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This study is designed to test the hypothesis that tenofovir (TNF) or tenofovir disoproxil fumarate (TDF)
loaded nanoparticles (NPs) prepared with a blend of poly(lactic-co-glycolic acid) (PLGA) and methacrylic
acid copolymer (Eudragit� S-100, or S-100) are noncytotoxic and exhibit significant pH-responsive
release of anti-HIV microbicides in the presence of human semen fluid simulant (SFS). After NPs prepa-
ration by emulsification diffusion, their size, encapsulation efficiency (EE%), drug release profile, mor-
phology, and cytotoxicity are characterized by dynamic light scattering, spectrophotometry,
transmission electron microscopy, and cellular viability assay/transepithelial electrical resistance mea-
surement, respectively. Cellular uptake was elucidated by fluorescence spectroscopy and confocal
microscopy. The NPs have an average size of 250 nm, maximal EE% of 16.1% and 37.2% for TNF and
TDF, respectively. There is a 4-fold increase in the drug release rate from the 75% S-100 blend in the pres-
ence of SFS over 72 h. At a concentration up to 10 mg/ml, the PLGA/S-100 NPs are noncytotoxic for 48 h to
vaginal endocervical/epithelial cells and Lactobacillus crispatus. The particle uptake (�50% in 24 h) by
these vaginal cell lines mostly occurred through caveolin-mediated pathway. These data suggest the
promise of using PLGA/S-100 NPs as an alternative controlled drug delivery system in intravaginal deliv-
ery of an anti-HIV/AIDS microbicide.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

According to the recent report of the global AIDS epidemic, it was
estimated that there were 2.7 million new infections and 2.0 million
HIV/AIDS related deaths, in 2008 [1]. Unprotected, heterosexual,
vaginal intercourse has become one of the major routes of infection.
Although the global percentage of women among people living with
HIV has remained stable (50%), women are considered more suscep-
tible to sexually acquired HIV infection due to physiological, social,
and economical factors [1]. Several HIV transmission prevention
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methods, such as condoms and circumcision, have been imple-
mented, especially in developing countries. However, the results
have been unsatisfactory, since it was reported in many regions that
men were reluctant to use either method [2,3]. Besides these facts, a
successful HIV vaccine has yet to be developed. It is critical to design
a topical delivery strategy of microbicides that women can use as a
pre-exposure prophylaxis (PrEP) method. Some examples of new
drug delivery system (DDS) designed for the delivery of anti-HIV
drugs have been reported [4–6], but none of them are currently used
clinically for the purpose of the prevention of HIV transmission.

Extensive research activities have been dedicated to the field of
HIV microbicides development, such as detergents/pH buffers [7],
entry/fusion inhibitors [8], and HIV reverse transcriptase inhibitors
[9,10]. Tenofovir (TNF, {[(2R)-1-(6-amino-9H-purin-9-yl)propan-2-
yl]oxy}methylphosphonic acid) is a nucleotide analog HIV reverse
transcriptase inhibitor whose prodrug (tenofovir disoproxil fuma-
rate, TDF) is now marketed in an oral dosage form (Viread�, Gilead
Science), and its 1% vaginal gel formulation has recently been pro-
ven effective in clinical trial [11]. Other vaginal delivery strategies
of tenofovir along with dapivirine and emtricitabine have also been
studied [12,13]. However, factors affecting the acceptability of the
gel formulation include the ease of incorporation into typical sex-
ual practices and type of sexual partnership [14].

http://dx.doi.org/10.1016/j.ejpb.2011.06.007
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The vaginal route has been a site of local delivery as well as sys-
temic delivery. Several dosage forms have been investigated as
vaginal delivery systems, such as vaginal rings [15,16], films [17],
and gels [13]. Nanoparticles (NPs) also potentially provide one pos-
sibility of such drug delivery system due to their unique character-
istics, such as small size, protection of native drug, ability to reduce
irritation at delivery site, and the ability of targeted delivery and
controlled release of drugs. The concept of so-called nanomicrobi-
cides has embraced the advanced potential of nanomedicine, and
efforts have been made to address the major health problem of
HIV prevention [18,19]. Several insightful studies of NPs vaginal
formulation have indicated that it is a promising strategy towards
the delivery of peptides and even SiRNA [20,21].

Since the HIV virus can be present in human semen during the
intercourse, it is promising to design a semen-triggered topical
delivery system. The ambient human vagina pH varies from 4 to
5, whereas human semen has a higher pH (typically 7.5) as well
as higher buffer capacity [22]. Therefore, the local acidic pH will
be altered during intercourse, which has been utilized in semen
triggered delivery and pH-sensitive hydrogel [23]. However, vagi-
nal retention of such a delivery system is also important. Other-
wise, the short duration of the drug action requires the user to
apply microbicide formulation hours before sex (coital depen-
dence), which leads to significant patient compliance issues as re-
cently observed in the clinical trial of tenofovir gel [11,14].

Based on the above consideration, the focus has been given to
the preparation of a semen-triggered delivery system having a sus-
tained release characteristic for vaginal delivery. It is hypothesized
that a semen-triggered polymeric nanoparticulated delivery sys-
tem can be engineered using poly(lactic-co-glycolic acid) (PLGA)
and the methacrylic acid copolymer. PLGA, is a FDA-approved
and widely accepted biodegradable copolymer used in NPs formu-
lation, which can also provide the sustained release of an encapsu-
lated drug. Various blends of Eudragit� and PLGA have been
described in the preparation of heparin [24], antibiotics [25,26],
gene encoding mouse interleukin-10 [27], salmon calcitonin [28],
and diclofenac sodium [29] loaded nanoparticles. Eudragit� S-
100 (hereafter referred to as S-100) would be effective and safe
polymeric matrix in the prevention of HIV transmission by vaginal
route. Basically, S-100 is a methacrylic acid–methyl methacrylate
copolymer (1:2) synthesized from methacrylic acid and metha-
crylic acid methyl ester, which is soluble in an alkaline environ-
ment [30]. Therefore, it has been widely used in intestine or
colon delivery systems where pH is above 7 [30].

