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ABSTRACT

Purpose To assess the intracellular delivery, antiretroviral activity
and cytotoxicity of poly(e-caprolactone) (PCL) nanoparticles
containing the antiretroviral drug dapivirine.

Methods Dapivirine-loaded nanoparticles with different surface
properties were produced using three surface modifiers: polox-
amer 338 NF (PEO), sodium lauryl sulfate (SLS) and cetyl
trimethylammonium bromide (CTAB). The ability of nanoparticles
to promote intracellular drug delivery was assessed in different cell
types relevant for vaginal HIV transmission/microbicide develop-
ment. Also, antiretroviral activity of nanoparticles was determined
in different cell models, as well as their cytotoxicity.

Results Dapivirine-loaded nanoparticles were readily taken up
by different cells, with particular kinetics depending on the cell
type and nanoparticles, resulting in enhanced intracellular drug
delivery in phagocytic cells. Different nanoparticles showed
similar or improved antiviral activity compared to free drug.
There was a correlation between increased antiviral activity and
increased intracellular drug delivery, particularly when cell
models were submitted to a single initial short-course
treatment. PEO-PCL and SLS-PCL nanoparticles consistently

showed higher selectivity index values than free drug,
contrasting with high cytotoxicity of CTAB-PCL.

Conclusions These results provide evidence on the potential
of PCL nanoparticles to affect in vitro toxicity and activity
of dapivirine, depending on surface engineering. Thus, this
formulation approach may be a promising strategy for the
development of next generation microbicides.
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LDH lactate dehydrogenase

MOl multiplicity of infection

Mo-DC  monocyte-derived dendritic cells

Mo/Mac  monocyte/macrophages

MTS 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium assay

NNRTI  non-nucleoside reverse transcriptase inhibitor

PBL peripheral blood lymphocytes

PBMCs  peripheral blood mononuclear cells

PBS phosphate buffered saline

PCL poly(g-caprolactone)

Pdl polydispersity index

PEO poly(ethylene oxide)

PHA phytohemagglutinin

PPO poly(propylene oxide)

SEM scanning electron microscopy

SLS sodium lauryl sulfate

SVF simulated vaginal fluid

WST-1 water soluble tetrazolium-1 assay

INTRODUCTION

Prevention is a keystone strategy in the fight against HIV/
AIDS. Safe sexual practices, particularly consistent condom
use, have been shown to be a difficult objective to
accomplish, while the development of effective vaccines
has failed so far (1). Alternative strategies such as oral
antiretroviral pre-exposure prophylaxis and microbicides
have been proposed and different studies have been
performed or are still ongoing (2,3). In particular, proof of
concept for vaginal microbicides has been recently achieved
in the CAPRISA 004 study (4). After several initial failures
using products based on non-specific antiviral compounds
(3), this Phase IIb clinical trial found partial but significant
protection against HIV acquisition upon the vaginal applica-
tion around the time of sexual intercourse of a gel containing
the nucleotide reverse transcriptase inhibitor tenofovir (4).
Current studies are now focusing on getting further confir-
matory data for tenofovir gel and other promising products
containing antiretroviral drugs with specific and potent
activity against HIV-1, namely the non-nucleoside reverse
transcriptase inhibitor (NNRTT) dapivirine (5).

In order to exert antiretroviral activity and protect from
infection, RTIs need to achieve sufficient and steady
intracellular levels in HIV target cells, particularly those
implicated in the initial steps of infection, such as CD4"
T cells, intra-epithelial dendritic (Langerhans) cells and
macrophages (6-8). In addition, prolonged local tissue
concentration seems to be correlated with effective protec-
tion (9). Up to now, most strategies for vaginal administra-
tion of microbicide drugs relied on conventional dosage

forms, mostly hydrophilic gels, but advanced microbicide
formulation is expected to play an important role in
obtaining enhanced efficacy and safety (10). In particular,
nanotechnology-based microbicides have been proposed
(11-13) and have been shown to provide a durable drug
barrier within the cervicovaginal epithelial lining, allowing
sustained drug release and increasing intracellular drug
delivery (14,15). However, the kinetics and enhancement in
intracellular drug concentrations provided by nano-
encapsulation and its contribution to the protection against
HIV infection 1s not yet fully understood. Previous reports
by Amiji and collaborators showed that poly(ethylene
oxide)-modified poly(e-caprolactone) (PEO-PCL) nanopar-
ticles provide a good platform for achieving enhanced
intracellular concentrations of encapsulated drugs in vari-
ous cell lines by means of non-specific endocytosis (16—-18).
In this paper we report on the development of differently
engineered poly(e-caprolactone) (PCL) nanoparticulate sys-
tems containing the NNRTT candidate microbicide drug
dapivirine and their ability to promote increased intracellular
levels in different cell types relevant to microbicide develop-
ment. Additionally, we evaluated the cytotoxicity of drug-
loaded nanoparticles to various female genital and anorectal
epithelial cell lines, and their ability to inhibit HIV infection in
different i vitro models.

MATERIALS AND METHODS
Materials

Dapivirine was a kind offer from the International
Partnership for Microbicides (Silver Spring, MD, USA).
PCL with molecular weight of 14,800 Da was purchased
from Polysciences Inc. (Warrington, PA, USA). Poloxamer
338 NI (Pluronic® F 108 NF), a triblock copolymer of poly
(ethylene oxide) (PEO) and poly(propylene oxide) (PPO)
(PEO-PPO-PEO), was acquired from BASF (Mount Olive,
NJ, USA), sodium lauryl sulfate (SLS) from Fisher Scientific
(Fair Lawn, NJ, USA), cetyl trimethylammonium bromide
(CTAB) from Spectrum Chemical Mfg. Corp. (Gardena,
CA, USA), and rhodamine-123 from Invitrogen (Carlsbad,
CA, USA). All other chemicals and reagents were of analytical
grade or equivalent.

Preparation of Nanoparticles

Dapivirine-loaded PCL nanoparticles were obtained by a
solvent displacement method modified from Amiji et al.
(16,17). Briefly, 34 mg of PCL, 6 mg of surface modifier
(PEO-PPO-PEO, SLS or CTAB) and 6 mg of dapivirine
were dissolved in 2 mL of acetone/ethanol (1:1) with the
help of mild heating (37°C). The mixture was then added
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dropwise to 20 mL of deionized water under magnetic
stirring, which was continued overnight. Obtained nano-
particles were recovered by ultracentrifugation at 90,140xg
for 30 min and the resulting pellet was washed twice with
20 mL of deionized water. The same procedure was used to
obtain blank nanoparticles, 1.e. without the incorporation of
dapivirine, and fluorescent nanoparticles by substituting
dapivirine with rhodamine-123 (0.5% w/w loading). Freeze-
drying of nanoparticles was performed if required.

