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ABSTRACT Among various FDA-approved combination antiretroviral drugs (cARVs),
emtricitabine (FTC) has been a very effective nucleoside reverse transcriptase inhibi-
tor. Thus far, FTC is the only deoxycytidine nucleoside analog. However, a major
drawback of FTC is its large volume distribution (averaging 1.4 liters/kg) and short
plasma half-life (8 to 10 h), necessitating a high daily dosage. Thus, we propose an
innovative fabrication method of loading FTC in poly(lactic-co-glycolic acid) poly-
meric nanoparticles (FTC-NPs), potentially overcoming these drawbacks. Our nano-
formulation demonstrated enhanced FTC loading (size of �200 nm and surface
charge of �23 mV) and no to low cytotoxicity with improved biocompatibility com-
pared to those with FTC solution. An ex vivo endosomal release assay illustrated that
NP entrapment prolongs FTC release over a month. Intracellular retention studies
demonstrate sustained FTC retention over time, with approximately 8% (24 h) to
68% (96 h) release with a mean retention of �0.74 �g of FTC/105 cells after 4 days.
An in vitro HIV-1 inhibition study demonstrated that FTC-NP treatment results in a
50% inhibitory concentration (IC50) �43 times lower in TZM-bl cells (0.00043 �g/ml)
and �3.7 times lower (0.009 �g/ml) in peripheral blood mononuclear cells (PBMCs)
than with FTC solution (TZM-bl cells, 0.01861, and PBMCs, 0.033 �g/ml). Further, on
primary PBMCs, FTC-NPs also illustrate an HIV-1 infection blocking efficacy compara-
ble to that of FTC solution. All the above-described studies substantiate that FTC
nanoformulation prolongs intracellular FTC concentration and inhibition of HIV infec-
tion. Therefore, FTC-NPs potentially could be a long-acting, stable formulation to en-
sure once-biweekly dosing to prevent or treat HIV infection.
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Worldwide, antiretroviral therapy has markedly improved the morbidity and mor-
tality associated with human immunodeficiency virus (HIV)-infection. Evidence

that patients receiving antiretroviral therapy have significant reduction in hospitaliza-
tions and improved survival is accumulating (1). Antiretroviral therapy has made HIV a
manageable, chronic infection, with the caveat that patients must maintain high
medication adherence (2). According to WHO and UNAIDS (as of 2014), globally about
36.9 million people are living with HIV infection (3).

In current combination antiretroviral (cARV) drug regimens, tenofovir (TFV) and
emtricitabine (FTC) are two FDA-approved nucleoside reverse transcriptase inhibitors
(NRTIs) that, along with drugs from other classes, are designated the preferred therapy
for initial treatment of HIV-1 (4). The effectiveness of these two NRTIs can be attributed
to their high tolerability and patient acceptability (3). High patient tolerability for TFV
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and FTC drugs has led to their inclusion in the Department of Health and Human
Services preferred once-daily cARV drug regimen in combination with other classes
(4–6). However, to enhance adherence, the once-daily dosing requires a large (milli-
gram) dose that increases the risk of severe side effects. Additionally, the high dose has
wide fluctuations between peak and trough levels within the dosing interval. These
factors contribute to reduced adherence of ARV drugs for HIV-1 treatment. Nonadher-
ence can be linked to the development of HIV-1 resistance (6).

To improve adherence to therapy, investigators are utilizing pharmaceutical nano-
technology. In ARV encapsulations into a nanoparticle formulation, drugs are released
from the nanoparticles over an extended period, allowing for once-monthly or longer
treatment modalities (7–9). However, the encapsulation of water-soluble ARV drugs,
namely, NRTIs such as FTC, has been difficult, and the encapsulation efficiency has been
quite low (10). Our laboratory has been working on solving this problem. This article
reports a unique technique for FTC nanoformulation into poly(lactic-co-glycolic acid)
polymer, a biodegradable/biocompatible polymeric nanoparticle that shows high FTC
encapsulation efficiency and has enhanced HIV-1 inhibition efficacy. The current FTC
nanoformulation can be useful as long-acting nanoparticles (NPs) for both HIV-1
treatment and prevention.