The present investigation is aimed at testing the hypothesis that
tenofovir or tenofovir disoproxil fumarate loaded nanoparticles
prepared with a blend of poly(lactic-co-glycolic acid) (PLGA) and
methacrylic acid copolymer (S-100) are noncytotoxic and exhibit
significant pH-responsive release of anti-HIV microbicides in the
presence of human semen fluid simulant. Basically, the TNF and
TDF loaded, pH-sensitive NPs were prepared, and physicochemical
characteristics, as well as biological responses were investigated.
The results of this study demonstrate that a PLGA/S-100 NPs for-
mulation may provide semen-triggered delivery and sustained re-
lease of an encapsulated microbicide for the prevention of HIV/
AIDS transmission.
2. Materials and methods

2.1. Materials

Tenofovir (TNF) was purchased from Zhongshuo Pharmaceuti-
cal Co. Ltd. (Beijing, China). Tenofovir disoproxil fumarate (TDF)
was obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH, Rockville, Maryland.
Poly(D,L-lactide-co-glycolide) Resomer� RG756 with L/G ratio of
75:25 (MW 76–116 kDa) was purchased from Boehringer Ingel-
heim Inc. (Ingelheim, Germany). Eudragit� S-100 or S-100 (Metha-
crylic acid–methyl methacrylate copolymer 1:2) was purchased
from Evonik Industries (Darmstadt, Germany). Poloxamer 407
(Pluronic� F127) was a gift from the BASF Corporation (Rhom,
Germany). Coumarin-6, propidium iodide (PI) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). CytoTox-ONE™ and CellTiter 96™ Aqueous kits were
purchased from Promega (Madison, WI, USA). All other chemicals
used in this study were of analytical grade and used without
further purification.

2.2. Nanoparticle preparation

TNF and TDF loaded PLGA/S-100 nanoparticles were prepared at
room temperature using a previously described emulsification sol-
vent diffusion method [31]. Briefly, TNF (5 mg) and the polymer
(100 mg, PLGA/S-100 ratio 25:75, 50:50, and 75:25) were co-dis-
solved in 4 ml DMSO. This mixture served as the organic phase
for the NPs preparation. The organic phase was added drop wise
to 25 ml of aqueous phase, containing 0.6% (w/v) Pluronic F127,
under homogenization at 13,500 rpm for 10 min (IKA ULTRA-
TURRAX T-25, Staufen, Germany). The suspension was further
ultracentrifuged at 15,000 rpm for 1 h (Beckman L8-70M Ultracen-
trifuge, Brea, CA, USA) to collect NPs and then washed three times
with distilled water to remove the surfactant. The supernatant was
used for the determination of drug encapsulation efficiency (EE%).
Finally, the NPs were first frozen in liquid nitrogen then lyophilized
for 12 h using a lab-scale freeze dryer (Labconco Corporation,
Kansas City, MO, USA) under �46 �C and stored at 4 �C until use.
Blank NPs and coumarin-6 (C-6) loaded PLGA/S-100 NPs were
prepared using the same method.

2.3. Nanoparticle characterization

2.3.1. Particle size and zeta potential
The particle size and size distribution of the various NPs solu-

tions were measured at 25 �C by dynamic light scattering method
(Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK).
The particle size of different samples (nanosuspension before
lyophilization and suspension of lyophilized NPs powder) was
evaluated and represented as Z-average diameter. The zeta poten-
tial of the PLGA/S-100 NPs suspension was measured using the
zeta potential analysis mode of the instrument. Nanosphere™ size
standard (59 ± 2.5 nm) and zeta potential standard (�68 ± 6.8 mV)
were used to calibrate the instrument prior to the analysis.

2.3.2. Morphology
The images of the NPs formulation were taken by transmission

electron microscopy (TEM). Particles were diluted in 2.5% uranyl
acetate (UA), sonicated, and then 8 ll of the solution was put on
a carbon coated grid and allowed to equilibrate for 5 min; excess
solution was wicked off. Then, 5% UA was put on the grid to in-
crease contrast. The grids were viewed under a JEOL JEM 1400
transmission electron microscope (JEOL Inc., Peabody, USA) and
photographed digitally with a Gatan axis-mount 2k � 2k digital
camera.

2.3.3. Encapsulation efficiency
The encapsulation efficiency (EE%) was measured at a wave-

length of 260 nm by UV spectrometer (Spectronic Genesys 10
Bio, Thermo Electron Corporation, WI, USA). The standard curves
of TNF and TDF were prepared using drug concentration ranging
from 2 to 100 lg/ml. The amount of encapsulated drug was calcu-
lated using mass balance by subtracting the amount of the free
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drug present in the supernatant from the total drug amount ini-
tially added in the preparation medium.

