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Preexposure prophylaxis (PrEP) with 1% tenofovir (TFV) vaginal gel has failed in clinical trials. To improve TFV efficacy in vagi-
nal gel, we formulated tenofovir disoproxil fumarate nanoparticles in a thermosensitive (TMS) gel (TDF-NP-TMS gel). TDF-NPs
were fabricated using poly(lactic-co-glycolic acid) (PLGA) polymer and an ion-pairing agent by oil-in-water emulsification. The
efficacy of TDF-NP-TMS gel was tested in humanized bone marrow-liver-thymus (hu-BLT) mice. Hu-BLT mice in the treatment
group (Rx; n � 15) were administered TDF-NP-TMS gel intravaginally, having TDF at 0.1%, 0.5%, and 1% (wt/vol) concentra-
tions, whereas the control (Ctr; n � 8) group received a blank TMS gel. All Rx mice (0.1% [n � 4], 0.5% [n � 6], and 1% [n � 5])
were vaginally challenged with two transmitted/founder (T/F) HIV-1 strains (2.5 � 105 50% tissue culture infectious doses). Rx
mice were challenged at 4 h (0.1%), 24 h (0.5%), and 7 days (1%) posttreatment (p.t.) and Ctr mice were challenged at 4 h p.t.
Blood was drawn weekly for 4 weeks postinoculation (p.i.) for plasma viral load (pVL) using reverse transcription-quantitative
PCR. Ctr mice had positive pVL within 2 weeks p.i. Rx mice challenged at 4 h and 24 h showed 100% protection and no detect-
able pVL throughout the 4 weeks of follow-up (P � 0.009; Mantel-Cox test). Mice challenged at 7 days were HIV-1 positive at 14
days p.i. Further, HIV-1 viral RNA (vRNA) in vaginal and spleen tissues of Rx group mice with negative pVL were examined us-
ing an in situ hybridization (ISH) technique. The detection of vRNA was negative in all Rx mice studied. The present studies elu-
cidate TDF-NP-TMS gel as a long-acting, coitus-independent HIV-1 vaginal protection modality.

Presently, a total of 36.9 million people worldwide are living
with HIV-1 (1). Topical preexposure prophylaxis (PrEP) cur-

rently is a promising preventative strategy (2). The basic idea is to
protect the vagina (and/or rectum) from HIV-1 infection by ap-
plying gel containing antiretroviral drug(s) around the time of
sexual intercourse. This topical preparation is considered a micro-
bicide, inhibiting infection by blocking viral transmission at the
mucosal surface. To date, tenofovir (TFV) is the only drug admin-
istered locally as a 1% vaginal gel shown to be effective at prevent-
ing heterosexual contraction of HIV-1 (3). TFV tissue concentra-
tions indicate a direct relationship between levels of TFV in
genitals and protection (4–7). The minimum amount of TFV in
cervicovaginal fluid levels when associated with gel that shows
protection against HIV-1 infection has been reported to
be �1,000 ng/ml (4). This level is greater than 10 times that seen in
patients receiving oral TDF and emtricitabine (4). In female ma-
caques given 1% TFV gel, the intracellular half-life for the active
metabolite, tenofovir diphosphate, is significantly shorter (aver-
aging 25 h) in vaginal lymphocytes than peripheral PBMCs (aver-
aging 49 h) (7). A coitally independent strategy using 1% TFV gel
has not shown efficacy in several clinical trials (8, 9). Based on the
dramatic negative results of the Vaginal and Oral Interventions to
Control the Epidemic (VOICE) trial, it is important to consider
female attitudes and opinions for a vaginal gel-based prevention
delivery system. A safe and effective female-controlled, discrete
gel-based delivery system has the potential to prevent millions of
HIV-1 infections worldwide annually.