RESULTS
Characterization of NPs. As FTC is a hydrophilic drug, the water-in-oil-in-water

(W-O-W) double emulsion solvent evaporation method was followed to ensure its
potential encapsulation in the poly(lactic-co-glycolic acid) (PLGA) NPs (Fig. 1) (11). The
physiochemical characteristics of FTC-NPs are summarized in Table 1. The analysis
demonstrates that NP obtained are �200 nm diameter and possess narrow size
distribution (polydispersity index [PDI] � 0.2). The scanning electron microscopy (SEM)
image reveals the NPs have uniform and smooth spherical surface (Fig. 1).

Even though FTC-NPs can be prepared by directly dissolving FTC in aqueous
solution, we found and it has been reported previously (10) that dissolving water-
soluble drugs in buffer pH over their pKa value enhances drug loading (DL) efficiency.
We found that 1 mM HEPES buffer (pH 9) leads to enhanced FTC loading in NPs.
Furthermore, use of a stabilizer ensures particle stability and control release character-
istics (11, 12). Use of 1 mM HEPES buffer (pH 9) (primary aqueous phase) and 1%
polyvinyl alcohol (PVA) solution (secondary aqueous phase) as aqueous phases and
PF-127 as an organic phase stabilizer along with PLGA results in enhanced drug
loading, longer stability, and uniform size NPs (9, 13). The percent encapsulation
efficiency (EE) and percent DL of FTC in FTC-NP were enhanced to 50.6% � 5.5% and
4.2% � 1.2%, respectively (n � 7). The encapsulation efficiency shows that PLGA NP
entrapment enhances FTC drug solubility compared to that obtained with FTC aqueous
medium nanoparticle entrapment (http://www.drugbank.ca/drugs/DB00879).

FTC-NP in vitro cytotoxicity. Free FTC drug solution has been shown to have
minimal cellular cytotoxicity (14). However, nanoformulation of FTC adds a new chem-
ical entity requiring proper evaluation of FTC encapsulated nanoparticles for cytotox-
icity prior to determining functionality. We chose the HeLa cell line to mimic the
endothelial cells as well as female cervical cells (15), the first cell type that NPs
encounter after subcutaneous, intravenous, or intravaginal administration. However, in
order to evaluate the cytotoxicity of ARV drugs at the target site or reservoirs such as
T lymphocytes, we selected the H9 cell line (16), and to evaluate cytotoxicity effect on
primary cells, we isolated human peripheral blood mononuclear cells (PBMCs) to
compare cell viabilities with FTC-NP and FTC solution. The H9 and HeLa cell viability
assay results (Fig. 2) indicate that FTC-NPs are nontoxic, similar to the findings with FTC
solution and untreated cells at concentrations as high as 10 �g/ml of FTC (Fig. 2A and
B) and after 24 h and 96 h of treatment (Fig. 2D and E).

Further, to evaluate the selectivity index (SI) on primary target cell type, we
determined the cytotoxic concentration that caused death of 50% of viable cells (CC50).
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The PBMC viability was tested at 50, 5, 0.5, 0.05, and 0.005 �g/ml, and the SIs were
determined by equation 1:

SI � CC50 ⁄ IC50 (1)

where IC50 is the 50% inhibitory concentration.
The results (Fig. 2C) comparing FTC-NP and FTC solution demonstrated nonsignif-

icant (P � 0.05) cytotoxicity at the highest concentrations (50 �g/ml at 96 h of
incubation). Thus, FTC nanoencapsulation does not demonstrate an elevated cytotoxic
effect in endothelial cells, lymphocytes, or human PBMCs.

Intracellular retention. The main objectives for the use of a nano-drug carrier
system are to enhance drug uptake, increase drug retention, and generate slow but
controlled release over time. To evaluate the attainment of these objectives, intracel-

FIG 1 Schematic diagram providing a stepwise explanation of FTC-NP formulation by the W-O-W
interfacial polymer deposition method. At the extreme right bottom is a representative SEM image
showing FTC-NP overall morphology.

