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a b s t r a c t

Drug delivery via vaginal epithelium has suffered from lack of stability due to acidic and enzymatic
environments. The biocompatible pH-sensitive nanoparticles composed of Eudragit S-100 (ES) were
developed to protect loaded compounds from being degraded under the rigorous vaginal conditions
and achieve their therapeutically effective concentrations in the mucosal epithelium. ES nanoparticles
eywords:
H-sensitive nanoparticles
udragit
ntravaginal delivery

containing a model compound (sodium fluorescein (FNa) or nile red (NR)) were prepared by the modi-
fied quasi-emulsion solvent diffusion method. Loading efficiencies were found to be 26% and 71% for a
hydrophilic and a hydrophobic compound, respectively. Both hydrophilic and hydrophobic model drugs
remained stable in nanoparticles at acidic pH, whereas they are quickly released from nanoparticles upon
exposure at physiological pH. The confocal study revealed that ES nanoparticles were taken up by vaginal
cells, followed by pH-responsive drug release, with no cytotoxic activities. The pH-sensitive nanoparti-

g carr
s/pro
cles would be a promisin
microbicides and peptide

. Introduction

Assorted mucosas have long been explored as a promising
oute for delivery of therapeutic compounds including proteins
r peptides, which suffer from poor bioavailability owing to harsh
onditions of the oral administration. Of those mucosal routes, the
agina has been studied as an alternative route of various classes of
rugs, such as microbicides, antimicrobials, sexual hormones and
roteins or peptides (Gavini et al., 2002; Richardson and Illum,
992; Veazey et al., 2003; Yoo et al., 2006). A dense network of
lood vessels in the vaginal wall and by-pass of the hepatic first pass
etabolism have made the vagina as a potential route for a systemic

s well as topical drug (e.g. antifungal agents, hormones or micro-
icides) delivery of therapeutically active compounds (Hussain and
hsan, 2005).

The extent of drug absorption through vaginal epithelium
s, however, limited by biochemical and enzymatic activities in
he vagina because the vaginal epithelium contains exo-/endo-

eptidases which stimulate digestion of peptides and proteins (Lee,
988). For instance, the vaginal absorption of macromolecules like
olypeptides and proteins was substantially hindered by enzymatic
egradation (Richardson and Illum, 1992). The vaginal application
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ier for the vaginal-specific delivery of various therapeutic drugs including
teins. Published by Elsevier B.V.

of acid labile compounds, such as erythromycine (Durfee et al.,
1979) and nitric oxide donors (Yoo et al., 2010), was also con-
strained due to their instability in acidic environments. Moreover,
a burst release of a drug may cause mucosal irritation in the vaginal
tissue. Therefore, it is integral to develop an advanced drug carrier
which lengthens the stability of therapeutic agents and facilitates
their delivery into vaginal epithelium, thus achieving enhanced
bioavailability, optimal pharmacological efficacy and high patients’
compliance.

Nanoparticulate systems have been used as an advanced drug
delivery carrier due to their unique features, such as capability to
protect therapeutic compounds, versatility to control the release
profiles of loaded drugs and tunable surface properties. Nanopartic-
ulates with thixotropical properties make them even more suitable
to mucosal application and free from any influences caused by envi-
ronmental pH changes (Lee et al., 2009). Since most pores in mucosa
including cervicovaginal mucus range 50–1800 nm with an aver-
age pore size of 340 nm (Lai et al., 2010), nanoparticles with a size
of about 300 nm or smaller can penetrate through mucosal mem-
branes and overcome the existing barriers to success (Mallipeddi
and Rohan, 2010).