When designing female-controlled preventative delivery sys-
tems, the gel-based system should have features important for the
female user. Namely, the delivery system should be (i) easy to
administer; (ii) adherent to the mucosal surface once applied vag-

inally; (iii) low seepage; and (iv) free of side effects or cytotoxicity
to the mucosal surfaces of the female genital tract (10). All of these
factors, if not optimized, could diminish gel effectiveness or lead
to gel aversion. Finally, a long-acting preparation would be highly
desirable if it offered long-term protection from HIV-1 (11).

Our laboratory has been developing a nanotechnology-based
gel delivery system (11–16). Our gel delivery system incorporates
a thermosensitive (TMS) gel that is liquid at room temperature
and a semisolid at body temperature. Tenofovir disoproxil fuma-
rate (TDF) plus emtricitabine (Truvada; Gilead Sciences) is the
only FDA-approved oral PrEP. TDF is a TFV prodrug with higher
permeability and significantly lower 50% effective concentrations
(EC50s) against HIV-1 than those of TFV (17). The TDF-loaded
vaginal ring has shown significantly better vaginal delivery than
the tenofovir ring (18). Incorporation of TDF into nanoparticles
(TDF-NPs) was investigated for improved antiviral protection.
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The TMS gel allows for easy administration, and once in contact
with vaginal tissue, it gelates instantaneously and becomes a pli-
able semisolid at body temperature. We now report the results of
TDF-NPs in a TMS gel (TDF-NP-TMS)-based preventative strat-
egy using TDF-NPs in a humanized BLT (hu-BLT) mouse model
of HIV-1 vaginal transmission.

MATERIALS AND METHODS
Poly(lactic-co-glycolic acid) (PLGA; 75:25 lactide-to-glycolide ratio; Mw,
4,000 to 15,000), poly(vinyl alcohol) (PVA) (MW, 13,000 to 23,000), so-
dium deoxycholate, and phosphate-buffered saline (PBS) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Pluronic F127 (PF-127) and
Pluronic F68 (PF-68) were purchased from D-BASF (Edinburgh, United
Kingdom), whereas TDF (99% purity) was from Gilead Sciences Inc.
(Foster City, CA, USA). Dimethyl sulfoxide (DMSO) and acetonitrile
were purchased from Fisher (Fair Lawn, NJ, USA). Dulbecco’s modified
Eagle medium (DMEM), fetal bovine serum (FBS), L-glutamine, trypsin,
and penicillin-streptomycin (penstrep) solution were purchased from
HyClone (Logan, UT, USA). All reagents were used as received without
further purification.

NP preparation and characterization. TDF-loaded PLGA polymer-
based nanoparticles (NPs), i.e., TDF-NPs, were fabricated by the oil-in-
water (O/W) emulsion-solvent evaporation method as described previ-
ously (11). To improve the encapsulation of hydrophilic TDF in
nanoparticles, an ion-pairing agent (sodium deoxycholate) was used that
results in hydrophobic an ion pair complex with TDF, resulting in en-
hanced TDF loading in the PLGA NPs. The size, polydispersity index
(PDI), and zeta potential of the TDF-NPs were characterized by using the
ZetaPlus zeta potential analyzer (Brookhaven Instruments Corp., Holts-
ville, NY, USA) (n � 7). To evaluate the encapsulation efficiency (EE) of
the TDF in TDF-NPs (with or without the ion-pairing agent), TDF-NPs
were dissolved in DMSO to release the trapped drug and the EE deter-
mined by high-performance liquid chromatography. The EE was deter-
mined using the equation % EE � (ANP/Ainitial) � 100, where Ainitial is the
initial amount of drug added to the emulsion and ANP is amount of drug
entrapped in the NP.

The topography of the TDF-NPs was evaluated by scanning electron
microscopy (SEM) using a Hitachi S-4700 field-emission SEM (New
York, NY, USA).

The TMS gel was prepared by following the method we described
previously, with a few modifications (13). Briefly, a 20:1 ratio of Pluronic
F127 to Pluronic F68 was dissolved in PBS, pH 7.4. The 0.1%, 0.5%, and
1% TDF-NP-TMS gels were obtained by dissolving the calculated amount
of TDF-NPs that corresponds to 0.1, 0.5, and 1 g of TDF drug, respec-
tively, in 100 ml of the TMS gel.