TABLE 1 FTC-NP physiochemical characteristicsa

FTC-NP characteristic Value

Particle size (nm) 175.9 � 24.7
Zeta potential (mV) �25.6 � 1.94
PDI 0.145 � 0.028
% EE 53.8 � 5.07
% DL 4.9 � 1.6
aAll data are presented as means � SE for 6 independent FTC-NP batches.

Emtricitabine-Loaded Nanoparticles against HIV Antimicrobial Agents and Chemotherapy

January 2017 Volume 61 Issue 1 e01475-16 aac.asm.org 3

http://aac.asm.org


lular retention efficiency was estimated at different intervals using TZM-bl cells (Fig. 3).
The 24-h FTC-NP treatment shows no significant difference in overall uptake and
retention compared to FTC solution. However, FTC-NP-treated cells displayed signifi-
cant FTC retention (�60%) after 48-h and 96-h treatment intervals (P � 0.001). This
observation confirms that nanoencapsulation of FTC increases the intracellular concen-
trations within the cells.

Endosomal pH release study. To assess the NP entrapped FTC release efficacy at
endosomal subunit of cell, we studied the FTC release kinetics from FTC-NP (47.5 �g of
FTC entrapped in 5-mg NPs) at pH 5.5 (Fig. 4). The study revealed that �62% of FTC is
released within 1 h of incubation. However, after 1 h of release, there is a relatively
constant FTC release over 14 days. By 30 days, the NP releases �85% of its FTC content.
After 30 days, the remaining FTC-NPs still have �10% FTC entrapped in FTC-NPs. The

FIG 2 Cytotoxicity assay on HeLa cells (A and D), H9 cells (B and E), and PBMCs (C and F) at different treatment concentrations (A to C) after 96 h of treatment
and at the highest concentration (10 �g/ml for HeLa and H9 cells and 50 �g/ml for PBMCs) over different periods (D to F). Data are represented as
means � SE for 3 independent experiments performed in triplicate.

FIG 3 FTC release efficiency analysis over different periods (24 h, 48 h, and 96 h). The data were
normalized against those for the untreated sample and represent means � SE from 3 independent
experiments. ***, P � 0.001.
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one-phase decay analysis estimates that the FTC release half-life is 146.2 h (approxi-
mately 6 days). These results document the sustained release properties of the W-O-W
emulsion nanoformulation.

In vitro prophylaxis studies. To evaluate the antiretroviral properties of FTC
entrapped in NPs, we performed a short-term prophylactic study on TZM-bl indicator
cells and PBMCs (Fig. 5). The results of the in vitro HIV-1 prophylaxis study indicate that
the IC50 of the FTC-NPs was as low as 0.00043 �g/ml and that of FTC solution was
0.01861 �g/ml (Fig. 5A). Therefore, FTC-NPs demonstrate an efficacy �43 times higher
than that of FTC solution. However, in PBMCs infected with HIV-1LUC after 96 h of
infection (Fig. 5B), again the IC50 of FTC-NP was �3.7-fold lower (0.009 �g/ml) than that
of the FTC solution (0.033 �g/ml). Finally, the SI (equation 1) was calculated to be 5,555.
These results suggest that a high FTC intracellular concentration (Fig. 3) adds to the
efficacy of FTC-NPs preventing HIV-1 infection in TZM-bl cells and PBMCs compared to
FTC solution at a low (nanogram) concentration. These results demonstrate that
nanoformulation improves the intracellular delivery, retention, and controlled release
of FTC for sustained protection from HIV-1 challenge.

To further assess the efficacy of the FTC-NPs, we performed exogenous reverse
transcriptase (exo-RT) inhibition studies using primary PBMCs. As Fig. 6 demonstrates,

FIG 4 Endosomal low pH (pH 5.5) release study of FTC from FTC-NPs. The data represent percent FTC
release, considering the FTC concentration in 5 mg/ml of FTC-NPs as 100%. Each data point represents
the mean � SE for FTC release from three independent FTC-NPs batches.

