of all EVG/NNPs and EVG/BNPs were similar to what we have seen in our
previous studies using PLA-HPG formulated particles [25, 28]. Together, these data suggest
that our NP formulations are small enough to be internalized by cells yet stable enough to
provide a controlled release profile over an extended period of time.

Based on our previous work with PLA-HPG BNPs [27, 28], we hypothesized that the
conversion of vicinal diols (NNPs) to aldehydes (BNPs) will result in Schiff-base
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interactions with the vaginal epithelium, thereby preventing BNP clearance through mucosal
turnover. To test this hypothesis, IR-780 or DiA dye loaded NNPs and BNPs were used as
tracers, which had similar size to EVG/NNPs and EVG/BNPs as well as substantial dye
retention (90%) over multiple days in SVF (Figure 2A, Figure s2). These data suggest that
dye loaded particles are useful markers for NP distribution. Dye loaded BNPs showed
significantly enhanced particle retention at both 12h and 24h compared to conventional
mucus-penetrating particles, such as NNPs (Figure 4A-B). Likewise, BNP retention seen at
24h was superior to other mucus-penetrating PLGA NPs used topically [9, 21]. Vaginal
rugae have been notably difficult for therapeutics to penetrate [31], hindering the
effectiveness of many NP carriers. However, distribution of BNPs throughout the vaginal
epithelium surface was very dense and widespread throughout the rugae even up to 24h after
topical administration (Figure 4C), which may confer prolonged therapeutic effects against
STDs.

To determine the safety of EVG/NNPs and EVG/BNPs for topical use, we tested for their
toxicity in vitroand in vivo. NNP and BNP formulations showed no toxicity to VEC and
CEC lines even when cultured at very high doses (Figure 2E-F). Safety of NNPs and BNPs
was further tested after intravaginal administration. H&E staining of tissues revealed no
evidence of inflammation, irritation, or damage to the reproductive tissue after topical
application of NPs. These results were in line with our previous findings, which have shown
that NPs produced from PLA-HPG showed no toxicity when exposed at high doses to
cultured cells and tissues. For example, similar to the results reported here, high doses of
NNPs and BNPs previously showed no toxicity in multiple cell lines, including Lewis lung
carcinoma, uterine serous carcinoma, Hela, human umbilical vein endothelium, A549, B16,
Chinese hamster ovary, human embryonic kidney 293T, KB, and LNCaP. Moreover,
repeated intraperitoneal injection of BNPs (5 mg) once a week for 5 weeks showed no
systemic toxic effects, such as behavioral changes or weight loss [25, 28]. Also, we
previously demonstrated that repeated topical application of BNPs to the skin in v/ivo
showed no toxicity, inflammation, or cutaneous irritancy [27].

Though low molecular weight aldehydes are known to have toxicity risks [32], the low
toxicity of BNPs is thought to be a result of several factors. Despite aldehyde groups
covering the BNP surface, the covalent linkage of these surface aldehydes to BNPs limits
their distribution. Additionally, aldehydes are common in many foods and metabolites,
which may confer high tolerance, and aldehyde groups can be readily detoxified by aldehyde
dehydrogenase [33].

EVG falls into a class of antiretrovirals that function as integrase inhibitors [29]. EVG
specifically acts against HIV-1 via strand transfer inhibition, thereby preventing
translocation of the reverse transcribed viral DNA into the nucleus and subsequent
integration into the genome. As such, the mechanism of action requires that EVG be
internalized by the cell types in which HIV-1 infects and uses to replicate. Using fluorescent
NPs, we observed widespread particle coverage in the vaginal tissue (Figure 4C). As such,
we sought to determine whether particles were associating with leukocyte cell populations
that HIV-1 targets for infection and replication. CD4* T cells, a subset of CD45* leukocytes,
serve as the primary targets for HIV-1 infection and replication [34, 35]. In addition, we
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sought to determine whether BNPs also associated with cervical epithelial cells expressing
the adhesion molecule EpCAM, which are not known to play a role in HIV-1 replication but
do play a role in the infection and replication of herpes simplex virus (HSV) [35].