Cytotoxicity assay at the cell level. HeLa (cervical epithelium) and H9
(lymphocyte) cell lines purchased from the American Type Culture Col-
lection (ATCC; Manassas, VA, USA) were used to evaluate TDF-NP cy-
totoxicity at the cellular level. Both cell lines were maintained in DMEM
with 10% FBS, 1� L-glutamine, and 1� penstrep solution. Medium was
one-half exchanged with fresh media every 2 to 3 days. In these in vitro
experiments, 1.0 � 104 HeLa and H9 cells were placed into 96-well plates
overnight. Blank NPs, TDF solution, or TDF-NPs (10 �g/ml) were added
to the cells in triplicate wells and incubated at 37°C, 5% CO2 over the
course of either 24, 48, or 96 h. The cytotoxicity assay was based on per-
cent viability analysis determined by a CellTiter-Glo kit purchased from
Promega (Madison, WI, USA). Medium was one-half exchanged with
fresh medium every 2 to 3 days. At prespecified intervals (24, 48, and 96 h),
the cell viability was estimated by using the CellTiter Glo protocol. The cell
viability results were measured using a baseline subtraction method from
the luminometer. The data presented were determined based on an un-
treated control as 100% viability. Comparison of the results to control cell
results was assessed using analysis of variance (ANOVA). These experi-
ments were repeated on three independent occasions, and results are pre-

sented as means � standard deviations (SD). These results are available in
the supplemental material (see Fig. S1).

Cell viability assay at endocervical tissue level. To determine vaginal
cell viability at the tissue level, a cell viability assay was performed on
endocervical tissue cultures. Briefly, endocervical tissue (EpiVaginal cul-
tures; Mattek Corp., Ashland, MA) was placed into 6-well plates using cell
culture inserts. After incubation for 1 h in prewarmed media (37°C, 5%
CO2) containing the drug in NPs or solution, the medium was replaced
with fresh medium, rinsed with ultrapure water, and transferred to a
24-well plate where the tissue samples were incubated on 300 �l of MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] solu-
tion and 900 �l of medium. These plates were then incubated for 3 h
(37°C, 5% CO2). Further, viability was determined based on optical den-
sities read at 570 nm and 650 nm, respectively. Results were reported as
percent viability based on the untreated tissue as 100% viability. All data
represent means � SD from three independent experiments.

Generation of hu-BLT mice. Hu-BLT mice were generated by follow-
ing the previously published protocols (19, 20). Briefly, 6- to 8-week-old
NOD.Cg-PrkdcscidIL2rgtm1Wjl/Szj (NOD/SCID/IL2rgnull, or NSG) mice
(The Jackson Laboratory) were purchased and maintained under patho-
gen-free conditions at the University of Nebraska-Lincoln Life Sciences
Annex. Human fetal livers and thymus tissues were procured from Ad-
vanced Bioscience Resources (Alameda, CA, USA). On the day of surgery,
mice received 12 cGy/g of mouse body weight from an RS200 X-ray irra-
diator (Rad Source Technologies). The irradiated mice were transplanted
with two pieces of human fetal liver and one piece of thymic tissue frag-
ment under the left kidney capsules, followed by injection of 1.5 � 105 to
2.3 � 105 fetal liver-derived CD34� human stem cells (HSCs) intrave-
nously (i.v.). These mice were allowed to grow for another 12 to 16 weeks
to regenerate a human immune system. Those hu-BLT mice that showed
a ratio of human leukocytes to total leukocytes greater than 50% in the
peripheral blood were considered for challenge with HIV-1 infection.

Ethics statement. All experiments in NSG mice adhered to the NIH
Guide for the Care and Use of Laboratory Animals (Institutional Animal
Care and Use Committee [protocol 1059], University of Nebraska-Lin-
coln) (21). The UNL IACUC committee approved protocol 1059.