2.3.4. In vitro release from PLGA/S-100 nanoparticles
To estimate the amount of drug released from the PLGA/S-100

NPs and assess the rate of pH responsiveness, an in vitro release
study was conducted over 72 h using a vaginal fluid simulant
(VFS, pH 4.2 ± 0.1) and a semen fluid simulant (SFS, pH 7.6 ± 0.1).
The components used in the VFS and SFS formulations are adopted
from previous articles [22,32]. Briefly, the VFS was prepared using
sodium chloride, potassium hydroxide, calcium hydroxide, albu-
min bovine fraction V, lactic acid, glycerol, urea, acetic acid, glu-
cose, and water. The components of SFS were as follows: sodium
phosphate monobasic/dibasic, sodium citrate, potassium chloride,
potassium hydroxide, fructose, glucose, lactic acid, urea, and bo-
vine serum albumin. The samples tested included drug loaded
NPs with various weight ratios of S-100 to PLGA in the polymeric
matrix. The release profiles of TNF and TDF were also compared.
Each experiment was run in triplicate, along with a blank control
formulation. For this release study, 1 ml of the resuspended pellet
after ultracentrifugation (corresponding to 250 lg of encapsulated
drug) was put into a Spectra/Por cellulose ester membrane dialysis
bag (Spectra/Por Float-A-Lyzer G2, MWCO 3.5–5 KD, Spectrum
Laboratories Inc. Rancho Dominguze, CA, USA) and maintained in
40 ml of release medium using a shaking water bath (BS-06 Lab.
Companion, Jeio Tech Co., LTD, Seoul, Korea) at 37 �C with an agi-
tation speed of 60 rpm. In order to test the pH responsiveness, VFS
alone and 1:4 ratio of VFS/SFS mixture (final pH 7.57) were used as
release medium. Owen et al. reported that the volume of normal
human vaginal fluid is 0.75 ml and the volume of human ejaculate
is 3.4 ml [22,32]. At predetermined time intervals, 1 ml of buffer
solution outside the dialysis bag was removed and replaced with
1 ml of fresh buffer. The amount of drug released was measured
by a UV spectrometer at 260 nm as described previously. The stan-
dard curve was prepared using the same method as in the previous
section. The standard curve was y = 0.0446x + 0.0052 (R2 = 0.9993)
for TNF and y = 0.0209x + 0.0215 (R2 = 0.9998) for TDF.

2.4. Cell culture

Human vaginal epithelial cell line (VK2/E6E7, ATCC Number
CRL-2616), human endocervical epithelial cell line (End1/E6E7,
ATCC Number CRL-2615), and Lactobacillus crispatus (ATCC Num-
ber 33197) were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA). Unless otherwise stated, culture medium
and reagents were purchased from Invitrogen (Carlsbad, CA, USA).
VK2/E6E7 and End1/E6E7 cells were grown and routinely main-
tained at 37 �C in 75-cm2 culture flasks, in keratinocyte serum free
medium supplemented with 0.1 ng/ml human recombinant EGF,
0.05 mg/ml bovine pituitary extract, additional calcium chloride
44.1 mg/L, and in atmosphere of 5% CO2. L. crispatus was grown
in an ATCC medium 416 Lactobacilli MRS broth (BD, Franklin Lakes,
NJ, USA) at 37 �C.

2.5. Cytotoxicity studies

2.5.1. Cytotoxicity studies on vaginal/endocervical cell lines
Cell viability was determined by a DTX 800 multimode micro-

plate reader (Beckman Coulter, Brea, CA, USA). Cells were trans-
ferred to 96-well plates to ensure 1 � 104 cells per well and were
allow to grown until they reached 80% confluence. Then, the med-
ium was changed with 100 ll medium of blank PLGA/S-100 NPs
with different PLGA to S-100 ratios. The concentration of NPs in
the cell culture medium ranged from 25 lg/ml to 10,000 lg/ml.
The average size of 100% S-100 NPs used in cytotoxicity study
was 535.8 nm. The plates were incubated for 24 and 48 h. The
medium was used as a negative control and 1% Triton X as a posi-
tive control. Twenty microliters of [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
solution (MTS, CellTiter 96™ Aqueous, Promega, Madison, WI, USA)
was added to each well and incubated for 1 h at 37 �C. Cell viability
was determined using Eq. (1):

Viability ð%Þ ¼ ABSTest

ABSControl
� 100 ð1Þ

where ABSTest and ABSControl represented the amount of formazan
detected in viable cells.

The cellular membrane integrity was determined by the release
of lactate dehydrogenase (LDH). Briefly, cells were seeded in 96-
well plates and incubated with PLGA/S-100 NPs using the same
condition as stated above. One row of the 96-well plate without
cells was used to determine the background fluorescence that
might be present. At different time intervals, the plates were equil-
ibrated at 22 �C and 100 ll of CytoTox-ONE™ reagent (Promega,
Madison, WI, USA) was added to each well. The plate was incu-
bated at 22 �C for 10 min, and then 50 ll of stop solution was
added to each well. The fluorescence was detected using the above
microplate reader at excitation wavelength of 560 nm and emis-
sion wavelength of 590 nm. The percent cytotoxicity for a given
treatment can be expressed using Eq. (2):

Cytotoxicity ð%Þ ¼ 100� Experimental� Background
Positive� Background

ð2Þ

where experimental, background, and positive represent the fluo-
rescence intensity of NPs-treated wells. The background control
wells contained cells not treated with NPs positive control wells
contained cells treated with 1% Triton X, respectively.
2.5.2. Lactobacillus viability assay
To assess the effect of PLGA/S-100 NPs on L. crispatus growth,

the viability assay was performed using a MTS assay. The soluble
tetrazolium salt method has previously been tested on various
gram-positive and gram-negative bacteria including Lactobacillus,
showing linear relationships between the absorbance and viable
microbial cell density [33]. Briefly, the bacteria density was ad-
justed to an OD670 of 0.06, which corresponds to a 0.5 McFarland
Standard or 108 CFU/ml [34]. L. crispatus was seeded in 96-well
plates at a volume of 100 ll and incubated with 100 ll of a series
of NPs dilutions at 37 �C for 24 and 48 h. Bacterial wells treated
with commercially available penicillin–streptomycin solution
(Invitrogen, Carlsbad, CA, USA) at 10 lg/ml were used as positive
controls. After incubation, a 20 ll MTS reagent was added to each
well and the bacterial viability was determined by measurement of
the OD490 using the microplate reader. The percent viability was
expressed using Eq. (1).
2.5.3. Transepithelial electrical resistance (TEER) measurement
To determine the effect of PLGA/S-100 NPs on the epithelial