Eudragit S-100 (ES) composed of methacrylic acid and methyl
methacrylate (1:2, Mw = approx. 135,000) (Scheme 1), was cho-
sen as a pH-sensitive polymer owing to its unique dissolution
behavior above pH 7.0. Eudragits have been used as pH-sensitive

polymers in various applications including enteric coating mate-
rials and drug delivery vehicles (Gupta et al., 2001; Khan et al.,
1999; Khan et al., 2000), and exhibited plastic deformation and
significant speed sensitivity (Tatavarti et al., 2008). Eudragit in
combinations with other polymers, such as hydroxypropyl methyl-

dx.doi.org/10.1016/j.ijpharm.2010.10.032
http://www.sciencedirect.com/science/journal/03785173
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NR was diluted with the same buffer solution from stock solution
cheme 1. Chemical structure of Eudragit S-100. The ratio of the free carboxyl
roups to the ester groups is 1:2 (Mw = approx. 135,000).

ellulose and talc, stabilized loaded drugs and provided a controlled
elease of them (Maghsoodi and Esfahani, 2009; Raffin et al., 2007).
ano-/microparticles made from Eudragit polymers have been uti-

ized for protein drug delivery through oral route (Jain et al., 2005;
eroux et al., 1996; Morishita et al., 1993). Since little attention has
een given to nanoparticles made from Eudragit for their mucosal
pplications, we attempted to develop the pH-sensitive Eudragit
anoparticles as an intravaginal drug delivery carrier.

ES nanoparticles were loaded with a hydrophilic (FNa) or
hydrophobic (nile red) model drug. The characteristics of ES

anoparticles including particle size distribution, morphology and
rug loading efficiency were examined. The release profiles of
odel compounds from nanoparticles were evaluated under var-

ous environmental pHs. The cellular uptake of ES nanoparticles
y human vaginal epithelial cell line was examined using a con-
ocal microscope. The vaginal cell viability upon exposure to ES
anoparticles was determined for cytotoxicity assessment.

. Materials and methods

.1. Materials

Eudragit S-100 (ES) was a gift from Röhm (Germany). Polyvinyl
lcohol (PVA, Mw 30,000–70,000), sodium fluorescein (FNa) and
ile red (NR) were purchased from Sigma Aldrich (St. Louise, MO).
ll other reagents and solvents were of analytical grade.

.2. Preparation of ES nanoparticle

ES nanoparticles were prepared by modified quasi-emulsion
olvent diffusion methods (Kawashima et al., 1989; Pignatello et al.,
002). For a hydrophobic compound (NR), 2.5% (w/v) of ES was dis-
olved in acetone and NR (0.05%, w/w) was added to the polymer
olution. For a hydrophilic compound (FNa), 2.5% (w/v) of ES was
issolved in methanol and FNa (0.1%, w/w) dissolved in distilled
ater was added to the polymer solution. For blank nanoparti-

les, ES was dissolved without any drug. The solution was slowly
njected (0.33 ml/min) into 100 ml citrate buffer (pH 5.0) contain-
ng PVA (1%, w/v, emulsifier) using a syringe pump connected to a
hin Teflon tube. During the injection process, the mixture was agi-
ated at 600 rpm. The mixture immediately turned into the biphasic
olution with the polymer–organic solvent solution in the exter-
al aqueous phase and drug-containing pseudo-emulsion in the

nternal phase. The solution was left under a slow magnetic stir-
ing at room temperature for 24 h to remove the organic solvent.
he nano-suspensions were centrifuged at 1500 rpm for 5 min to

emove polymer aggregations. After centrifuging, the supernatant,
hich contains ES nanoparticles, was carefully collected and cen-

rifuged at 40,000 × g for 30 min and washed with distilled water
hree times. The collected nanoparticles were freeze-dried for 24 h.
harmaceutics 403 (2011) 262–267 263

2.3. Morphology of nanoparticles

The examination of morphology and surface property of
nanoparticles was performed using scanning electron microscopy
(SEM; FEG ESEM XL 30, Hillsboro, OR). ES nanoparticles were
mounted on a double-sided tape and spray-coated with gold palla-
dium at 0.6 kV prior to inspection by electron microscope.

2.4. Assessment of loading efficiency

A known amount of ES nanoparticles was dissolved in 1 M
sodium hydroxide and the suspension was kept in a bath soni-
cator for 10 min. The amount of a model drug was measured and
analyzed by a plate reader (DTX 880, Beckman Coulter, CA). The
analyses were performed at excitation and emission wavelengths
of 494 nm and 521 nm for FNa and those of 535 nm and 625 nm for
NR. For the calibration curve, the standard solutions were prepared
by mixing blank nanoparticles and proper amounts of a model drug
in 1 M sodium hydroxide. Samples were prepared in triplicate and
loading efficiency (%) was calculated using the following equation:

Loading efficiency (%)

= Amount of remaining drug in the nanoparticles
Amount of initially added drug

× 100

2.5. Size distribution of ES nanoparticles

The particle size distribution of the freshly prepared ES
nanoparticles was analyzed using dynamic light scattering (DLS)
(Brookhaven 90 Plus, Brookhaven Instruments Limited, Holtsville,
NY) with a photon counting rate of at least 400 kcps. The sample
solutions at the concentration of approximately 2 mg/ml in citrate
buffer (pH 4.0) were diluted by distilled water.