Characterization of Nanoparticles

Mean particle diameter and polydispersity index (PdI) were
determined by dynamic light scattering (DLS) at 90.0°
scattering angle and 20°C using a ZetaSizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). Zeta poten-
tial was also assessed with the same equipment by combina-
tion of laser Doppler anemometry (LDA) and phase analysis
light scattering (PALS). Association efficiency and drug
loading were determined indirectly by dosing the amount of
non-encapsulated drug from supernatants resulting from
nanoparticle washing and separation. Dapivirine was assayed
by a validated HPLC-UV method previously developed (19).

Drug release from nanoparticles was determined in a
simulated vaginal fluid (SVF, pH 4.2) adapted from a
previously described recipe (20), or in phosphate buffered
saline (PBS, pH 7.4). Due to the very poor water solubility
of dapivirine (logP=6.3 (21)), polysorbate 80 at a concen-
tration of 2% (w/v) was added to both media in order to
maintain sink conditions throughout the experiment (vol-
ume of the dissolution medium was at least three times
higher than the volume required to achieve a saturated
solution of dapivirine). Freeze-dried nanoparticles were
transferred to screw capped cylindrical glass flasks containing
20 mL of media and placed in a horizontal shaking water bath
(150 strokes/min) at 37.0£0.1°C. At different time points, the
flasks content was centrifuged and a sample of the supernatant
was removed and filtered by a 0.2 um filter for drug assay by
HPLC-UV and replaced with fresh media. Experiments were
performed in triplicate.

Scanning electron microscopy (SEM) images of nano-
particles were obtained using a Hitachi S-4800 FE-SEM
(Hitachi High Technologies America, Inc., Pleasanton, CA,
USA) at an acceleration voltage of 3.0 kV, after sputter-coating
of freeze-dried nanoparticles with a gold-palladium alloy.

Cell Lines, Primary Cell Isolation, and Culture
Conditions

Various immortalized cell lines and primary cells with
relevance for vaginal/rectal drug delivery and microbicide
development were used. VK2/E6E7 human vaginal epi-
thelial cells (ATCC, Manassas, VA, USA) were cultured in

@ Springer

keratinocyte serum-free medium (K-SFM) (Invitrogen)
supplemented with 50 mg/mlL bovine pituitary extract,
0.1 ng/mL recombinant human epidermal growth factor,
100 U/mL penicillin, 100 mg/mL streptomycin, and
calcium chloride (final concentration of 0.4 mM), and used
at passages 49-62. HeLa human cervical cells, Caco-2
human colorectal epithelial cells, and J774A.1 mice
monocyte/macrophages (Mo/Mac), all from ATCC, were
cultured in DMEM with GlutaMAX™-] (Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Invitrogen),
100 U/mL penicillin and 100 pg/mL streptomycin (Invitro-
gen), and 0.25 pg/mL amphotericin B (Invitrogen), and used
at passages 4042, 66-80, and 6-10, respectively. HEC-1-A
human endometrial cells (ATCC) were maintained in
McCoy’s 5A modified medium (Invitrogen), 10% FBS
(Invitrogen), 100 U/mL penicillin and 100 pg/mL strepto-
mycin (Invitrogen), and 0.25 pg/mL amphotericin B (Invi-
trogen), and used at passages 4—6. TZM-bl cells (NIBSC,
Hertfordshire, UK) were maintained in DMEM (Lonza Sprl,
Verviers, Belgium) supplemented with 50 pg/mL of genta-
micin sulfate (Lonza), L-glutamine (final concentration of
6 mM) (Lonza), and 10% FBS (Sigma-Aldrich, Inc., St. Louis,
MO, USA) (further referred to as TZM-bl medium), and used
at passages 24-38.

Commercially available DC-100 dendritic (Langerhans)
cells (MatTek Corp., Ashland, MA, USA), generated from
CD34" progenitor cells harvested from human umbilical
cord blood (22), were maintained in Dendritic Cell
Maintenance Medium (DC-MM; MatTek Corp.) consisting
of RPMI-1640 containing a proprietary mixture of cyto-
kines. Cells were used within 14 days following reception.
Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation from buffy coats of
healthy adult donors obtained from the Blood Transfusion
Center of the Red Cross, Antwerpen, Belgium, using
Lymphoprep™ (Axis-Shield PoC AS, Oslo, Norway).
PBMCs were stimulated for 2-3 days in RPMI-1640
(Lonza) added with 50 pg/mlL gentamicin sulfate (Lonza),
and L-glutamine at a final concentration of 4 mM (Lonza)
(further referred to as basic medium), and further supple-
mented with 0.5 pg/mL phytohemagglutinin (PHA; Oxoid
Limited, Basingstoke, UK), 2 pg/mL hexadimethrine
bromide (Sigma-Aldrich), and 15% FBS (Sigma-Aldrich).
Subsequently, PBMCs were cultured for 1-2 days in basic
medium supplemented with 200 UI/mL of recombinant
human IL-2 (Gentaur, Brussels, Belgium), 5 pg/mL
hydrocortisone (VWR International Ltd., Poole, England),
2 pg/mL hexadimethrine bromide (Sigma-Aldrich), and
15% FBS (Sigma-Aldrich), further referred to as IL-2
medium. Monocyte-derived dendritic cells (Mo-DC) and
CD4" T cells (T4 cells) were generated from buffy coats of
healthy adult donors by modifying a previously developed
method (23-25). Briefly, PBMCs were isolated by double
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density gradient centrifugation in Lymphoprep™. PBMCs
were then separated into peripheral blood lymphocytes
(PBL) and monocytes with magnetic CD14 beads (MACS®
CD14 MicroBeads, Miltenyi Biotec, Bergisch Gladbach,
Germany) using a separation column (MACS® 25 LS
separation column, Miltenyi Biotec) in the presence of a
magnetic field (MACS® magnetic cell separator, Miltenyi
Biotec). The CDI14 negative fraction, corresponding to
PBL, was frozen and kept in liquid nitrogen until further
processing. The CD14+ fraction (i.e. monocytes) was differ-
entiated into Mo-DC by 7-day culture in basic medium
supplemented with 10% FBS (Sigma-Aldrich), 20 ng/mL
IL-4 (Invitrogen) and granulocyte-macrophage colony-
stimulating factor (GM-CSF; Gentaur) (26). On the experi-
ment day, T4 cells were isolated from PBL using a CD4"
1solation kit (Dynal® CD4 positive isolation kit, Invitrogen)
as previously described (24). Phenotypic characterization of
Mo-DC and T4 cells was performed by FACS using
fluorescently labeled antibodies for specific surface markers
of these cells.