Interestingly, FACS resulted indicated at least some fraction of CD45* and EpCAM™ cell
populations were associated with BNPs for up to 72h in vivo. Also, significant increases in
BNP association over that of NNPs was observed in CD45™ cells for up to 72h and EpCAM*
cells for up to 48h. The sizeable increase in the percentage of DiA™ CD45* and DiA*
EpCAM™ cells between 12h and 24h of BNP treated mice was thought to be a result of
particle-cell association versus particle internalization. Because BNPs stick to the cell
surface through Schiff-base interactions, our thought was that the BNPs would more likely
to be internalized due to prolonged interactions. During the rather vigorous homogenization
and wash steps for FACS preparation, we believe that most particles on the cell surface are
removed. As such, only those cell with internalized particles will be DiA*. Decreases in the
percent of DiA* cells at 48h and 72h were expected, as the epithelial cell layers divide and
shed while some leukocytes likely undergo apoptosis and others are recruited to the vaginal
lumen and tissue [36]. The initial similarity in MFI between the two groups seems to
indicate that initial association and internalization of particles are similar. However, as NNPs
are shed through mucosal secretions, which can be up to 1 mL/day for mice in diestrus [8],
the MFI reduces as early as 24h but even more so at 48h. The MFI drops off more slowly in
cell populations treated with BNPs, which is in line with our initial hypothesis that BNPs are
retained longer through protein interactions and thus avoid the same fate as NNPs.

The cellular association between BNPs and both leukocyte and epithelial cell populations
indicate the potential usefulness of BNPs to co-deliver microbicides against multiple STDs.
For example, HSV-2 infection has been linked to an increased risk of HIV-1 infection due to
damaged cervical epithelium caused by HSV-2 infection [37, 38]. Antiretroviral therapy has
been effective in HIV treatment and prevention, while topical application of mucus-
penetrating PLGA NPs loaded with acyclovir have shown promise in preventing HSV-2
acquisition after intravaginal challenge in mice [21]. Likewise, recent studies using PLGA-
based NPs loaded with siRNA have shown potential for the prevention and treatment of
STDs in mice, including HSV-2 [18, 19]. Thus, our BNPs may provide a carrier in which
multiple therapeutic or prophylactic agents can be simultaneously encapsulated and
delivered to relevant cervicovaginal cell populations to prevent the acquisition of
concomitant STDs, such as HIV-1 and HSV-2.

EVG delivered as free EVG or EVG/NNPs had similar retention profiles over the course of
24h (Figure 6, insert). EVG/NNPs did have significant increases in EVG retention at 18h
and 24h compared to free EVG, but the overall trend for EVG elimination from the vaginal
tissue and lumen appeared to be comparable. However, the EVG retention profile of mice
treated with EVG/BNPs was strikingly different between 0h and 18h (Figure 6, insert),
indicating that bioadhesive modification may play a vital role in preventing rapid elimination
of EVG, and perhaps other therapeutic molecules, from the reproductive tract.
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5. Conclusion

Our understanding of HIV has increased substantially over the past several decades, and
many new agents are available for treatment and prevention of HIV infections. Still, there
remains a need for longer lasting and more easily adherent treatment regimens in order to
quell the HIVV/AIDS epidemic. Topical application of therapeutic molecules to the
reproductive tract, which serves as the primary infection site for many STDs, has been
widely explored, but prolonged usefulness of these agents has been hindered by the complex
physiological and anatomical barriers in the vaginal lumen. We report here that polymeric
NPs made of PLA-HPG can overcome these challenges by effectively encapsulating and
delivering a potent antiretroviral, EVG. The surface of these NPs can be modified to yield a
bioadhesive coating to overcome limitations in NP/therapeutic molecule retention. Our
results show that PLA-HPG BNPs are retained along the vaginal epithelium longer than
PLA-HPG NNPs and other PLGA-based mucus-penetrating particles. Furthermore, BNPs
were highly associated with epithelial and leukocyte populations in the reproductive tract for
multiple days, and EVG retention was prolonged with BNP delivery as compared to delivery
with NNP or free drug groups. These BNPs may be more effective for prolonged delivery of
individual agents, or perhaps even multiple microbicides in combination, that require
cellular internalization to take effect, such as antivirals, siRNA, and plasmid DNA. Our
study demonstrates the potential for a bioadhesive polymeric nanoparticle platform with
enhanced retention capabilities, providing promise for improved intravaginal therapeutic
delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nanoparticle design and fate
A) NNPs (top) and BNPs (bottom) are comprised of a hydrophobic interior (PLA and EVG)