2.6. In vitro drug release study

50 mg of ES nanoparticles was added to 10 ml of phosphate
buffer (pH 7.4) or citrate buffer (pH 4.0) at 37 ◦C. For the release
study, Tween 80 (5%, v/v) was added to the buffer solutions to facili-
tate the solubilization process of NR released from nanoparticles. At
a predetermined time interval, an aliquot (0.5 ml) of the sample was
withdrawn and subsequently replaced with the fresh buffer solu-
tion. The sample was centrifuged and the supernatant was analyzed
by a plate reader as described above. The samples were analyzed
in triplicate.

2.7. Evaluation of cellular uptake of ES nanoparticles

Normal vaginal epithelial cell line, VK2/E6E7 (ATCC), was used
for evaluation of the cellular uptake profiles of ES nanoparti-
cles. VK2/E6E7 cells were harvested with keratonized serum-free
medium (K-SFM) (Gibco, Carlsbad, CA) containing bovine pituitary
extract (BPE) (50 �g/ml), human recombinant epidermal growth
factor (EGF) (0.1 ng/ml), CaCl2 (0.4 mM), penicillin (100 U/ml) and
streptomycin (100 �g/ml). They were incubated at 37 ◦C under
5% CO2 and 95% humidity. Cells were incubated with phosphate
buffer (pH 6.5) containing NR-loaded ES nanoparticles (equiva-
lent to 0.05 mg NR) for 1 h. The NR solution containing 0.05 mg of
(0.5 mg/ml in DMSO) and was used as a control. The cells were fixed
with 2% paraformaldehyde and the cellular uptake of ES nanopar-
ticles was examined using Nikon TE-2000U scanning fluorescence
confocal microscope (Nikon Inc., Melville, NY). The digital images
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Table 1

Formulation Effective particles size (nm) Polydispersity index Yielda (%) Entrapment Efficiency (%)

Blank ES NP 211.5 ± 10.4 0.07 ± 0.02 92.3 ± 5.4 –
ES-F NPb 241.9 ± 8.2 0.09 ± 0.04 86.4 ± 6.1 26.2 ± 2.7
ES-NR NPc 331.7 ± 25.0 0.23 ± 0.06 89.4 ± 4.7 71.4 ± 3.8
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Fig. 2. In vitro drug release profiles from ES nanoparticles. At acidic pH (4.0), both
drugs showed slow release profile, whereas nearly 100% of drugs were released
within 1 h at pH 7.4. Data were expressed as mean ± S.D. (n = 3). *p < 0.05 versus
a All were expressed as mean ± S.D. (n = 3).
b ES-F NP: fluorescein sodium loaded ES nanoparticle.
c ES-NR NP: nile red loaded ES nanoparticle.

ere processed using Image-J software (National Institute of Men-
al Health, Bethesda, MA).

.8. Cytotoxicity assessment study

Two vaginal cell lines, VK2/E6E7 and HeLa cells, were used to
ssess the cytotoxicity of ES nanoparticles. The cells were seeded
nto 96-well plate. After 2 days, cell culture media were replaced
ith fresh media confining various amounts of blank ES nanoparti-

les. After 24 h of incubation, cell viability was measured using Cell
iter 96 AQueous assay kit (Promega).

. Results

.1. Characterization of ES nanoparticles

The formulation characteristics of ES nanoparticles are sum-
arized in Table 1. The morphology of the particles was studied

sing SEM. As shown in Fig. 1, ES nanoparticles displayed a solid
pherical shape having a smooth surface. Nanoparticles did not
ave any porous surfaces or internal porous structure, suggesting
hat the matrix rupture process was not a fundamental compo-
ent in determining the release profiles of loaded compounds from
anoparticles.