Nanoparticles Uptake and Intracellular/Cell
Associated Drug Levels

Qualitative cellular uptake of nanoparticles in VK2/E6E7
cells, HeLa cells, TZM-bl cells, Mo/Mac, PBMCs, and
DC-100 cells was assessed by fluorescence microscopy.
Briefly, fluorescent nanoparticles were dispersed in culture
medium at a concentration of 0.01% (w/v) and incubated
with cells (37°C/5% COy). At different time points ranging
from 15 min to 4 h, cells were washed twice with PBS
(pH 7.4) and stained for DNA with Hoechst 33342 dye
(Invitrogen). Intracellular uptake was assessed using an
Olympus IX51 inverted microscope equipped with an
Olympus U-RFL-T fluorescence mercury lamp (Olympus
America Inc., Center Valley, PA, USA), or a Nikon Eclipse
E400 equipped with a Nikon HB-10104AF fluorescence
mercury lamp (Nikon Instruments Inc., Melville, NY, USA).
Obtained images were processed with Image] software. All
treatments were performed at least in triplicate. Cell viability
during the experiments was assessed by performing a trypan
blue exclusion test (27).

Intracellular/cell associated drug levels were assessed
by dosing the amount of dapivirine associated with VK2/
E6E7 cells (2% 10° cells), HeLa cells (2% 10° cells), TZM-bl
cells (2% 107 cells), Mo/Mac (2% 10” cells), PBMCs (3.75 x
10 cells), and DC-100 cells (0.5% 10° cells) after incubation
with nanoparticles/free dapivirine dispersed in culture
medium at different time points and concentrations. In all
cases, a small amount of dimethyl sulfoxide (DMSO) was
used to disperse the free drug in culture media (final
DMSO concentration was <0.05% v/v in all cases). Under
similar conditions, dapivirine is known to originate aggregates

smaller than 200 nm in diameter (21); in our case, we
determined the mean value to be 69+28 nm by DLS. The
range of concentrations tested was chosen considering the
antiviral and cytotoxic concentrations previously reported for
dapivirine (28,29). After incubation (37°C/5% COy), cells
were washed at least twice with PBS (pH 7.4) and disrupted
with a lysis buffer (10 mM Tris—HCI pH 7.4, 2 mM EDTA
pH 8.0, 150 mM NaCl, 0.876% (w/v) Brij® 97, 0.125%
(w/v) Tween® 20, and one tablet/50 mL of protease
inhibitor cocktail (cOmplete, Mini, EDTA-free; Roche
Diagnostics, Indianapolis, IN, USA)). Obtained suspensions
were centrifuged (13,000 rpm, 10 min) and supernatant
was collected and assayed for soluble protein content with a
colorimetric-based commercial kit (Pierce® BCA Protein
Assay Kit, Thermo Scientific, Rockford, IL, USA). Precip-
itation of protein content was then induced by the addition
of acctonitrile to the remaining supernatant (2:1) and
separated by centrifugation (13,000 rpm, 10 min). Dapivirine
was determined from the obtained supernatant by a
validated bioanalytical HPLC-UV method: Dionex UltiMate
3000 system; Waters Xterra® RP18, 5 um, 4.6X 150 mm
column with a Merck LiChrospher® 100 RP-18, 5 pm
guard column; temperature 20°C; mobile phase consisting of
acetonitrile:0.1% TFA solution in gradient mode, changing
from an initial ratio of 35:65 to 73:27 over 6.5 min,
remaining constant up to 9.0 min, and then returning to
35:65 over 1 min (12 min total run time); 1.0 mL/min flow
rate; diphenylamine as an internal standard; detection at
290 nm for dapivirine and internal standard; 50 pL injection
volume; lower limit of quantification was 0.02 pg/mlL (das
Neves et al., manuscript in preparation). All conditions were
performed in triplicate in three different experiments. Cell
viability at the maximum time of incubation (6 h) and
maximum concentration (10 uM) used was assessed using
a commercially available kit based on the bioreduction of
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MT'S) by metabolically active
cells (Cell'Titer 96® AQueous One Solution Cell Proliferation
Assay, Promega, Madison, WI, USA), further referred to as
MTS assay. This kit was preferred to the previously used
trypan blue exclusion test, which test cell membrane integrity,
in order to minimize possible inaccuracies associated with this
last (30).

Virus

The HIV-1 subtype B strain Ba-L (CCR5-tropic) (NIH AIDS
Research & Reference Reagent Program, Rockville, MD,
USA) was used in all experiments. This strain was selected as a
model to be used in all experiments since sexual HIV
transmission is mostly associated with R5 viruses (8). Stocks of
cell-free virus were prepared by replicating HIV-1 Ba-L in
PHA/IL-2 stimulated PBMCs from HIV negative donors (23).
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Inhibition of Cell Infection by HIV

Three different assays were used to evaluate the antiviral
activity of nanoparticles and free dapivirine: (i) Tat-
regulated LTR-driven luciferase reporter gene assay in
TZM-bl cells (31,32), (ii) inhibition of viral p24 production
in PHA/IL-2 stimulated PBMCis (33), and (iii) inhibition of
viral p24 production in a Mo-DC/T4 cells co-culture
model (25,28).

The TZM-bl cell line is derived from Hela cells by
genetically engineering in order to express CD4 and CCR5,
and to contain Tat-inducible luciferase and p-galactosidase
reporter genes. The expression of the luciferase reporter gene
and the presence of D-luciferin (luciferase substrate) confer
natural luminescence to these cells. The TZM-bl assay is
based on the expression of the luciferase reporter gene after
HIV infection due to the presence of its promoter (viral Tat
protein), resulting in increased luminescence upon the
addition of an adequate luciferase substrate (31,32). Briefly,
10,000 cells were pre-incubated with nanoparticle or free
dapivirine dilutions in TZM-bl medium for 2 h. Subse-
quently, 200 TCIDs of Ba-L virus was added and incubated
for 48 h (37°C/7% COy) in the presence of an infectivity
enhancer, DEAE-dextran (15 pg/mlL; Sigma-Aldrich).
Luciferase activity was then determined by adding a
luciferase substrate (steadylite plus®, PerkinElmer Inc.,
Waltham, MA, USA) and the resulting luminescence,
expressed as relative luminescence units, measured with a
luminometer (model TriStar LB941, Berthold Technologies
N.V./8.A., Vilvoorde, Belgium). Results were represented as
percentage values of the positive control (medium only). Three-
fold replicates were performed in three different independent
experiments.

Inhibition of infection in stimulated PBMCs was per-
formed by modifying a previously reported method (33).
Briefly, 75,000 cells were pre-incubated with dilutions of
nanoparticles or free drug in IL-2 medium for 2 h. Then,
virus was added at a multiplicity of infection (MOI) of 10~
for 2 h in the presence of nanoparticles or free drug. After
discarding supernatants and washing cells twice with basic
medium, two different settings were tested. Either PBMCs
were cultured in plain IL-2 medium (single treatment) or
treated with nanoparticles/free drug in IL-2 medium
(continuous treatment) for 14 days. Half of the culture
medium (containing nanoparticles or not) was refreshed
twice weekly. Viral growth was assessed at day 14 by
harvesting supernatants and analyzing for HIV p24 by a
previously developed ELISA assay (28,34). Results were
expressed in percentage of positive controls (medium only).
Six-fold replicates were performed in each of three indepen-
dent experiments.