HIV-1 vaginal challenge in hu-BLT mouse. Female hu-BLT mice re-
ceived 2 mg intraperitoneally (i.p.) of methoxyprogesterone to thin the
female reproductive tract 5 days before experiments commenced. Mice
had a ball roller (oral gavage apparatus) delivered to the vagina several
times to simulate coitus, followed by delivery of the respective TMS gel
formulations. Mice received 30 �l of TDF-NP-TMS gel, respectively, con-
taining 0.1% (n � 4) or 0.5% (n � 6) TDF-NPs (i.e., 1 and 5 �g/ml TDF)
intravaginally. After 4 and 24 h, the treatment (Rx) mice received 2.5 �
105 50% tissue culture infective doses (TCID50) in 20 �l from two HIV
transmission/founder (T/F) viruses (WITO.c/2474 and SUMA.c/2821)
from acutely infected patients. Control (Ctr) mice (n � 8) received blank
TMS gel and were infected with the same T/F viruses after 4 h of gel
administration. An additional cohort of humanized mice (n � 5) received
1% TDF-NP-TMS gel and was challenged after 7 days of gel administra-
tion.

Plasma viral load (pVL). Plasma viral RNA was extracted from plasma
using a QIAamp viral RNA minikit (Qiagen, Valencia, CA). vRNA was
extracted from the pellet with proteinase K (2.5 �g/�l; Life Technology)
and the high pure viral RNA kit (Roche). vRNA (100 �l) was eluted in 50
�l, from which 20 �l was reverse transcribed using MultiScribe reverse
transcriptase (Life Technology) in a 50-�l gene-specific reaction mixture.
Fourteen microliters of cDNA was added to TaqMan gene expression
master mix (Life Technology), along with forward (5=-GCCTCAATAAA
GCTTGCCTTGA-3=) and reverse (5=-GGGCGCCACTGCTAGAGA-3=)
primers and a probe (5=-6-carboxyfluorescein-CCAGAGTCACACAACA
GACGGGCACA-black hole quencher 1-3=) targeting the gag region of
HIV-1, and the solutions were subjected to 45 cycles of quantitative PCR
(qPCR) analyses. Fluorescence signals were detected with an Applied Bio-
systems 7500 sequence detector. Data were captured and analyzed with
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Sequence Detector software (Life Technology). Viral copy numbers were
calculated by plotting threshold cycle (CT) values obtained from samples
against a standard curve generated with in vitro-transcribed RNA repre-
senting known viral copy numbers (22). The limit of detection of the assay
was 800 copies per ml of plasma.

HIV-1 vRNA detection in tissues using ISH. In situ hybridization
(ISH) was conducted according to previously published methods (22, 23).
In brief, animal vaginal and spleen tissues were collected after euthanasia
and fixed in 4% paraformaldehyde. Approximately 6-�m tissue sections
of the vaginal and spleen tissues were cut and adhered to a SuperFrost plus
slide, fixed, and air dried. The sections were then rehydrated, permeabil-
ized, and acetylated prior to hybridization to 35S-labeled HIV riboprobes.
After washing and digestion with RNase, sections were coated with nu-
clear track emulsion, exposed for 7 days, developed, and counterstained
with hematoxylin and eosin (H&E) stain.

TFV cervicovaginal lavage concentrations over time. TDF-NPs in
TMS gel was administered to NSG mice (not humanized), and cervicova-
ginal lavage was performed in parallel at 24 h after vaginal instillation of
TDF-NPs-TMS gel (1% TDF-NPs) and compared it to the hydroxyethyl
cellulose (HEC) gel containing 1% TFV. Cervicovaginal lavage (90 �l) was
subjected to heat inactivation (65°C), protein precipitation with 70 �l of
acetonitrile, and centrifugation at 13,000 rpm for 10 min. Aliquot samples
(10 �l) were analyzed on an ABSCI 5000 liquid chromatograph-tandem
mass spectrometer (LC/MS-MS). The TFV isotope (13C adenine moiety)
was used as the internal standard. The LC/MS-MS was run in the positive
ion mode as previously described (24). Interday and intraday variation
was �15%, and the limit of detection was 10 ng/ml.