FIG 5 Study of in vitro HIV-1 prophylaxis induced by FTC-NPs at different concentrations. (A) TZM-bl cell treatment was done at concentrations of 0.00005, 0.001,
0.01, 1, and 10 �g/ml; (B) PBMC treatment was done at concentrations of 0.005, 0.05, 0.5, 5, and 50 �g/ml. The data were normalized against those for the
untreated but infected sample. The x values were first transformed to their respective log values, and then IC50 was calculated by using the log(agonist)-
versus-response equation. The results are represented as means � SE from 3 independent experiments.

Emtricitabine-Loaded Nanoparticles against HIV Antimicrobial Agents and Chemotherapy

January 2017 Volume 61 Issue 1 e01475-16 aac.asm.org 5

http://aac.asm.org


the FTC-NPs prevented virus infection similar to FTC solution even after challenge with
HIV-1 and propagation for 21 days. This result validated that FTC-NPs inhibit HIV
infection in vitro with an efficacy comparable to that of FTC solution. The results
indicate that FTC entrapment into the nanoformulation does not interfere with FTC’s
NRTI functionality.

DISCUSSION

FTC is widely used as a core component of the dual NRTI backbone in all preferred
first-line antiretroviral combinations therapies. The major advantage of FTC (a synthetic
analog of cytosine) is that its active metabolite FTC-5=triphosphate is a weak inhibitor
of mammalian mitochondrial DNA polymerase-� (17–19). Therefore, FTC is evidently
nontoxic to mitochondria. Also it completely lacks uritine-5=-diphosphoglucuronyl
transferase as well as cytochrome P450 enzyme inhibition ability (20). The antiretroviral
efficacy of FTC for treating both naive and experienced patients has been demon-
strated in clinical trials (21, 22). Thus, FTC is one of the most common drugs in the
various cARV drug combinations that have shown synergistic inhibition of HIV-1. FTC
has shown an additive synergistic effect with other integrase strand transfer inhibitors
(INSTI), e.g., elvitegravir or dolutegravir, nonnucleoside reverse transcriptase inhibitors
(NNRTI), e.g., efavirenz or rilpivirine, and protease inhibitors, e.g., darunavir (23). FTC has
already been made commercially available by Gilead Sciences alone as Emtriva as well
as in a double-drug combination tablet (Truvada) (24).

Various studies are ongoing to prolong FTC plasma half-life. There are various
combination nanoformulations that have been reported (7, 8, 12, 25–29). Freeling et al.
produced solid lipid nanoparticles containing boosted lopinavir (L/r) and TFV. Using
macaque model, the investigators demonstrated enhanced penetration of the ARV
drugs into lymph nodes compared to that of free drugs (10, 27). Other investigators
have used wet-milled technique to develop FTC crystals that boosted protease inhibitor
efficacy in humanized mice when linked with folic acid (28, 29). Recently, the LATTE-2
study, administering long-acting cabotegravir and rilpivirine intramuscularly every 2
months or every month, has announced positive results (30).

A recent review and meta-analysis of FTC and lamivudine documented no differ-
ences in long-term outcomes for patients receiving either FTC or lamivudine (31).
Additionally, FTC and other preferred NRTIs (lamivudine and TFV) have less mitochon-
drial toxicity than do other NRTIs used in the past. Gastrointestinal symptoms are still
side effects associated with NRTIs, but they can be managed. Clinicians are calling for
more optimization and simplification of ARV therapies in both adults and children (32).
Certainly, treatment simplification will aid in improvement in treatment efficacy and
will improve long-term retention in care. Finally, FTC and TFV are FDA approved for
preexposure prophylaxis in non-HIV-infected people with multiple risk factors (33). As

FIG 6 FTC-NP inhibition of HIV-1 RT activity at 500 ng/ml of FTC-NPs compared to 500 ng/ml of FTC
solution and PBS (mock) treatment in PBMCs. The data were normalized against those for an untreated
uninfected PBMC sample. The y values represent RT activity based on amount of [32P]TTP incorporated
at respective time points. The results are represented as means � SE from 2 independent experiments
performed in triplicate.
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prevention, it is a part of a comprehensive set of tools requiring discussion and care for
those at high risk. The major drawback of FTC is its high water solubility and high renal
clearance plus cross-resistance (33). As a result, a high daily dosage is needed. There-
fore, we formulated a method to encapsulate FTC into NPs, i.e., FTC-NPs, that demon-
strates improved preexposure prophylaxis in in vitro assays, indicating their potential
for further study.