Inhibition of infection in a Mo-DC/T4 cell co-culture
model was performed as previously reported (25,28). Briefly,
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20,000 Mo-DCs were pre-incubated with nanoparticles or
free drug in basic medium supplemented with 10% FBS for
2 h, after which 107° MOI of virus was added for 2 h in the
presence of nanoparticles or free drug. Subsequently, Mo-
DCs were washed and 100,000 T4 cells added. Co-culture
was maintained for 14 days in the presence of nanoparticles
(continuous treatment) or in plain basic medium containing
10% FBS (single treatment). Half of the culture medium
(containing nanoparticles or not) was refreshed twice weekly.
Viral growth was assessed at day 14 by ELISA in the same
way as for the PBMC assay. Six-fold replicates were
performed in each of three independent experiments.

In each of the three described settings, 50% effective
concentration (ECj5() values were determined from the viral
growth percentage vs. dapivirine concentration plots by log-
logistic regression.

Evaluation of Nanoparticle Cytotoxicity

Nanoparticle toxicity was assessed by determining the 50%
cytotoxic concentration (CCjsgp) in three female genital
epithelial cell lines, namely VK2/E6E7 cells, HeLa cells
and HEC-1-A cells, and in the anorectal cell line Caco-2,
after 24 h incubation using the MTS assay (Promega) and a
commercially available lactate dehydrogenase (LDH) color-
imetric cytotoxicity assay kit (LDH Cytotoxicity Detection
Kit, Takara Bio Inc., Shiga, Japan). Briefly, cell lines were
seeded in 96-well plates (5,000 cells for M'TS and 10,000
cells for LDH) and cultured for 24 h. Serial dilutions of
nanoparticles or dapivirine were prepared in appropriate
medium and added to the cells. Media without FBS were
used in the case of LDH. After incubation (37°C/5% COs),
cells were washed twice with PBS (pH 7.4) and the kits were
used according to the instructions of the manufacturers.
Absorbance was measured using a PowerWave X microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA) at
490 nm in both assays. Each concentration was tested in
triplicate in three independent experiments.

Additionally, CCs5g values for nanoparticles and dapivirine
were assessed at 2 days incubation for the TZM-bl setting,
and after 7 days incubation for the PBMCs and Mo-DC/T4
settings by using the Water Soluble Tetrazolium-1 (WST-1)
colorimetric assay (Cell proliferation reagent WST-1, Roche
Diagnostics, Mannheim, Germany) according to the manu-
facturer’s instructions. Obtained CCs values were used for
calculating the selectivity index (ratio between the mean
CCsp and the mean ECj5() of each nanoparticle formulation
and free drug, providing an indicator of toxicity. Each
concentration was tested in triplicate in three independent
experiments.

In all cases, CCsp values were calculated by log-logistic
regression from cell viability percentage (or cytotoxicity) vs.
dapivirine concentration plots.
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Statistical Analysis

Statistical analysis of the results was performed with SPSS
17.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA was
used to investigate the differences between formulations at
each drug concentration or time point. Post hoc comparisons
of the means for each nanoparticle formulation and free
dapivirine were performed according to Tukey’s HSD test. In
all cases, p<0.05 was accepted as denoting significance. Log-
logistic regression for calculating ECsy and CCjq values was
performed using JMP® software (v. 8.0.2.2, SAS Institute
Inc., Cary, NC, USA).

RESULTS
Characterization of Nanoparticles

Table I presents the main properties of produced nano-
particles. In common, drug-loaded nanoparticles showed
sizes between approximately 180—200 nm, with PdI analysis
indicating a homogeneous size distribution. Zeta potential
results were in agreement with the type of surface modifier
used. Similar properties were obtained for nanoparticles
containing no drug or containing rhodamine-123 (Table I).
Dapivirine incorporation was around 97%, yielding nearly
13% of the total weight of nanoparticles. The association
efficiency was also confirmed by dissolving a known amount
of nanoparticles in acetonitrile and dosing the recovered
drug. SEM images depicted in Fig. 1 corroborate DLS
results in terms of mean size and homogenous distribution,
showing round-shaped nanoparticles with smooth surface
for all formulations, in accordance with what was previ-
ously reported by Amiji and collaborators (16,17). Further,
images show no evidence of free drug (amorphous or
crystalline) thus supporting the contention that dapivirine is

incorporated into the PCL matrix. Figure 2 presents the
vitro release profile of dapivirine, showing that the drug is
able to be released rapidly from nanoparticles at both pH
4.2 (i.e. healthy vaginal pH) and 7.4. Approximately 75%
of the total nanoparticle drug content was released within
2 h at both pH values. However, at pH 7.4 there was a
trend for PEO-PCL nanoparticles to release the drug slower,
while the opposite occurred for SLS-PCL and CTAB-PCL
formulations.

Evidence of Nanoparticles Uptake and Intracellular
Concentrations of Dapivirine

Fluorescent and differential interference contrast (DIC)
microscopy images of cells after 1 h of incubation with
fluorescent nanoparticles are presented in Fig. 3. Prelimi-
nary experiments showed that no significant rhodamine-
123 leakage from fluorescent nanoparticles occurred in cell
culture media at 37°C for at least 6 h, thus ensuring co-
localization of nanoparticles and fluorescence signals. All
formulations were readily taken up by all tested cell lines
and primary cells, with particular localization of nano-
particles in the cytoplasm as revealed by the brighter
fluorescent signal around the nucleus. As a general trend,
SLS-PCL nanoparticles presented moderately more intense
fluorescence signal at all tested time points and in all cell
types, suggesting possible higher internalization for this
formulation. Onset of cell uptake of rhodamine 123-loaded
nanoparticles was very fast as revealed by the observed
fluorescence signal for most of the formulations/cell
types after as little as 15 min of incubation (data not
shown). The intensity of the fluorescence signal peaked
around 1-2 h and remained constant up to 4 h. Cell
viability during qualitative cell uptake studies was higher
than 90% in all cases as assessed by the trypan blue viability
staining.

Table | Particle Size, Polydispersity Index (Pdl), Zeta Potential, Association Efficiency and Drug Loading of PCL Nanoparticles (Values Expressed as Mean =
Standard Deviation; n= 6 for Dapivirine-Loaded Nanoparticles; n=3 for Drug-Free and Rhodamine-123-Loaded Nanoparticles)

Surface modifier Loading Size (nm) Polydispersity Zeta potential (mV) Dapivirine Dapivirine loading
index (Pdl) association efficiency

PEO - 204+6 0.071+0.024 —28.7+%22 N.A. NA.
Dapivirine 1987 0.120+0.030 —29.7x57 97.3% +1.3% 12.7% +0.2%
Rhodamine- 123 1962 0.133+0.042 —29.2+0.8 N.A. NA.