RESULTS
TDF nanoparticle characterization. As represented in Table S1 in
the supplemental material, the TDF-NPs obtained by the O/W
emulsion method has a mean (� SD) particle size of TDF-NPs of
148.6 � 2.8 nm, and the surface charge was �26.7 � 1.08 mV. The
polydispersity index reveals that the TDF-NPs obtained had a very
narrow size distribution, i.e., they were quite uniform in size. The
EE analysis of TDF in TDF-NPs (in the absence of ion-pairing
agents) was 16.1%. However, in the presence of an ion-pairing
agent, the mean EE of TDF in TDF-NPs increased to 52.9%. We
have already reported characteristics of our TMS gel formulation
(13). Further, we optimized the TMS gel fabrication process to
incorporate TDF-NPs to obtain uniform TDF-NP-TMS gels hav-
ing different concentrations of TDF (0.1%, 0.5%, and 1%, wt/vol).

Figure 1 shows an electron microscope image of the nanoparticles
illustrating the uniformity of the size and surface morphology of
the TDF-NPs (25).

TDF NP cytotoxicity at in vitro level. An in vitro cytotoxicity
examination of HeLa and H9 cell lines validates that TDF-NPs
were noncytotoxic during all studied time points (see Fig. S1 in the
supplemental material). Interestingly, TDF-NPs as well as TDF
solution showed a trend of inducing cell viability. As expected, as
a positive control, 1% Triton X-100 treatment results in extreme
cytotoxicity.

TDF-NPs designed to be utilized in the vaginal gel required
cytotoxicity assessment at the endocervical tissue level compared
to results with TDF solution and the untreated control (Fig. 2).
The results demonstrate that TDF-NPs and TDF solution were
noncytotoxic compared to control, untreated endocervical tissue
at 24 h. Both TDF-NPs and TDF solution demonstrated signifi-
cant cytotoxicity at 48 h, which resolved by the 96-h determina-
tion. Again, as expected, 1% Triton treatment as a positive control
results in extreme cytotoxicity.

Hu-BLT PrEP experiments. The prevention experimental
study design using hu-BLT mice is illustrated in Fig. 3. The Ctr
hu-BLT mice (n � 8) that received blank TMS gel intravaginally
were challenged with the same dose and strains of HIV-1 after 4 h,
and all contracted HIV-1 within 7 to 14 days (Fig. 4). However,
treated hu-BLT mice that received 0.1% TDF-NPs (n � 4) that
were challenged with HIV-1 4 h later were all protected from
HIV-1 infection. Similarly, all of the Hu-BLT mice (n � 6) that
received 0.5% TDF-NPs prior to viral exposure and were chal-
lenged at 24 h with HIV-1 were also protected from HIV-1 infec-
tion (Fig. 4). However, hu-BLT mice that received 1% TDF-NP-
TMS gel and were challenged 7 days later with HIV-1 were found
to be infected at 14 days postinfection. Taking these results in
total, TDF-NPs in TMS gel given at 4 h (0.1%) and 24 h (0.5%)
demonstrated significant (P � 0.005; Mantel-Cox test) protection
from HIV-1 vaginal transmission when delivered in the TMS vag-
inal gel.

To determine the efficacy of TDF-NP-TMS gel in vivo at the
tissue level, the presence of HIV-1 vRNA was evaluated in the
female reproductive tract (FRT) and spleen tissues using ISH, and
results are shown in Fig. 5. Interestingly, those hu-BLT mice that
had undetectable pVL (0.1% and 0.5% TDF-NPs) also showed the
absence of HIV-1 vRNA both in vaginal and spleen tissues. These

FIG 1 Electron microscopy image of TDF-NPs.

FIG 2 Endocervical tissue viability. Vaginal tissue explants (n � 3) were sub-
jected to TDF solution, TDF-NPs, or 1% Triton X-100, and untreated tissue
served as positive and negative controls. Tissue viability was determined using
MTT assay methodology at 1, 24, and 96 h of incubation in triplicate for each
experiment.