The nanoformulation of FTC resulted in enhanced loading of FTC, a water-soluble
NRTI drug, and sustained drug release properties. FTC-NPs were formulated by using
the W-O-W emulsification method. Physicochemical property analysis (Table 1) revealed
that FTC-NPs are small enough (�200 nm) to avoid fine-capillary blockage (34) and
exhibit enhanced ARV drug loading efficiency. Further FTC-NPs shows sustained FTC
delivery (Fig. 3 and 4). The in vitro intracellular retention study demonstrates (Fig. 3)
that FTC solution accumulates to �23% after 48 h, which decreases to �10% after 96
h. This could be due to the multidrug efflux pump, which induces continuous drug
removal from the cell (35). In contrast, the FTC retention profile after 96 h for FTC-NP
treatment shows that over 60% FTC gets retained intracellularly.

Further, the study of FTC release from FTC-NP (Fig. 4) reveals that once in the
endosome, FTC-NPs show an initial sporadic burst of FTC release (�62% release in 1 h),
which can aid in developing the preliminary cellular effective concentration to block RT
activity. Further, the endosomal release patterns are more controlled and sustained.
After 30 days of incubation, approximately 85% of the FTC was released from FTC-NPs.
Therefore, controlled release of FTC from the polymeric NPs in the endosome and
retention at the in vitro level, enhancing the intracellular level, prolong FTC NRTI
functionality.

The study of the efficacy of FTC after release from FTC-NPs in two in vitro infection
models showed that FTC entrapped in NPs has an inhibitory concentration �3.7 to 43
times lower than that of free FTC (in solution) (Fig. 5) and is as effective in blocking
HIV-1 exo-RT activity as freely soluble FTC (Fig. 6). These studies suggest that NP
entrapment induces initial burst release of drug followed by a controlled release over
time that maintains high intracellular FTC concentrations and provides effective inhi-
bition of HIV-1 infection. It will be of interest to measure the FTC-triphosphate active
metabolite in macrophages, monocytes, and lymphocytes from FTC-NPs compared to
FTC solution.

As nonadherence is the main reason that HIV patients fail regimens, any sustained-
release treatment modality will potentially improve nonadherence. Further exploration
of long-acting nanomedicines would be fruitful for patients that have difficulties with
adherence. Extension of the present results to the clinical level for in vivo studies, such
as pharmacokinetics and efficacy studies in animal models, is needed. However, the
present nanoformulation of FTC potentially could be an efficient sustained-release
nanodelivery system both for HIV-1 prevention and as part of a treatment strategy.
Thus, our next goal is to substantiate present nano-drug delivery system in the
preclinical models such as in humanized mice and macaques.

MATERIALS AND METHODS
Materials. PLGA (75:25 lactide/glycolide ratio; Mw, 4,000 to 15,000), polyvinyl alcohol (PVA) (Mw,

13,000 to 23,000), dichloromethane (DCM), acetonitrile (ACN), potassium dihydrogen phosphate
(KH2PO4), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, phytohemagglutinin M (PHA-M), sodium
chloride, sodium citrate, HEPES, and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich
(St. Louis, MO). Pluronic F127 (PF-127) and dimethyl sulfoxide (DMSO) were from D-BASF (Edinburgh, UK)
and Fisher BioReagents (Fair Lawn, NJ), respectively. FTC (100% purity) was received as a gift from Gilead
Sciences (Foster City, CA).