SLS - 185+8 0.097 +0.038 —-57.9%0.6 N.A. NA.
Dapivirine 182+6 0.113+0.028 =53.1%22 97.6% +0.4% 12.7% =0.1%
Rhodamine-123 184+3 0.093 +0.024 —53.4+0.7 N.A. NLA.

CTAB - 185+3 0.094+0.048 +48.1=03 N.A. NLA.
Dapivirine 193+8 0.170+0.044 +45.0£3.2 97.9% +0.3% 12.8% =0.1%
Rhodamine-123 1882 0.113+0.036 +47.8+2.0 N.A. N.A.

N.A. not applicable
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Fig. I SEM images of freeze-dried dapivirine-loaded PEO-PCL (a), SLS-PCL (b), and CTAB-PCL (c) nanoparticles.

Next, we quantified the amount of dapivirine taken up by
different epithelial (Fig. 4) and immune cells (Fig. 5) when
delivered by the three types of nanoparticles and compared
those to the drug levels obtained when free dapivirine was
used. Studies were conducted as a function of the initial drug
concentration and time of incubation. In all cases, no
significant toxicity was observed at the concentration range
and maximum time of incubation considered, as assessed by
the MTS assay (data not shown). Figure 4A-B shows the
results for concentration- and time-dependent uptake in
VK2/E6E7 vaginal epithelial cells. CTAB-PCL nanopar-
ticles allowed achieving significantly higher (p<0.05) intra-
cellular concentrations of dapivirine at initial incubation
concentration from 1 uM (7.2-fold higher levels than for the
free drug) to 10 pM (9.6-fold higher levels). Also, increased
intracellular levels were observed at all time points from
15 min (around 25-fold higher levels than for free drug) to
6 h (3.2-fold higher levels), with a steady-state being achieved
from 2 h onwards. In the case of PEO-PCL and SLS-PCL
nanoparticles there were no significant differences when
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Fig. 2 In vitro drug release profiles of dapivirine from PEO-PCL, SLS-PCL
and CTAB-PCL nanoparticles in simulated vaginal fluid (pH 4.2) or phosphate
buffered saline (pH 7.4), added of 2% (ww) polysorbate 80 in order to
assure sink conditions. Each point represents the mean value and bars the
standard deviation (0= 3). Note the segmented X-axis.
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compared with dapivirine both in concentration- and time-
dependent experiments, except when testing at 10 pM initial
concentrations. Clearly, CTAB-PCL nanoparticles were able
to provide higher levels of dapivirine than the other
formulations, both in concentration- (except at 0.1 pM)
and time-dependent experiments.

Concentration- and time-dependent uptake for HeLa
cervical cells is presented in Fig. 4C—D. All nanoparticle
formulations performed better than the free drug in
achieving higher concentrations of dapivirine for all
concentrations tested (p<0.05), except for SLS-PCL at the
0.1 uM condition. However, increases in intracellular drug
levels were mild, ranging from 1.5- (PEO-PCL at 2.5 uM)
to 3.1-fold (CTAB-PCL at 1 pM). As for time-dependent
experiments, significantly higher drug levels were observed
up to 2 h for PEO-PCL and SLS-PCL (ranging from 1.7-
to 2.5-fold), and up to 6 h in the case of C'TAB-PCL
nanoparticles (ranging from 2.3- to 4.4-fold). Drug levels
increased up to 2 h for PEO-PCL and SLS-PCL, and up to
4 h for CTAB-PCL. From these points on, intracellular drug
levels decreased. There were also significant differences
between CTAB-PCL nanoparticles and the other formula-
tions after 1 h incubation.

In the case of TZM-bl cells (Fig. 4E-F), drug levels at the
concentration-dependent experiments were, in general, mod-
erately higher for the free drug than for the nanoparticle
formulations (levels ranging from 0.4- to 1.0-fold as compared
to the free drug; higher levels only for SLS-PCL at 0.1 uM),
with significant differences being observed (p<0.05). These
differences were negligible for CTAB-PCL nanoparticles. As
for time-dependent experiments, the free drug was able to
provide enhanced dapivirine levels in comparison to all
nanoparticle formulations up to 2 h. However, these were
leveled up around 2 h and even significantly surpassed for all
nanoparticles at 6 h. Also, steady intracellular drug levels
were achieved fairly rapidly when the free drug was tested,
while rising levels were observed for nanoparticle formula-
tions up to 6 h.

Concentration- and time dependent uptake for J774A.1
Mo/Mac is presented in Fig. 5A-B. All PCL nanoparticle
formulations performed better in achieving higher dapivir-
ine concentration in this cell line for nearly all initial drug
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Fig. 3 Microscopy images of VK2/E6E7 vaginal epithelial cells (a), Hela cervical cells (b), TZM-bl cells (c), J774A.1 mice monocyte/macrophages (d),
DC-100 dendritic cells (e), and PBMC:s (f). Images were acquired after | h incubation with rhodamine |23-labeled PEO-PCL (top row), SLS-PCL (middle row),
and CTAB-PCL (bottom row) nanoparticles. Differential interference contrast (DIC) images (left column) and respective fluorescence images (right column) were
acquired at 40X, except for PBMCs (60x). Green and blue signals on fluorescence images are from rhodamine-123 and Hoechst33342 (DNA labeling),

respectively.

concentrations (e.g. around 2.5- to 3.8-fold at 2.5 uM) and
time points (e.g. around 11-fold for PEO-PCL and CTAB-
PCL nanoparticles, and 5.4-fold for SLS-PCL nanopar-
ticles at 4 h of incubation). In concentration-dependent
experiments, there were significant differences (p<0.03)
among different nanoparticle types, with PEO-PCL formu-
lation scoring better than CTAB-PCL and SLS-PCL
nanoparticles, even if significant differences were mostly

observed for higher dapivirine concentrations. Results also
showed a trend for better uptake with CTAB-PCL nano-
particles when compared to the SLS-PCL formulation but
statistical analysis revealed no significant differences. When
considering different incubation times, intracellular profile
of CTAB-PCL nanoparticles revealed a trend similar to the
PEO-PCL formulation, with consistently higher levels than
for SLS-PCL nanoparticles. Additionally, the PEO-PCL
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Fig. 4 Intracellular concentration of dapivirine in VK2/E6E7 vaginal epithelial cells (a, b), Hela cervical cells (e, d), TZM-bl cells (e, f) as a function of initial
drug concentration (a, ¢, e) and time of incubation (b, d, f). Incubation time was | h for dose-dependent studies and drug concentration was held
constant at 5 UM for time-dependent studies. Concentrations are expressed as dapivirine content. Each point represents the mean value and bars the
standard deviation of three independent experiments (three replicates per experiment). (*) denotes a significant difference (p <0.05) when compared with
the free drug. Legend: dapivirine-loaded PEO-PCL nanoparticles (@), dapivirine-loaded SLS-PCL nanoparticles (m), dapivirine-loaded CTAB-PCL

nanoparticles (A ), and free dapivirine (V).

formulation showed continuous decreasing intracellular
dapivirine levels after achieving a maximum at 2 h (13.4-
fold higher levels than for the free drug). The same trend
was also apparent for the other nanoparticle formulations
even if no significant differences were observed for levels in
the range of 2—6 h.