TFV Nanoparticles Prevent HIV Sexual Transmission

June 2016 Volume 60 Number 6 aac.asm.org 3635Antimicrobial Agents and Chemotherapy

 on July 3, 2016 by guest
http://aac.asm

.org/
D

ow
nloaded from

 

http://aac.asm.org
http://aac.asm.org/


results substantiate that compared to control mice, 0.5% TDF-
NPs were able to protect female hu-BLT mice from HIV-1 chal-
lenge over a prolonged time frame using an intravaginal route of
transmission.

TFV CVL samples. Finally, TFV concentrations in cervicova-
ginal lavage (CVL) samples were characterized in female NSG
mice in parallel to understand the intravaginal TFV levels at the
time of HIV-1 inoculation. The lower limit of detection was 10
ng/ml. TFV drug levels (means � SD) were 28.3 � 15.8 ng/ml
when 1% TFV in HEC gel was administered to the mice and CVL
collected at 24 h. TFV levels averaged 49.3 � 66.6 ng/ml when
TDF-NPs were administered and CVL collected at 24 h. This dif-

ference is not significant. Further study of TFV drug levels as well
as active metabolite levels at the time of HIV infection would be
necessary to demonstrate a concentration-effect response.

DISCUSSION

TFV is the most widely investigated antiretroviral drug used for
HIV-1 prevention. However, clinical trial results employing 1%
tenofovir vaginal gel have been discouraging (9, 26). Hydrophilic-
ity and low cellular permeability can be reasons for the poor per-
formance of TFV vaginal gel. Indeed, 	5% of TFV permeated
through HEC-1A cells using a transwell experimental design, cor-
roborating low permeability (6). Therefore, it is essential to de-
velop a strategy that will improve TFV cellular permeability when
used for prevention of HIV-1. TDF has greater bioavailability and
offers higher cellular permeability, as evidenced by a 100-fold
lower 50% infectious dose (IC50) against HIV-1BaL than against
TFV (7). TDF is an ester prodrug that hydrolyzes in water and/or
in the presence of cellular esterases to TFV. We focused on devel-
oping a TDF-loaded PLGA nanoparticle formulation in a TMS gel
for improved delivery of TFV. However, TDF has considerable
water solubility (13.4 mg/ml at 25°C), and it is well known that
hydrophilic drugs are not easy to encapsulate into nanoparticles.
There have been few attempts to encapsulate TFV or TDF in PLGA
nanoparticles (27, 28). None of these investigations were able to
achieve greater than 10% encapsulation of TFV or TDF in the
nanoparticles. To achieve successful translation, nanoparticles
should be able to achieve high encapsulation of TDF so that max-
imum drug is utilized. We therefore focused on an ion-pairing
approach to increase the encapsulation efficiency of TDF in the
nanoparticles (12).

The use of a thermosensitive vaginal gel incorporating TDF-

FIG 3 Schematic presentation of the HIV-1 prevention experimental design. To generate humanized NSG mice, the mice underwent a humanization
procedure and were allowed to reconstitute their human immune system for a minimum of 12 weeks. We randomly divided them into control (Ctr) and
treatment (Rx) groups. The Rx group received TMS gel containing 0.1% or 0.5% (wt/vol) TDF-NPs intravaginally for 4 h, 24 h, or 7 days. After the
respective treatment incubation time, all of the Ctr and Rx mice were inoculated with HIV-1 (two strains; 2.4 � 105 TCID50) intravaginally. At weekly
intervals, blood was withdrawn to monitor for pVL using qRT-PCR. At euthanasia, FRT and spleen were harvested and fixed in 4% paraformaldehyde for
detection of viral RNA (vRNA) using ISH.