HeLa (ATCC CCL-2), H9 (ATCC HTB-176), and TZM-bl (PTA-5659) cell lines were purchased from the
ATCC (Manassas, VA). RPMI 1640 medium, Dulbecco’s high-glucose modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), L-glutamine, trypsin, and penicillin-streptomycin (pen-strep) solution were
purchased from HyClone (Logan, UT). Peripheral blood mononuclear cells (PBMCs) from healthy donors
were isolated from whole blood by Histopaque-1077 (Sigma-Aldrich, St. Louis, MO) separation. PBMCs
were further maintained in RPMI medium supplemented with 10% fetal bovine serum, 50 U/ml of
interleukin 2 (IL-2), 8 mM L-glutamine, 100 U/ml of penicillin, and 100 �g/ml of streptomycin. For PBMCs,
HIV-1LUC was used to infect the cells (25). All reagents were used as received without further purification.
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FTC-loaded PLGA NP formulation and characterization. FTC-loaded PLGA NPs (referred as FTC-
NPs) were prepared by water-in-oil-in-water (W-O-W) emulsion method (36). Briefly, in the inner aqueous
phase of W-O-W emulsion, 10 mg of FTC was dissolved in 2 ml of 1 mM HEPES buffer (pH 9). This showed
enhanced FTC retention within the PLGA polymer. The inner aqueous phase was then added dropwise
under constant magnetic stirring on 5 ml of organic phase (DCM) containing 100 mg of PLGA and PF-127
(stabilizer). After brief sonication, the water-in-oil (W-O) phase was added to the 20-ml outer aqueous
phase of 1% PVA solution. The W-O-W emulsion was again sonicated for 5 min. The organic phase was
eliminated by evaporation. Finally, the surfactants and free FTC were washed from NPs by dialysis
(dialysis cassette with a molecular mass cutoff [CO] of 30 kDa; Thermo Scientific, Rockford, IL) within
Milli-Q (MQ) water (18.2 M�). FTC-NPs were freeze-dried in the Millrock LD85 lyophilizer (Kingston, NY).

Physical-chemical characterization was performed to determine the size of NPs by dynamic light
scattering (DLS), polydispersity index (PDI; a measure of the NP size heterogeneity in the given
population), and zeta potential (i.e., surface charge of the NPs) of the NPs by using the ZetaPlus zeta
potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY). To carry out this analysis, an
appropriate amount of freeze-dried FTC-NPs was dispersed in MQ water at room temperature. The data
reported represent means � standard errors (SE) obtained from 6 different batches.

The percent encapsulation efficiency (EE) and percent drug loading (DL) were evaluated by high-
performance liquid chromatography (HPLC) analysis (Shimadzu, Kyoto, Japan). Briefly, FTC (absorbance
of 280 nm, retention time of 3.38 min) loading concentrations in 1 mg of FTC-NPs dissolved in DMSO
were estimated based on its respective standard curve determined by HPLC analysis (see “HPLC analysis”
below) (37). The percent EE and percent DL were calculated by the following formulas:

EE �
(amount of drug loaded in the NP)

(starting amount of drug)
� 100 (2)

DL �
(amount of drug in the NPs)

(amount of polymer � drug)
� 100 (3)

The topography of the NPs was determined by scanning electronic microscopy (SEM) imaging (26).
Briefly, the FTC-NP suspension was filtered through a Whatman Nuclepore track etch membrane with an
�50-nm pore size (Sigma-Aldrich, St. Louis, MO), and those NPs bearing membranes were air dried,
mounted to an SEM stub, and sputter coated with a thin layer of chromium (thickness, �3 to 5 nm).
These NP-loaded membranes were imaged under a Hitachi S-4700 field emission SEM (Hitachi, New
York, NY).

In vitro studies. For various in vitro studies, H9 cells and PBMCs were cultured in RPMI medium,
whereas HeLa and TZM-bl cells were maintained in DMEM. Both of the medium types were supple-
mented with 10% FBS, 1	 L-glutamine, and 1	 pen-strep solution unless otherwise indicated. For all
experiments, cells were maintained in a humidified incubator with 5% CO2 at 37°C. When necessary, cells
were harvested by using 1	 trypsin. All experiments were performed in triplicate, and FTC-NPs were
compared with untreated control cells and FTC in solution.