Figure 5C-D presents the concentration- and time-
dependent uptake for PBMCs. In the case of concentration-
dependent uptake, all nanoparticle formulations allowed
obtaining significantly higher intracellular concentrations of
dapivirine as compared to the free drug (p<0.05), ranging
from 9.4- (SLS-PCL at 2.5 pM) to 28.4-fold (SLS-PCL at
5 uM). No drug was detected when cells were incubated with
0.1 pM of free drug. Among different nanoparticle formula-
tions, slightly but significantly higher levels were observed for
SLS-PCL at 5 and 10 pM. In the case of time-dependent
experiments, all nanoparticle formulations showed signifi-
cantly higher drug levels than the free drug at all time points
(ranging from 13.6- to 29.4-fold), peaking at around 1-2 h.
From this point on, levels decreased up to 6 h but were
still significantly higher than those for the free drug.
Also, SLS-PCL nanoparticles presented significantly higher
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drug levels than the other two formulations throughout all
time points.

In the case of quantitative drug uptake for DC-100
dendritic cells (Fig. 5E-F), the trend was similar to the one
observed for Mo/Mac and PBMCs when comparing
nanoparticles and the free drug, even if differences were
smaller. For concentration-dependent experiments, the
increase in intracellular drug levels was in the range of
2.6- (CTAB-PCL at 10 uM) to 14.4-fold (PEO-PCL at
1 uM), while for time-dependent experiments these values
were 2.4- (CTAB-PCL at 6 h) to 7.3-fold higher (PEO-PCL
at 30 min). In contrast to PBMCs, PEO-PCL nanoparticles
scored significantly better than the other two formulations
for both concentration- and time-dependent experiments.
In the particular case of time-dependent intracellular
uptake, maximum drug levels were observed after as soon
as 15 min for SLS-PCL and CTAB-PCL, while moderately
increasing levels were observed for PEO-PCL up to 2 h.
From these points on, a reducing trend was observed for all
formulations, similarly to the case of PBMCs. Lastly, SLS-
PCL provided higher intracellular drug levels from 15 min
to 2 h when compared to CTAB-PCL.
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Fig. 5 Intracellular concentration of dapivirine in J774A.1 mice monocyte/macrophages (a, b), peripheral blood mononuclear cells (PBMCs) (c, d), and
DC-100 dendritic cells (e, f) as a function of initial drug concentration (a, €, e) and time of incubation (b, d, f). Incubation time was | h for dose-
dependent studies and drug concentration was held constant at 5 uM for time-dependent studies. Concentrations are expressed as dapivirine content.
Each point represents the mean value and bars the standard deviation of three independent experiments (three replicates per experiment). (*) denotes a
significant difference (p <0.05) when compared with the free drug. Legend: dapivirine-loaded PEO-PCL nanoparticles (®), dapivirine-loaded SLS-PCL
nanoparticles (m), dapivirine-loaded CTAB-PCL nanoparticles (A ), and free dapivirine (V).

Antiviral Activity of Nanoparticles

The antiretroviral activity of dapivirine-loaded nanopar-
ticles and free dapivirine as determined in the TZM-bl
assay 1s presented in Table II. There were no significant
differences in ECs5( values with mean values ranging from
1.4 to 2.4 nM. However, the toxicity to TZM-bl cells of
the free drug and formulations was different resulting in
changes in the selectivity index. In particular, selectivity
indices for PEO-PCL and SLS-PCL nanoparticles increased
more than one log when compared with the free drug, while
CTAB-PCL presented a selectivity index value around
3-times lower.

In the case of the antiretroviral activity as determined in
PBMCs (Table III), there were only slight differences in
EC50 when considering the continuous treatment, with
values ranging from 1.5 to 3.4 nM; however, in the single
treatment setting, values of ECs, for the free drug were
around 4- to 7-times higher than those for dapivirine-
loaded nanoparticles. Overall, the selectivity index values
for PEO-PCL and SLS-PCL formulations increased more
than one log for both the single and continuous treatments

when compared to those for the free drug. This increase
was around 50-times in the case of single treatment. As for
CTAB-PCL, the observed high antiretroviral activity was
again opposed by its high toxicity, resulting in decreased
selectivity index when compared to the dapivirine alone.
The antiretroviral activity of dapivirine-loaded nano-
particles and the free drug as determined in the Mo-DC/
T4 cells co-culture model is presented in Table IV. Differ-
ences in EC5q values were only slight for the continuous
treatment. However, in the case of single treatment, one log
higher values were observed for the free drug while this
increase was lesser for nanoparticle formulations, resulting
in around 7- to 13-times lower ECj5y values compared to
the free drug. Also, the more favorable toxicity profile of
PEO-PCL and SLS-PCL formulations allowed for relative
selectivity index increases of more than one log for the
single treatment. In the case of continuous treatment, this
increase was more modest (10.1 and 8.2 for PEO-PCL and
SLS-PCL nanoparticles, respectively). Again, C'TAB-PCL
presented the lowest CCjsy values which resulted in
decreased selectivity index values even if in the case of
single treatment the higher activity was able to yield a
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Table Il ECsy and CCsg Values (Mean = Standard Deviation; n= 3), and Selectivity Index and Relative Selectivity Index Values (Calculated from ECsg and CCsg
Mean Values) of Dapivirine-loaded Nanoparticles and Free Dapivirine as Determined in Luciferase Tat-Regulated Reporter Gene Assay in TZM-bl Cells

Free dapivirine PEO-PCL SLS-PCL CTAB-PCL
ECso” 1.5+0.2 24+1.2 .5+0.1 1.4+0.3
CCso® 4,073%=1,325 > 100,000 > 100,000 161299
Selectivity index 2,715 >41,667 >66,667 829
Relative selectivity index | >153 >24.6 0.3

#Values in nM

selectivity index value 2-times higher than the one for the
free dapivirine.

Lastly, nanoparticles containing no drug showed no antiviral
activity up to the maximum concentration tested in all
described settings, 2.3 pg/mL (corresponding to 1,000 nM of
dapivirine when considering dapivirine-loaded nanoparticles).