integrity, the transepithelial electrical resistance (TEER) was mea-
sured. Polycarbonate transwell inserts (Corning Costar Transwell
dual-chamber system, Fisher Scientific) were coated with 0.05%
type IV collagen (Sigma) prepared in 0.2% acetic acid and 7.5% eth-
anol overnight at 37 �C, 5% CO2. End1/E6E7 cells (4 � 105) were
seeded onto the coated transwell inserts and grown in a 12-well
dual-chamber system for 7 days to achieve polarization. At that
time, PLGA/S-100 NPs (75% S-100 at 1000 or 10,000 lg/ml) was
added to the apical surface of the monolayer, and TEER was mea-
sured at 30 min, 1, 2, 4, and 24 h using an EVOM voltmeter (World
Precision Instruments, Sarasota, FL, USA). As controls, wells treated
with medium, cells treated with Triton X, or no cells were used.



Table 1
Physicochemical characteristics of TNF and TDF loaded pH-responsive nanoparticles.a

Drug
(5 mg)

S100/
PLGA
ratio

Particle mean diameter before
freeze drying (nm)

Particle mean diameter after
freeze drying (nm)

EE (%) Drug loading
(% w/w)

PDI Z-potential
(mV)

TNF 25/75 240.0 ± 16.9 315.6 ± 24.1 15.4 ± 1.2 0.77 ± 0.06 0.206 ± 0.021 �3.35 ± 0.31
TNF 50/50 225.2 ± 16.5 336.2 ± 18.9 16.1 ± 1.0 0.81 ± 0.05 0.224 ± 0.032 �2.09 ± 0.12
TNF 75/25 298.0 ± 14.9 501.7 ± 44.5 9.5 ± 1.9 0.48 ± 0.10 0.269 ± 0.094 �3.26 ± 0.25
TDF 25/75 226.1 ± 13.5 310.6 ± 29.1 37.2 ± 3.9* 1.86 ± 0.19* 0.219 ± 0.032 �3.37 ± 0.50
TDF 50/50 251.1 ± 27.0 301.5 ± 47.6 26.9 ± 1.4** 1.34 ± 0.07** 0.190 ± 0.046 �3.87 ± 0.28
TDF 75/25 336.8 ± 41.4 433.6 ± 36.2 24.0 ± 1.6*** 1.20 ± 0.08*** 0.278 ± 0.068 �2.38 ± 0.33

a Each data point shown is the average of three samples (n = 3).
*,**,*** Statistical significant difference (P < 0.05) between means of TNF and TDF groups.

Fig. 1. (A) Size distribution of tenofovir disoproxil fumarate loaded nanoparticle
prepared with PLGA/S-100 in 50/50 weight ratio measured by dynamic light
scattering. (B) Typical transmission election micrograph (Bar = 200 nm). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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The TEER was expressed as (X cm2) value of the treated wells sub-
tracting that of the cell-free wells.
2.6. Cellular uptake studies

Cellular uptake studies were performed as previously described
[35]. The cells (1 � 104) were seeded in the 96-well plates. After
80% confluence was reached, the cells were incubated with C-6
NPs suspension (250, 500, and 1000 lg/ml in medium) for 4, 24,
and 48 h. Cells treated with medium only were used as back-
ground, and control was kept by adding C-6 NPs suspension to
the cell-free wells. At different time intervals, suspension was re-
moved and the cells were washed three times using a phosphate
buffer saline (PBS, pH = 7.4) solution. After adding 1% Triton X for
cells lysis, the fluorescence of the plate was measured using a Cary
Eclipse fluorescence spectrophotometer (Varian Inc., Palo Alto, CA,
USA). The excitation and emission wavelengths were 430 and
485 nm, respectively. The cellular uptake efficiency was calculated
by the ratio of the fluorescence intensity in the cell coated wells to
those in control wells.

For the confocal microscopy experiment, cells were grown on a
16-well CultureWell™ chambered coverglass (Grace Bio-Labs, Inc.,
Bend, OR, USA). After 80% confluence was reached, medium was
substituted with 100 ll C-6 NPs suspension (250 lg/ml). After
incubation for 4 h, the suspension was removed and 10 ll of 70%
ethanol was used to fix the cells at 37 �C for 20 min. Ethanol solu-
tion was then removed and the cells were washed three times
using PBS. Ten microliters of propidium iodide (PI, 5 mg/ml) was
added to stain the nucleus for 30 min. After the PI was washed
three times using PBS, the coverglass was separated and observed
by a confocal laser scanning microscope using a 40� water lens
with a KrAr laser (Zeiss LSM 410) and Fluoview FV300 software.