Cytotoxicity assay. The cell cytotoxicity effect of FTC-NP was estimated by using the CellTiter-Glo
luminescent cell viability assay method. Briefly, HeLa cells (105/ml), H9 cells (105/ml), and PBMCs (5 	
104/ml) were cultured overnight (O/N) in Nunc 96-well plates before treatment with FTC-NPs and FTC
drug solution over different periods and at different concentrations. Further, as positive controls, wells
were treated with 5% DMSO; negative-control wells contained untreated cells. The assay was performed
by using the CellTiter-Glo luminescent cell viability assay kit (Promega, Madison, WI) according to the
manufacturer’s protocol. The luminescence was read after 30 min of reagent addition using a Synergy II
multimode reader with Gen5 software (BioTek, Winooski, VT).

Endosomal pH-dependent FTC release studies. To evaluate endosomal FTC release efficacy of
FTC-NP, 5 mg of FTC-NPs (with 47.5 �g of FTC entrapped) was dissolved in 1 ml of 20 mM citrate buffer
(pH 5.5). After the desired period (1 h or 1, 7, 14, or 30 days), 200 �l of supernatant was collected and
the amount of FTC release was evaluated by HPLC by following the methodology explained in “HPLC
analysis” below. This study was carried out on 3 different batches of FTC-NPs. The percent FTC at each
time point was analyzed by the following equations:

FTC release at 1 h �
(amount of FTC in 200 �l of supernatant)

(amount of FTC in 5 mg of FTC-NPs in 1 ml)
� 100 (4)

FTC release at day 7, 14, or 30 �
(amount of FTC in 200 �l of supernatant)

(amount of FTC in FTC-NPs retained in respective volume)
� 100

(5)

To maintain the sink condition, the volume was not readjusted. Therefore, on days 7, 14, and 30, the
amount of FTC released from FTC-NPs was determined in respective volumes corresponding to 800, 600,
and 400 �l. A removal of a 200-�l volume leads to removal of FTC in that volume. Therefore, at each time
point the FTC amount in the respective volume was subtracted from the sink.

Intracellular FTC retention studies. For in vitro concentration-dependent and time-dependent
uptake and drug retention studies, TZM-bl cells (105/ml) were seeded in Nunc 6-well plates and kept O/N
for adherence before treatment. For concentration-dependent studies, TZM-bl cells were treated at
0.001, 0.01, 0.1, 1, and 10 �g/ml of FTC, as FTC-NPs and FTC solution, for 24 h. For time-dependent
studies, HeLa cells were treated with FTC-NPs (at 10 �g/ml of FTC) for 20 min, 24 h, 48 h, and 96 h. After
the treatment period, triplicate wells were washed thrice with 1	 PBS, followed by ACN-mediated cell
lysis and protein precipitation. Cell extracts were subjected to a solid-phase extraction (SPE) purification
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method by using protein precipitation plates (Thermo Scientific, Rockford, IL), and the drug concentra-
tion was analyzed using HPLC (see below).

HPLC analysis. HPLC was used both to determine FTC loading efficiency in FTC-NPs and to
determine intracellular FTC retention. Briefly, the chromatographic separation was performed with a
Phenomenex (Torrance, CA) C18 (150 by 4.6 mm; particle size, 5 �m) column under isocratic elution
conditions by using a mixture of ACN and 25 mM KH2PO4 solution (55:45, vol/vol). The column was
maintained at flow rate of 0.5 ml/min and a temperature of 25°C; and FTC detection was performed by
using a UV detector at 280 nm. Quantification was based on analysis of the area under the curve (AUC).
The amount released was analyzed based on the standard curve construction by running pure FTC
solution at the concentration range of 0.0004 to 0.25 mg/ml (a linear correlation having an r2 of 0.99, with
a retention time of 3.38 min). The HPLC instrument was equipped with LC-20AB pumps, an SIL-20AC
autosampler, and an SPD-20A UV-visible detector. The instrument interday and intraday variability was
�10%. For percent EE and percent DL of FTC in FTC-NPs, data were obtained from 4 independent
experiments, whereas for intercellular FTC retention, data were obtained from 3 independent experi-
ments.