Cytotoxicity of Nanoparticles

Table V presents the toxicity data of nanoparticles as assessed
in HEC-1-A, HelLa, VK2/E6E7, and Caco-2 cell lines. PEO-
PCL nanoparticles presented CCsq values higher than
100,000 nM for all cell lines, both in the MTS and LDH
assays. SLS-PCL nanoparticles showed comparable results to
free dapivirine but CCsg values were lower in the case of
VK2/E6E7 cells, contrasting with higher results for HEC-1-
A, HeLa and Caco-2 cells as determined by the MTS assay.
Also, the SLS-PCL formulation presented lower values for
CCs than free dapivirine in all cell lines, as assessed by the
LDH assay. CCjs( values for CTAB-PCL were consistently
lower than those for free dapivirine in both the MTS and
LDH assay, in some cases this reduction being of nearly one
log of magnitude.

DISCUSSION

The solvent displacement method previously optimized by
Amiji et al. (16,17) was successfully used to produce
dapivirine-loaded PCL nanoparticles with different surface
properties. The obtention of PCL nanoparticles without
using any surface modifier was not considered in this study
since, in such conditions, uncontrolled polymer precipita-
tion is observed (35). PCL was chosen due to its known
biodegradability and favorable toxicity profile (36). Opt-
mization of nanoparticle diameter around 200 nm was
pursued because this size range seems to be optimal
regarding cell uptake (37) and cervicovaginal epithelial
penetration (14,15). This size range has also been shown
favorable in terms of diffusion of nanoparticles through
cervicovaginal fluids (38). Moreover, the simplicity of these
formulations is particularly attractive for scaling-up and
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favorable when considering affordability issues associated
with microbicide development. The release profile of
dapivirine from the nanosystems is in agreement with
previous studies using PCL nanoparticles (16,17), suggest-
ing that low molecular weight molecules are rapidly
released from the PLC matrix by a diffusion mechanism,
whereas polymer degradation is less important to drug
release. Also, the need for including a solubility enhancer in
order to allow sink conditions should be taken in consid-
eration in explaining the fast release observed. As observed
by others for various polymeric dosage forms (39,40), the
use of plain SFV or PBS does not yield reliable and/or
quantifiable levels of drug when performing such u wvitro
studies. Indeed, drug release is expected to be different in
an n vwo environment, where other factors (drug solubility
and structure, tissue permeability, used dose) will influence
the release rate. In any case, these results indicate that PCL
nanoparticles may effectively release most of the incorpo-
rated dapivirine at tested pH values (4.2 and 7.4) and
within a time-frame that seems appropriate for microbicide
development.

In order to qualitatively characterize dapivirine intracellular
delivery, we studied the ability of nanoparticles to be taken up
by different cell types (VK2/E6E7, HeLa, TZM-bl, Mo/Mac,
PBMCs, and dendritic cells) using fluorescence microscopy.
The choice of these specific cell types is related to their genital
epithelial origin or known association with HIV transmission,
and hence relevant for vaginal microbicide development (8).
Results showed that all formulations were able to be rapidly
localized inside or, at least, associated with either epithelial or
HIV-target cells. These results are in agreement with
previous results obtained by Amiji et al. (16,17) using PEO-
PCL nanoparticles, thus confirming that the use of alternative
surface modifiers did not impair the ability for effective and
rapid cell uptake.

Next, we proceeded with formal quantitative drug
uptake studies in order to understand the dynamics of cell
associated drug levels provided by nanoparticles. In the
case of concentration-dependent experiments, results indi-
cate that cell associated drug levels can be consistently
increased with increasing nanoparticle concentrations,
showing that, in the studied range, nanoparticle/drug
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intracellular delivery but with differential efficiency. For
instance, C'TAB-PCL nanoparticles provided higher intra-
cellular concentrations of dapivirine than the two other
formulations in VK2/E6E7 and Hel.a cells, which can be
related to the increased ability of positively charged nano-
particles to interact with the negatively charged cell
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membrane (41,42). This close interaction can facilitate the
diffusion of the drug to the interior of the cell and/or
nanoparticle uptake, mostly by chlatrin-mediated endocy-
tosis (41), leading to increased intracellular drug concen-
trations. However, this was not the case for TZM-bl cells,
where this type of interaction seems to be of minor
importance for nanoparticle uptake and/or increasing drug
diffusion into the cell. In the case of negatively charged
nanoparticles, there was no or smaller differences between
PEO-PCL and SLS-PCL formulations and the free drug in all
three non-phagocytic cell lines (i.e. VK2/E6E7, Hela, and
TZM-bl cells). Repulsive forces due to electrostatic interaction
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and reduced ability of these epithelial cells to take up particles
may explain these results. For instance, recent experiments by
He et al. (43) confirm that more positive or less negative zeta
potential values improve nanoparticle uptake. In general,
and even if the Debye length is reduced under relatively high
salt conditions such as the ones found in media, electrostatic
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interaction may well still be considerable upon short range
distances observed at the nanoparticle/cell membrane
interface level (42).

In the case of phagocytic cells (Mo/Mac, PBMCs and
dendritic cells), results were noticeably different from those
of epithelial cells. In all cases, there was a clear increase in
the obtained intracellular drug levels when nanoparticles
were used to deliver dapivirine, which can be probably
explained by the extensive phagocytic uptake of nano-
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3), and Selectivity Index and Relative Selectivity Index Values (Calculated from ECso and CCso Mean Values) of Dapivirine-Loaded

particles. This indicates that developed systems provide a
way for passive targeting, being particularly important due

Continuous®
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to the contribution of these cells to HIV transmission and
infection (8). Variations among the different types of
nanoparticles may be justified by different interaction with
tested cell types and/or nanoparticle drug release dynam-
ics. Also, results for PEO-PCL, particularly in Mo/Mac
and dendritic cells, may seem contradictory as it is widely
accepted that surface modification with PEO (or polyeth-

6,087 2,478

Free dapivirine
122

Single®
49.8+14.9

ylene glycol) is able to reduce nanoparticle uptake by
phagocytic cells. However, increased drug levels can be
understood 1n light of the relatively poor surface coverage
by PEO, as indicated by the negative zeta potential of
PEO-PCL nanoparticles, which allows nanoparticle forma-
tion and stabilization but does not confer enough hydro-
philicity to prevent phagocytosis (44).