FIG 4 TDF-NPs in TMS gel prevention curve. Control humanized mice (n �
8) received blank TMS gel, and 100% of them were infected within 14 days p.i.
All humanized mice receiving 0.1% TDF-NPs and challenged 4 h later (n � 4)
or receiving 0.5% TDF NPs and challenged 24 h later (n � 6) were protected
from HIV-1 infection (P � 0.005).
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NPs is a novel formulation for a female-controlled delivery system
that has many advantages. As the gel is liquid at room tempera-
ture, it is easy to administer and forms a firm semisolid gel upon
contact with body temperature surfaces; therefore, it is likely to be
less prone to have vaginal seepage after application than the hy-
droxyethyl cellulose gel that is commonly used in vaginal prepa-
rations. Employing the thermosensitive properties of this gel will
provide less vaginal seepage and increased compliance with use of
the preparation. The TMS gel may also keep TDF nanoparticles in
contact with the epithelial surface of the FRT over a longer time
frame (15).

Rheology has been used to study the thermogelation properties
of our gel in the presence of simulated cervicovaginal fluid (11–
14). In the presence of simulated vaginal fluids, the optimized
formulation of TMS gel was able to retain thermogelling behavior
at approximately 32 to 34°C. We believe that this will increase
acceptance and adherence for women. Additionally, this gel is a
female-controlled, discrete prevention method not currently
available. When TMS gel without TDF nanoformulation was used
in the control mice, it offered no protection from HIV-1 chal-
lenge; thus, it is a delivery vehicle that allows for greater contact
between the antiretroviral therapy and the cells on the epithelial
surface (15).

The TDF-NPs with an ion-pairing agent, docusate sodium,
required a cytotoxicity evaluation. Hence, we evaluated the cyto-
toxicity of TDF solution and TDF-NPs against various cell lines
using a CellTiter-Glo assay (see Fig. S1 in the supplemental mate-
rial). The TDF solution and TDF-NPs caused minimal toxicity to
HeLa and H9 cells. There was no difference in cytotoxicity profile
of TDF-NPs and TDF solution, indicating that docusate sodium
did not adversely affect the cytotoxicity potential.

It is known that nucleoside reverse transcriptase inhibitors,
notably stavudine, have been associated with mitochondrial tox-
icity (30). Other investigators that have fabricated nucleoside re-
verse transcriptase inhibitor-based nanoformulations containing
zidovudine or didanosine triphosphate (at 15 �g/ml) have dem-
onstrated reduced mitochondrial toxicity similar to these results
(31). We carried out ex vivo cytotoxicity studies using three-di-

mensional human vaginal endocervical tissue (EpiVaginal; Mat-
Tek Corp). We evaluated the toxicity potential of TDF-NPs, TDF
solution, and untreated and 1% Triton X-100-treated solutions
(controls) for 1, 24, 48, and 96 h per the manufacturer’s protocol
(Fig. 2). As expected, the vaginal irritant Triton X-100 showed
considerable cytotoxicity to vaginal endocervical tissues. TDF-
NPs and solution demonstrated cytotoxicity at 48 h, which re-
solved at 96 h. These results could be due to the exchange of fresh
media.

The hu-BLT mouse model of HIV-1 infection has gained at-
tention for evaluation of microbicides. It has already been dem-
onstrated that 1% TFV gel applied 4 h before and after HIV-1
challenge (same design as that of the CAPRISA 004 trial) offered
partial protection in hu-BLT mice, indicating a good correlation
with CAPRISA 004 results (32). Additionally, mice rapidly metab-
olize TFV compared to humans; therefore, they may not com-
pletely mimic humans for microbicide discovery. We elected not
to include a mouse cohort that received TFV solution in TMS gel,
as the control mice became infected after gel administration. All
humanized BLT mice that received 1% TDF-NPs and were chal-
lenged 7 days after gel administration became infected (Fig. 4).
This may be related to the TFV vaginal tissue levels, the active
metabolite in tissue, or the volume of administered TMS gel not
remaining in the vaginal tract for this length of time. Nevertheless,
the hu-BLT mouse model offers an economical means of screen-
ing microbicides before moving to macaques and humans.