In vitro prophylaxis study. Short-term (1 day pretreatment) in vitro prophylaxis of FTC-NPs versus
FTC solution against HIV-1NL4-3 was performed using TZM-bl cells as HIV-1 infection indicator cells (37).
Briefly, TZM-bl cells (105/ml) were seeded in a 96-well plate. After O/N incubation, cells were treated with
different FTC concentrations (0.001 to 10 �g/ml) as FTC-NPs and FTC solution. After 24 h of treatment,
the cells were washed thrice with warm PBS, followed by inoculation with HIV-1NL4-3 (100 ng) for 4 h. The
cells were again washed as described above and incubated in fresh medium. However, PBMCs (2 	106

cells/ml) isolated from three different donors were first stimulated with PHA (2 �g/ml) and IL-2 (50 U/ml)
for 48 h and then treated with different FTC concentrations (0.001 to 10 �g/ml) as FTC-NPs and FTC
solution for 24 h. PBMCs were then infected with HIV-1LUC (100 ng) for 4 h, washed thrice with warm PBS,
and resuspended in fresh medium and allowed to incubate for 96 h. A process similar to that for TZM-bl
cells was followed. For both studies, untreated uninfected cells and untreated infected cells were used
as negative and positive controls, respectively. After 96 h of incubation as a measure of HIV-1 infection,
duplicate wells were used for determination of the luminescence using the BrightGLO (Promega,
Madison, WI) assay. A Synergy HT multimode microplate reader (BioTek, Winooski, VT) was used to read
the luminescence. Luminescence was determined as relative luminescence units (RLU). The percent
protection from HIV-1 infection was calculated by using the equation below:

HIV-1 inhibition (percent protection from HIV-1 infection) �
(Luntreated � Ltreated)

Luntreated
� 100 (6)

where Luntreated is the luminescence of untreated but HIV-1-infected TZM-bl cells or PBMCs (untreated
infected cells) and Ltreated is the luminescence of respective FTC-NP- and FTC solution-treated plus
HIV-1-infected TZM-bl cells or HIV-1LUC-infected PBMCs (treated infected cells). The results of these
experiments are shown as means � SE from three independent experiments.

exo-RT activity quantification by [32P]TTP incorporation assay. To test FTC-NP efficacy, 2 	 107

PBMCs were seeded per well in a 24-well plate and were treated for 18 h with 500 ng/ml of FTC solution,
500 ng/ml of FTC entrapped in FTC-NPs, and an equivalent volume of 1	 PBS (control). The PBMCs were
washed with warm PBS and resuspended in fresh complete RPMI medium, followed by inoculation with
100 ng of HIV-1NL4-3 (38) for 6 h. The treated infected PBMCs were washed with warm PBS and were
maintained in complete RPMI medium. At the desired time point (0, 3, 7, 10, 14, 17, and 21 days), virus
replication was monitored by sampling supernatants in triplicate and measuring exogenous RT (exo-RT)
activity using an [32P]TTP (PerkinElmer, MA) incorporation assay as described previously (39), except that
reaction mixtures were spotted onto DE81 filter paper (Thermo Fisher, Waltham, MA) and washed thrice
with 2	 SSC (pH 7; 01	 SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and once with 95% ethanol.
Activity was quantified by phosphorimage analysis using a Typhoon 9410 imager and ImageQuant
software (GE Healthcare, Pittsburgh, PA).

exo-RT activity � [32P]TTP at respective time point � [32P] TTP at respective time zero (7)

Statistical analysis. All experiments were performed at least in triplicate. Respective graph repre-
sents values as means � SE of the obtained data. For cellular experiments, data were analyzed by
one-way analysis of variance (ANOVA) followed by post hoc (Bonferroni’s multiple-comparison test) and
Pearson’s correlation by using GraphPad Prism 5 software (GraphPad, La Jolla, CA). However, for infection
studies, 50% inhibitory concentration (IC50) was analyzed based on log(agonist) versus response. The
significant differences among treated and control groups at different concentrations and over time were
considered to be statistically significant at a P value of �0.05. The half-life calculation for endosomal FTC
release was analyzed based on one phase decay fitting.
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