Maximum intracellular levels of dapivirine in phagocytic
cells were achieved up to around 1-2 h for nanoparticle

Nanoparticles and Free Dapivirine as Determined in the PHA/IL-2 Stimulated PBMC Assay

Table Il ECsy and CCsp Values (Mean = Standard Deviation; n

Selectivity index
Relative selectivity index
Single treatment

® Continuous treatment
“Values in nM

ECSOC
CCso”
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Nanoparticles and Free Dapivirine as Determined in the Inhibition Assay in a Mo-DC/T4 Cells Co-culture Model
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formulations but concentration of the drug from this time
point on shows a trend to decrease. This notable observation
may be explained by drug leakage from the cell after
intracellular drug release from nanoparticles that were
previously taken up. Two facts seem to support this statement:
first, qualitative data suggests that the intracellular concentra-
tion of PCL nanoparticles is stable after peaking at 1-2 h,
indicating that the particles remain inside the cell or, at least,
there is a dynamic balance between endocytosis and exocy-
tosis of nanoparticles as also described by others for vascular
smooth muscle cells (45); second, the relatively fast drug
release profiles observed  vitro for all formulations and the
low molecular weight of dapivirine may favor drug leakage
from inside the cell by passive diffusion. Another possibility
for decreasing levels could be related to cell toxicity. However,
MTS results at the highest used nanoparticle concentration
and maximum incubation time tested showed no significant
differences as with when compared to the control. The
contribution of drug degradation to the decreasing intracel-
lular concentrations of dapivirine is also expected to be low
since i vitro data indicate that this drug is fairly stable in the
presence of microsomal enzymes (46); moreover, in the case
of the free drug, steady intracellular drug concentrations
obtained after initial peaking appear to support that no
important drug degradation is observed.

Another interesting fact from our quantitative results is
related to the lack of correlation with the trend observed in
fluorescence microscopy studies, in which the SLS-PCL
nanoparticles showed consistently higher fluorescence signal,
thus suggesting the possibility of being able to provide higher
intracellular drug concentration. A previous study showed
that SLS is able to red-shift rhodamine dyes by increasing its
solubility due to the interaction of the anionic moiety of SLS
and the cationic group of rhodamine dyes (47). Therefore, this
mechanism may reduce dye—dye complexes formation and
enhance quantum vyield (48). In the case of non-ionic or
cationic molecules, this interaction is not observed. More-
over, one should take in consideration that in the case of
microscopy studies the variable being evaluated is nano-
particle uptake, not drug levels. Previous intracellular
modeling studies by Ece Gamsiz et al. (18) using saquinavir-
loaded PEO-PCL nanoparticles showed that the amount of
drug levels is not only dependent of nanoparticle uptake but
from a complex interaction between this fact, drug release
from nanosystems, and the balance free drug inwards/
outwards flux across the cell membrane. Thus, our studies
indicate that interpretation of nanoparticle uptake results
should be performed with caution and, whenever possible,
complemented with actual drug levels assessment.

In order to verify if dapivirine encapsulation in nano-
particles could benefit the ability of this drug to prevent cell
infection, we investigated the antiretroviral activity of the
developed systems in three different cell models with
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% are in close agreement with those recently published
2 (29,34). The n vitro toxicity profile of dapivirine showed to
I} 3 . .
0 % 3 be improved for the PEO-PCL formulation and compara-
ZE\ < § § (H 1 ble to the free drug in the case of the SLS-PCL
clololgsgs s § formulation. However, the moderately increased cytotox-
£ E = = > ..
S I B ol VY NN icity of SLS-PCL as assessed by the LDH assay should be
% taken into consideration. These results are not surprising
- considering that SLS is an anionic detergent and, therefore,
5 ) . . . .
] £ able to interact with the cell membrane and increase its
> ) . Y é leakiness. Still, the low concentrations of SLS used, as
o ! . . .
2 o= % . required for the formulation of SLS-PCL nanoparticles, are
(5] . . .
[ £ » U & much smaller than those reported to induce cytotoxicity
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(29). The results for CTAB-PCL nanoparticles confirm those
obtained by the WST-1 for calculating the selectivity index
and compromise the possible use of this formulation in the
future. This may be justified not only by the inherent toxicity
of C'TAB, as it is known that cationic surfactants usually show
high cytoxicity, but also by the generally higher toxicity of
positively-charged nanoparticles. In the case of PEO-PCL
nanoparticles, the improved cytotoxicity profile seems to be
associated with the recognized safety of its components and,
possibly, to the ability to reduce the concentration of
dapivirine to which the cells are in fact exposed. Indeed, and
even if the wm wtro drug release results presented above
indicate that nearly all dapivirine is rapidly released in media
containing a solubilizing agent (i.e. polysorbate 80), the
absence of sink conditions in cell culture conditions may yield
sustained drug release from nanoparticles. Although the total
amount of drug inside cells is increased, namely in
phagocytic cells, our studies are not able to distinguish
between the fraction of free-drug and nanoparticle associated
drug. Finally, the results obtained for Caco-2, a colorectal
epithelial cell line, provide some evidence that the PEO-PCL
and SLS-PCL formulations may also be useful for the
development of a rectal microbicide.

Even if the overall results provide substantial insights on
the potential and drawbacks of differently engineered
dapivirine-loaded PCL nanoparticles in the development
of microbicides, other questions will require further
investigation. For instance, these nanosized systems need
to be formulated in an adequate pharmaceutical dosage
form in order to allow vaginal (or rectal) administration,
spreading and retention. Because of their versatility, gels
will most likely be a valid option (50). Another question is
related to the interaction of developed nanoparticles with
cervicovaginal fluids and mucosa. Important information
can be inferred from previous studies (14,15,38,51), but
specific testing for the developed PCL nanoparticles are in
order. Data from our group indicates that these nano-
particles are able to migrate, mostly by sub-diffusive
transport, through a mucin network that resembles the
natural fluid present in the human vagina (52), which is
deemed essential in order to achieve the mucosal tissue (53).
In the present work, the study of the antiviral activity was
limited to the use of one relevant virus strain model for the
development of microbicides; however, the validity of the
present results could also be expanded by testing other viruses,
including CXCR4-tropic viruses.

CONCLUSION
Dapivirine is one of the most promising drug candidates in the
microbicides pipeline. Although presenting high activity

against HIV-1, this molecule requires adequate formulation

@ Springer

in order to potentiate its antiretroviral properties while
reducing its toxicity. Even if currently available clinical trials
found it safe for use as a vaginal microbicide (54,55),
dapivirine would still benefit from strategies that allow
increasing its selectivity/therapeutic indices. Data discussed
in this study seem to indicate that the incorporation of
dapivirine in differently surface engineered PCL nano-
particles can influence drug levels associated with particular
cell types. For instances, passive targeting to HIV-target cells
was observed, possibly due to their phagocytic nature. This is
in contrast with the results obtained for nanoparticles and free
dapivirine when tested in cells of epithelial origin. Also,
increased antiviral activity and reduced/comparable cytox-
icity could be achieved in the case of PEO-PCL and SLS-PCL
nanoparticles. We hypothesize that these results, particularly
when short-course treatment is considered, are intimately
related to the ability of nanoparticles to increase the
intracellular drug levels in HIV target cells, while allowing
the drug to be released in a sustained fashion, thus making
it possible to limit its cytoxicity. Also, toxicity profiles in
female genital and anorectal cell lines showed to be
favorable or not, according to specific nanoparticle surface
properties. These results provide evidence for the value of
nanotechnology-based approaches towards the development
of improved vaginal and rectal microbicides. In particular,
dapivirine-loaded PEO-PCL nanoparticles deserve further
investigation.
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