The elucidation of the mechanism of the NPs endocytosis was
done through uptake inhibition assay previously described [36].
Cytoskeleton recognition was prevented by incubating the cells
with cytochalasin D (10 lg/ml) for 30 min followed by C-6 NPs
application. Macropinocytosis was promoted through pre-incuba-
tion with phorbol myristate acetate (PMA, 1 lM) for 30 min fol-
lowed by C-6 NPs. Clathrin-dependent endocytosis was inhibited
by co-treatment C-6 NPs with chlorpromazine (10 lg/ml) after
the pre-incubation at the same concentration. Finally, the caveo-
lin-mediated endocytosis was disturbed by pre-incubate the cells
with genistein (200 lg/ml) for 30 min followed by co-treatment
with C-6 NPs at the same concentration. Cells treated with C-6
NPs alone were used as control. After 24 h, cells were analyzed
as described in the previous section.
2.7. Data analysis

After triplicate experiments, data were expressed as
mean ± standard deviations. Compare to controls, the statistical
significant difference of a given mean was determined using a test.
A P value <0.05 was considered statistically significant.
3. Results

3.1. Physicochemical characteristics of TNF or TDF loaded PLGA/S-100
NPs

The size, EE%, PDI, and zeta potential of TNF/TDF loaded PLGA/S-
100 NPs are listed in Table 1. Fig. 1A shows a typical size distribu-
tion of the NPs sample. As shown in Fig. 1B, the morphology of
drug-loaded NPs appeared to be spherical in shape and smooth
in surface. There is variance in size distribution, as shown in a



Fig. 2. In vitro release profile at pH = 4.2 (solid line) and pH = 7.6 (dash line) of TNF loaded NPs prepared with different weight ratio of S-100 to PLGA, n = 3. (A) 75% S-100, (B)
50% S-100, (C) 25% S-100, and (D) Comparative in vitro release profile of 75% S-100 NPs encapsulated with TNF or TDF under 37 �C at pH = 7.6, n = 3. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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PDI value greater than 0.005, but the majority of the particles have
a diameter below 300 nm. The encapsulation efficiency of TNF is
less than 20%. The EE% of TDF is significantly higher than that of
TNF (P value = 0.008, 0.004, 0.005 for NPs with S-100/PLGA ratio
of 25/75, 50/50, and 75/25, respectively). The EE% decreases with
increasing S-100 percentage for both TNF and TDF.
3.2. In vitro release study

The in vitro drug release for a period of 72 h in VFS and the mix-
ture of VFS/SFS is shown in Fig. 2A–D. For NPs with a 75% S-100/
25% PLGA weight ratio, there is a 43.6 ± 5.0% and a 78.5 ± 5.8% of
the total amount of TNF released in 24 and 72 h under pH 7.6,
respectively, while there’s only 19.6 ± 4.3% of the total TNF release
in 72 h under pH 4.2 (Fig. 2A). By reducing the amount of S-100 in
that of total polymers, the drug release rate also decreases (Fig. 2B
and C). The release rate of TNF and TDF from a 75%/25% S-100/
PLGA weight ratio NPs under pH 7.6 is also compared (Fig. 2D).
The release rate of TDF is lower compared to TNF.
3.3. Cytotoxicity study

3.3.1. Effect of PLGA/S-100 NPs on viability of epithelial cell lines
Our data suggest that a PLGA/S-100 blend NPs is safe in both

vaginal (VK) and endocervical (Endo) epithelial cell lines up to
10 mg/ml (Fig. 3A–D). Significant reduction in cell viability
(P < 0.05) has been observed for pure Eudragit� S-100 NPs at
10 mg/ml on VK cell line after 24 (77.34 ± 7.15%) and 48 h
(71.76 ± 10.60%). This effect is observed on all three formulations
(S-100/PLGA 50/50%, 75/25%, 100/0%) at 10 mg/ml on Endo cells.
Lactate dehydrogenase (LDH) assay estimates the cell membrane
integrity and the release of LDH are markers of non-viable cells.
The results of the LDH study correlate with that of the MTS study
(Fig. 4A–D). PLGA/S-100 NPs shows a more toxic effect on Endo
cells than VK cells, especially for NPs with high S-100 ratio under
high concentration (10 mg/ml). However, the highest percent of
cell death observed in the whole study is 12.14 ± 1.36% compared
to positive control, suggesting a relatively minor toxic effect.

The TEER data are shown in Fig. 5. The medium treated wells
varied by less than 13% of their TEER values in a period of 24 h.
The two highest concentrations (1000 and 10,000 lg/ml) of the
NPs reduced the TEER of Endo cells by a maximum of 9%
(P = 0.74) and 18% (P = 0.76), respectively, indicating a transient
reduction in the monolayer integrity. Conversely, the cell mono-
layer loses its TEER value up to 80% in 24 h in the positive control.
Although there is some reduction of viability on Endo cells at high
concentration as shown in the MTS study, the NPs does not com-
promise the integrity of Endo cells monolayer.
3.3.2. Effect of PLGA/S-100 NPs on viability of vaginal flora
Three PLGA/S-100 nanoformulations were tested on L. crispatus

from 25 to 10,000 lg/ml for a period of 48 h. No statistically signif-
icant loss of viability (P > 0.05) was found (Fig. 6).
3.4. Cellular uptake study

Around 50% of the NPs can be uptaken by cervicovaginal epithe-
lial cells within 24 h (see Fig. 7). The uptake process is further visu-
alized and proven by a confocal microscope study. Cell nuclei are
stained by propidium iodide (PI) and exhibit a red color under
red channel, while C-6 NPs exhibits a green color under green
channel. X–Y axis projections are performed using a 0.5 lm inter-