Previous data from humans have demonstrated that 1% TFV
gel produces a protective effect when CVL levels were �1,000
ng/ml (4). Donnell et al. investigated TFV plasma levels in sero-
discordant couples receiving an oral tenofovir-emtricitabine
combination (33). The majority of HIV-negative individuals in
the serodiscordant relationship had TFV plasma concentrations
of �40 ng/ml, consistent with daily drug dosing, whereas individ-
uals who contracted HIV did not have that threshold level of TFV.
In our experiments with NSG mice, the CVL TFV levels from the
NP formulation were 1.75 times higher than those for mice receiv-
ing the 1% TFV in HEC gel at 24 h after administration. More
study of the concentration-response relationship is necessary to

FIG 5 HIV-1 vRNA detection in p24 in female reproductive tract and spleen tissues. Shown are representative images of HIV-1 vRNA detection in vaginal and
spleen tissues of hu-BLT mice using in situ hybridization. The clusters of black silver grains overlay SIV vRNA-positive cells after the autoradiography of
35S-labeled HIV-specific riboprobes. HIV-1 vRNA was not detected in the spleen (A) and vaginal tissues (B) of animals that were protected from vaginal HIV-1
challenge with TDF-NPs in TMS gel. In contrast, HIV-1 vRNA was readily detected in the spleen (C) and vaginal tissues (D) of control animals (red arrows).
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determine the amount of TFV and/or active metabolite required
for HIV prevention. Veselinovic et al. investigated mucosal teno-
fovir tissue levels in humanized mice (34). These investigators
used oral TDF at 61.5 mg/kg daily by oral gavage for 5 days before
harvesting plasma and tissue for tenofovir determination. The
half-life of oral TDF in these mice averaged 9 h. Our NP formula-
tion (0.5%) instilled into the female mouse vagina was 5 mg/ml, or
150 �g in 30 �l, which could be administered into the female
mouse vagina. We did not investigate TFV drug levels or obtain
the levels of the active metabolite, tenofovir diphosphate, in the
FRT tissue but did get cervicovaginal lavage fluid from NSG mice
in parallel. The diphosphate metabolite was below detectable lim-
its, as in the previous humanized mouse study (32). Further study
in macaques is necessary to develop this microbicide.

Our nanoparticles, fabricated using an FDA-approved PLGA
polymer, are different from the particles made by wet-milling
nanofabrication methods that others have published for treat-
ment as well as prevention (35–38). Roy et al. used their wet-
milled nanoparticles containing atazanavir and ritonavir for treat-
ment of HIV-1 in NSG mice reconstituted with human peripheral
blood leukocytes (PBLs) (35). Jackson et al. utilized Elan nanofab-
rication technology to fabricate rilpivirine nanoparticles (36). In
this study, HIV-negative human volunteers received increasing
single doses of rilpivirine-LA and plasma, and genital levels were
measured in females and plasma and rectal levels were assessed in
men. The results of these experiments showed that rilpivirine-LA
injected intramuscularly would be able to prevent HIV-1 chal-
lenge in both men and women, but protective concentrations in
plasma or reproductive tract tissues are not known. Andrews et al.
investigated the protective effect of increasing single or multiple
doses of cabotegravir (GSK1265744) in nonhuman primates
against multiple low doses of HIV challenge (37). Results demon-
strated correlation between protection and plasma drug levels,
and a potential every-3-month dosing schedule in humans would
be useful to reduce adherence difficulties that are problematic for
preexposure prophylaxis.

TFV 1% vaginal gel and combinations of TDF-plus-emtricit-
abine tablets (Gilead Science) are currently the only prevention
regimens that have shown efficacy in human trials. Additional
prevention modalities are needed. Additionally, the prevention
options should be controlled by the end-user. Each woman has
different circumstances and needs. Therefore, vaginal and oral
ingestion options are needed. We present a new preventive option
that integrates a thermosensitive gel along with TDF nanoparticles
that has shown sustained release properties in these humanized
BLT mice when instilled locally. Further pharmacokinetic and
efficacy studies in other animal models are needed to extend these
results to humans.
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