and hydrophilic exterior (HPG). BNPs have an additional bioadhesive coating on the particle
surface produced by conversion of vicinal diols on NNPs to aldehydes on BNPs. B)
Molecular structure of EVG. C) Schematic showing the conversion of NNPs to BNPs by
NalO,4 and hypothesized fate of each of the nanoparticles after intravaginal administration.
NNPs are cleared away during normal vaginal secretions and mucus clearance. BNPs adhere
to the epithelial surface, thereby avoiding rapid elimination.
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Figure 2. In vitro nanoparticle characterization
A) Hydrodynamic diameters and polydispersity index of nanoparticle formulations. Data is

shown as mean + SD (n=5). TEM images of B) EVG/NNPs and C) EVG/BNPs. Scale bar on
images represents 200 nm. D) In vitrorelease profile of EVG/NNPs and EVG/BNPs in a
simulated vaginal fluid. Data is shown as mean + SD (n=3). Cell viability of cultured human
E) vaginal epithelial cells (VEC) and F) cervical epithelial cells (CEC) treated with EVG/
NNPs and EVG/BNPs in vitro. Data is shown as mean + SD (n=8).
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Control

NNPs

BNPs

Figure 3. In vivo toxicity evaluation of NP treated reproductive tracts
H&E sections of tissues treated with PBS as a control (top row), EVG/NNPs (middle row)

and EVG/BNPs (bottom row). Images for each group were taken with the objective lens set
to 10x (left column), 20x (middle column), and 40x (right column). These images are
representative of multiple sections from n=3 mice for PBS treated tissues and n=5 mice for
EVG/NNP and EVG/BNP treated tissues.
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Figure 4. Retention and distribution of nanoparticles in the reproductive tract
A) IR imaging of harvested reproductive tissue treated with either IR-780/NNPs (left panel)

or IR-780/BNPs (right panel) at Oh (top row), 12h (middle row) and 24h (bottom row). Scale
bar corresponds to relative dye intensity. B) Percent retention of IR-780/NNPs and IR-780/
BNPs at 12h and 24h after particle administration based on remaining fluorescence. Data is
shown as mean + SEM (n=5). Statistical significance was calculated using a Mann-Whitney
U test and significance is represented on the graph as **p < 0.01. C) Representative
transverse sections of reproductive tissue 24h post treatment with DiA/BNPs. Orientation of
sections is indicated in numerical order with 1 representing the most rostral and 6
representing the most caudal parts of the vaginal lumen. Pink represent fluorescent BNPs
while blue represents DAPI stain. Scale bar represents 1 mm.
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Figure 5. Nanoparticle internalization and cell-specific association
Gating for A) leukocytes (CD45%) and B) epithelial cells (EpCAM™). Black contour plots

are unstained controls. Representative histogram showing DiA expression of C) CD45* and
D) EpCAM™ cell populations from reproductive tracts 24h post treatment with NNPs and
BNPs. Positive populations from each group are in reference to untreated controls.
Comparison of the percent of DiA* cells in E) CD45" and F) EpCAM?* cells at 12h, 24h,
48h and 72h. MFI of G) CD45* DiA* and H) EpCAM™ DiA* cell populations at 12h, 24h,
48h and 72h. Data is shown as mean = SEM (n=5). Statistical significance was calculated
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using a Mann-Whitney U test and significance is represented on the graph as ns p > 0.05, *p
< 0.05, and **p < 0.01.
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Figure 6. EVG retention in vivo
Comparison of in vivo EVG retention percentages between free EVG, NNPs and BNPs at

4h, 8h, 12h, 18h and 24h. The insert shows the 24h EVG retention profile of free EVG,
NNPs and BNPs. Data is shown as mean £ SEM (n=5). Statistical significance was
calculated using a Mann-Whitney U test and significance is represented on the graph as ns p
> (.05, *p < 0.05, and **p < 0.01.
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