Fig. 3. MTS assay of VK and Endo cells after treated with PLGA/S-100 NPs (S-100 at 50%, 75%, and 100% w/w) at various concentrations. (A) VK cells at 24 h, (B) VK cells at
48 h, (C) Endo cells at 24 h, and (D) Endo cells at 48 h. The data shown represent the mean ± standard deviation of three independent experiments, n = 3. Stars indicate
significant differences from the controls, with P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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val in an 11–18 lm range. Confocal microscopic images (Fig. 8)
verify that nanoparticles are actually internalized by VK and Endo
cells and distribute throughout the cytoplasm and around nucleus
instead of localized on the surface of the cells. The uptake inhibi-
tion study shows that the treatment with genistein, an inhibitor
of caveolin-mediated endocytosis, has significant reduction in
NPs uptake on VK cells at all concentrations studied (Fig. 9). Inter-
ruption of actin microfilament polymerization and depolymeriza-
tion by cytochalasin D results in significant reduction in uptake
on NPs concentrations of 250 and 1000 lg/ml, but not on 500 lg/
ml. Clathrin-dependent endocytosis and mycropinocytosis are
not involved in PLGA/S-100 NPs internalization as indicated by
PMA and chlorpromazine treated studies.
4. Discussion

PLGA/S-100 NPs has an average mean diameter between 200
and 300 nm, which is comparable to previously reported particle
size such as the Eudragit RS/RL NPs [37] and Eudragit RS/PLGA
blend NPs, in which the obtained Eudragit RS/PLGA had an average
size of 273 nm [24]. At the drug loading reported, the nanoparticle
was spherical and smooth particle in shape. The impact of drug
loading on the NPs morphology remained to be elucidated. The
measured zeta potential was around �3.0 mV. This relatively weak
negative charge on the surface could be attributed to the presence
of ionized carboxyl groups on the particle surface, which is present
in both PLGA and S100. The size and zeta potential of the NPs can
affect toxicity and stability, as well as tissue uptake and interstitial
trafficking [38]. It was shown that topical administration of PLGA
NPs with a strong negative charge (around �20 mV) and size
around 200 nm, can display greater permeability deep into vaginal
epithelium as well as into the ectocervical tissue [20,21]. Therefore,
a close to neutral charge and relatively larger size, as obtained in
this study, would help reduce particle traversing through the
reproductive tract tissue, thus forming a first line of defense of
pH-sensitive NPs for effective prevention of HIV transmission.

Tenofovir is highly hydrophilic (Log P = �1.6) [39], and there-
fore it most likely partitions into the aqueous phase during NPs
preparation, with the incorporation of increasing proportion of
the relatively more hydrophilic polymer S-100 into the nanofor-
mulation. TDF has higher EE% because it is more hydrophobic
(Log P = 1.25) compared to TNF [40], and it also has a higher molec-
ular weight (635.52 vs. 287.03 g/mol for TNF) [39,40]. In addition
to low molecular weight and relative water solubility of the drug,
the high specific surface area of the NPs could have also contrib-
uted to the low EE%. The result of this study suggests that this drug
delivery template works better for the hydrophobic microbicide,
and further study is needed to either improve the EE% of the hydro-
philic drug or develop this system using hydrophobic microbicides.

It was hypothesized that the presence of S-100 in the polymeric
matrix accelerates the drug release rate in the presence of the se-
men fluid simulant following a combination of several fundamen-
tal mechanisms. Firstly, the importance of type of drug and device
geometry in PLGA-based drug delivery systems is well established
[41]. Although the initial NPs appear to be similar, the difference in
particle geometry may be consecutive to the solubilization of the
various proportions of the pH-sensitive polymer (S-100). Secondly,
the microenvironmental pH is also known to significantly impact
the stability and release of compounds [42]. In small size micro-
sphere (2 lm in diameter), the water soluble acids generated by
PLGA degradation hydrolysis were likely able to diffuse out close



Fig. 4. LDH assay of PLGA/S-100 NPs on VK and Endo cells at various concentrations. (A) VK cells at 24 h, (B) VK cells at 48 h, (C) Endo cells at 24 h, and (D) Endo cells at 48 h.
The data shown represent the mean ± standard deviation of three independent experiments, n = 3. Stars indicate significant differences from the controls, with P < 0.05. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Effect of PLGA/S-100 NPs on Endo cells monolayer integrity. Endo cells were
grown in transwell supports and resistance readings were measured at 30 min, 1, 2,
4, and 24 h. The data shown represent the mean ± standard deviation of three
independent experiments, n = 3. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Viability of Lactobacillus crispatus treated with PLGA/S-100 NPs (S-100 at
50%, 75%, and 100% w/w) after 48 h at various concentrations. The data shown
represent the mean ± standard deviation of three independent experiments, n = 3.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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to edge of microsphere, therefore displaying a more neutral inter-
nal pH [43]. These NPs being smaller in size, it is reasonably spec-
ulated that the internal pH is neutral as well. In this study,
Eudragit� S-100 was selected instead of L-100 because it’s trigger-
ing pH for solublization is closer to that of VFS/SFS mixture (final
pH 7.57) so ensure triggered release by SFS and avoid premature
drug release in case of relatively higher vaginal pH. The ester/acid
group ratio (ne/na) is approximately 2 for Eudragit� type S and 1 for
Eudragit� type L [29,44] where na and ne (groups/molecule) are the
number of acidic and ester groups in a polymer molecule. Indeed,
according to the manufacturer’s product data sheet, the acid value
of S-100 and L-100 is 190 mg and 315 mg KOH/g polymer. Because
Eudragit� polymer type S is solubilized by ionization reactions of
pendent carboxyl groups, its solubility decreases as the concentra-
tion of hydrogen ions in the solution increases. The polymer solu-
bility is very low at pH values lower than the pKa of the polymer
(pKa = 6 for Eudragit� type S), but increases rapidly (approximately



Fig. 7. Time-dependent uptake efficiency of the nanoparticles by two vagina epithelial cell lines (VK and Endo). Each data point shown is the average of three samples. The
data shown represent the mean ± standard deviation of three independent experiments, n = 3. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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17-fold) as the solution pH increases from 6 to 7 and then becomes
independent of solution pH for pH values greater than 10 [44].
Optimum values of both a polymeric matrix’s pKa and a solution
pH exist at which a maximum facilitated diffusion occurs and the
overall polymer dissolution could change from diffusion-limited
to disentanglement-limited process [44]. It remains to be eluci-
dated whether the carboxylic acid groups in Eudragit� can acceler-
ate PLGA degradation either in liquid or solid state. As previously
demonstrated, human semen can be detected in vaginal tract up
to 48 h after intercourse and the cervicovaginal pH remains at a
relatively high level within the first 24 h after the intercourse
[45]. These observations provide a solid ground for the potential
clinical relevance of the observed time-dependent pH responsive-
ness. Our data support this hypothesis since increasing the per-
centage of S-100 results in a higher drug release rate, and there
is an approximate of 50% drug release within the first 24 h. Since
the composition of the polymeric matrix is random in NPs, lower
amounts of S-100 will give the drug less of a chance to be in con-
tact with the release medium. Therefore, the drug release rate
might become more dependent on the PLGA degradation rate at
a lower S-100 weight ratio. This can explain the similar release rate
shown in Fig. 2C, since it has been shown that PLGA nanoparticles
have a higher drug release rate in an acidic pH environment [20].
Tenofovir has two pKa values at 3.8 and 6.7 [39]. At lower pH,
the ratio [HA]/[A�] of unionized ([HA]) vs. ionized species ([A�])
is higher, which has been identified as a factor that could enhance
the permeation of this drug through lipophilic membrane [39]
based on pH-partition hypothesis. At higher pH, the degradation
of PLGA is controlled by formation of acidic oligomers creating
water channels [46]. On the other hand, low pH could catalyze
the breakage of ester bond in the polymer backbone, which is con-
sidered to be a controlling effect of the zero-order release phase of
PLGA NPs [46]. The average pKa of PLGA is 3.85 considering the pKa

of lactic acid of 3.86 and that of glycolic acid 3.83 [47]. A drop in
the pH of the release media will also cause an increase in the
[HA]/[A�] ratio, thus reducing the negative charge of PLGA. Re-
duced charge–charge interaction between PLGA matrix and the
encapsulated drug could also contribute to the drug release at low-
er pH. It is also well-known that the ratio of lactide to glycolide in
PLGA strongly affects the degradation rate of PLGA [48]. As the
hydrophobicity of PLGA increases, a slower drug release rate is ob-
served because of the reduced water uptake in the PLGA matrix.
Therefore, by adjusting the PLGA composition and S-100 percent-
age, the release rate of TNF can be further controlled. Given the fact
that TDF is more hydrophobic in nature [39,40], the TDF release
rate is more dependent on its diffusion rate through the polymetric
matrix, while TNF is more exposed to the aqueous phase with re-
lease requiring only dissociation from the NPs surface.

The actual drug loading for the 75%/25% S-100/PLGA weight ra-
tio NPs is 0.48% w/w for TNF and 1.20% w/w for TDF, which can be
converted to 1.7 lmol and 1.9 lmol per 100 mg NPs for TNF and
TDF, respectively. It has been reported that the in vitro EC50 of
TNF and TDF was 5.0 ± 2.6 and 0.05 ± 0.03 lM [49]. Considering
that a vaginal suppository weighs approximately 5 g and assuming
a 20% w/w of NPs in such a suppository, the ultimate vaginal for-
mulation, would be respectively loaded with 17 and 19 lmol of
TNF and TDF, leading to a vaginal drug concentration of 5.7 lM
and 6.3 lM, given the fact that the average total volume of vaginal
fluid and cervical mucus is 3 ml [50]. Therefore, it can be reason-
ably speculated that a microbicide released from pH-sensitive
NPs would potentially exhibit an anti-HIV effect. However, this re-
mains to be elucidated in the future in vitro and in vivo safety and
efficacy assays taking into account composition-property perfor-
mance relationships [51].

Another major concern for topical delivery of HIV microbicide
formulation is the retention time of the formulation. It has been re-
ported that PLGA nanoparticles loaded with coumarin-6 can be ob-
served throughout the reproductive tract up to 7 days after only a
single vaginal application in vivo [21]. Therefore, it is reasonably
speculated that the proposed PLGA/S-100 NPs has the ability to
be retained locally in the vaginal cavity. However, this remains
to be further confirmed by in vivo biodistribution and retention
study.

Topical strategies to prevent HIV infection must have safety
profiles that justify its application, especially on mucosal integrity
and vaginal ecology [52]. Since a simple 1% tenofovir gel has been
proven to be safe on epithelial cell lines and peripheral blood
mononuclear cells (PMBCs) [11,53], the purpose of this study is
to test the effect of the vehicle PLGA/S-100 NPs on the viability
of epithelial cells. The observed difference in the viability profile
between VK and Endo cells might be due to their difference in cell
sensitivity. Columnar endocervical epithelial cells are thought to
be more susceptible to toxicant and release more proinflammatory
cytokines, such as interleukin 6, 7, and 8, when damaged than do
vagina epithelial cells [54]. Being only a single cell layer, endocer-
vical epithelium is more vulnerable to pathogen invasion and tis-
sue injury. Therefore, active cytokine production would enable a
quick response to infections for maintenance of sterility of the re-



Fig. 8. Confocal fluorescence images of VK and Endo cells with coumarin-6
encapsulated PLGA/S-100 50%/50% NPs (C-6 NPs) after 4 h incubation and control.
An overlay of red and green channels is shown. (A) Z-stacking of X–Y projection of
VK cells treated with C-6 NPs. (B) Z-stacking of X–Y projection of Endo cells treated
with C-6 NPs. (C) Y–Z projection of the optical section of the VK cells incubated with
C-6 NPs. (D) Y–Z projection of the Endo cells incubated with C-6 NPs. (E) Z-stacking
of X–Y projection of control VK cells treated with medium alone. (F) Z-stacking of X–
Y projection of control Endo cells treated with medium alone. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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gion [55]. Based on the data of the MTS, LDH, and TEER studies, the
overall toxic effect of PLGA/S-100 NPs is transient, especially at
concentrations lower than 10 mg/ml. By increasing the amount
of PLGA, which is a biodegradable and biocompatible polymer,
the cytotoxicity can be further reduced. By comparing the cytotox-
icity data, PLGA/S-100 NPs has a better safety profile than the car-
bopol gel formulation [23] and has a similar safety profile to that of
the terpolymer [23] and hydroxyethycellulose gel formulations
[53]. For example, it has been reported that a pH-responsive ter-
polymer gel formulation can achieve almost 100% viability on a
mouse fibroblast cell line at 10 mg/ml, but the viability of cells
was less than 20% when treated with carbopol at the same concen-
tration. It is noted that carbopol is widely accepted in commercial
vaginal formulations at 0.5–20 mg/ml [56].

The normal vaginal flora consists of predominantly Lactobacillus
species. It is critical that any microbicide formulation to not disturb
this normal vagina flora. This is important to maintain the low pH
environment and the secretion of hydrogen peroxide (H2O2), which
provides a natural barrier against HIV transmission [57]. L. crispa-
tus was used as a model bacterium since it has been proven to
produce H2O2 [58]. Our data suggested that PLGA/S-100 NPs would
not disturb the normal vaginal flora. Together with other safety
data, PLGA/S-100 NPs has the potential to be a safe matrix for
vaginal delivery of microbicide. However, further studies are
needed to rule out eventual unwanted inflammatory responses.

Nanoparticles encapsulating fluorescent dyes have been fre-
quently used to study cellular uptake, and coumarin-6 was sug-
gested to be a suitable marker for nanoparticles because of their
low leaching percentage under various conditions [35]. There-
fore, the intracellular fluorescence of C-6 may not be attributed
to the uptake of free coumarin-6 released from nanoparticles.
A similar uptake pattern of PLGA NPs in C6 glioma cells has been
reported [35], suggesting the capability of endocytosis function
of epithelial cells on the reproductive tract. By applying different
chemicals to inhibit/promote different endocytic pathways, it is
possible to study the specific pathway involved in the internali-
zation of PLGA/S-100 NPs. The results indicate that caveolin-
mediated endocytosis is clearly involved, with a maximum of
65% reduction observed under genistein treatment. Actin micro-
filament also contributed in the process, as evidenced by 42%
and 36% reduction on 250 and 1000 lg/ml NPs, respectively.
On the contrast, clathrin-dependent endocytosis is not involved
in the internalization. It has been previously reported that the
NPs size can affect the pathways of internalization, with a cutoff
of 200 nm. Particles under 200 nm are more likely to be internal-
ized through clathrin-dependent endocytosis, and caveolin-med-
iated pathway favors particles over 200 nm [59]. Our data
support this hypothesis since the PLGA/S-100 NPs has an average
size above 200 nm. However, multiple factors can affect NPs
internalization such as cell line dependence, particle size, and
surface composition. Therefore, additional investigations are
needed to further the subcellular fate of these NPs. It was dem-
onstrated in the in vitro release study that over 40% of the drug
can be released within the first 24 h after a contact with the
simulated semen. In the case when no sexual activity is immedi-
ately engaged, the proportion of NPs that is uptaken by the vag-
inal epithelium would allow the sustained release of microbicide
to the basal layer due to the intracellular polymer degradation.
Based on our current understanding on how viruses enter animal
cells [48], these findings would provide additional physicochem-
ical barrier by outdistancing the virus in regions where the HIV
has been shown to transmigrate and infect its target cells [52].
Therefore, these data are important, not only because they eluci-
date the fate of nanoparticles at site of action, but also reveal the
possibility of microbicide localization at its site of action.
5. Conclusions

In this study, pH-responsive nanoparticles loaded with tenofo-
vir or tenofovir disoproxil fumarate are formulated. The nanofor-
mulation prepared by 75/25% ratio of S-100/PLGA matrix loaded
with TDF (size 336.8 nm, encapsulation efficiency 24.0%, drug load-
ing 1.9% w/w) appears to be the best formulation considering the
overall effect based on drug loading, in vitro release (pH-responsive
release), and safety (up to 10 mg/ml). PLGA/Eudragit S-100 nano-
particles have several advantages, such as small particle size, con-
trolled release of drug in the presence of semen, and they are
potentially safe to the vaginal physiological environment. How-
ever, the encapsulation efficiency is low. This might be increased
by optimization of the preparation protocol or even using a more
hydrophobic microbicides in the future study. Future studies are
needed to characterize the conditions for optimal formulation sta-
bility, vaginal retention time, immunological/inflammatory re-
sponses, in vivo safety, and efficacy. Collectively, these data
suggest the possibility of using nanoparticles as a delivery system



Fig. 9. Effects of inhibitors on the internalization of C-6 NPs on VK cells. For all treatments, cells are pre-treated 30 min with the inhibitor prior to treatment with C-6 NPs.
After 24 h, cells were analyzed by microplate reader. Values indicate means ± standard deviation of three independent experiments, n = 3. Stars indicate significant
differences from the controls, with P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

T. Zhang et al. / European Journal of Pharmaceutics and Biopharmaceutics 79 (2011) 526–536 535
for intravaginal delivery of HIV microbicides for the prevention of
HIV transmission.
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