The varying sizes of ES nanoparticles as low as 150 nm were
roduced to find the most suitable mucosal formulation for candi-
ate compounds. The size of ES nanoparticles was affected by the
olymer concentration and injection rate. The particles size was
lso affected by the encapsulation status of compounds, showing a
reater size of the nanoparticles incorporated with drugs than that

f blank particles (Table 1). The average particle size of nanopar-
icles incorporated with model compounds ranged from 242 to
32 nm. The size of the particles encapsulated with hydrophobic
ompound (NR) is greater than those with hydrophilic compound
FNa).

Fig. 1. SEM images of ES nanoparticle
ES-NR pH 4.0.

The loading efficiency of the model compounds depends on their
physical properties, especially hydrophobicity. Loading efficiency
for hydrophobic NR was 71%, whereas it was 26% for hydrophilic
sodium fluorescein. The lower entrapment efficiency of hydrophilic
drug can be explained by its greater solubility in the external aque-
ous phase than in the internal lipid phase (i.e. polymer emulsion
phase). Hydrophilic compounds are present at a greater concen-
tration in external water phase, thus having a tendency to diffuse
out to the water phase, whereas hydrophobic drug is more likely
to remain in the particles. The fabrication parameters, such as a
concentration, flow rate and PVA concentration, were optimized

in the initial formulation development step to achieve the highest
efficiency of both hydrophilic and hydrophobic compounds.

s containing FNa (a) and NR (b).
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.2. pH-sensitive release profiles of model compounds from ES
anoparticles

The release profiles of the model compounds from nanoparticles
ere evaluated at acidic pH (4.0) and physiological pH (7.4) (Fig. 2).

he environmental pH significantly affected the release profiles of
he model compounds from nanoparticles. At pH 4.0, no significant
ifferences in the release profile between two model drugs were
bserved at the early stage, but the amount of FNa released from
anoparticles was significantly greater than that of NR at 6 h. The
umulative amount of FNa released from ES nanoparticles at pH 4.0
radually reached about 30% of the loading dose as the hydrophilic
Na entrapped within the nanoparticles was diffused out for 6 h,
hereas almost no more NR was released up to 6 h after the initial

urst release of ∼20% in first 30 min. The release rate of both model
ompounds distinctively increased, as pH of the fluid changed from
.0 to 7.4 at which ES nanoparticles quickly dissolved, achieving
00% of the release amount of the loaded model compounds (both
Na and NR) within 1 h. FNa was released more quickly from the
anoparticles owing to their higher hydrophilicity than NR. These
esults indicated that both model compounds were retained by
anoparticles at acidic vaginal pH, but they were rapidly released

rom nanoparticles at physiological pH.
When the amounts of drug released from nanoparticles at pH

.4 at the initial stage after being normalized with the loading effi-
iency and initial loading amount were compared between two
odel drugs, the amount of FNa released from nanoparticles was

ignificantly smaller than that of NR (Fig. 2). The results of this study
learly supported that ES nanoparticles can be used as an intravagi-
al carrier for both hydrophilic and hydrophobic compounds and
he loading dose can be adjustable according to their physicody-
amic characteristics.

.3. Cellular uptake of ES nanoparticles by vaginal cells

The uptake study of ES nanoparticles incorporated with NR was
erformed on vaginal cells. NR, which was not formulated with
S nanoparticles, bound on cell membranes and no NR was found
nside the cells (Fig. 3a), indicating that NR is not able to penetrate

he cells. The ES nanoparticles containing NR, however, stained at

ost part of cells (Fig. 3b), indicating that ES nanoparticles were
nternalized into vaginal cells and released NR. The results of this
tudy clearly supported that ES nanoparticles can be used for the
ystemic delivery of both hydrophilic and hydrophobic compounds.

ig. 3. Cellular uptake profiles of ES nanoparticles in vaginal cells. (a) NR solution. NR
anoparticles. The entire vaginal cells were evenly stained with NR, implying that the cells
Fig. 4. Cytotoxicity study of ES nanoparticles. ES nanoparticles were incubated in
two vaginal cell lines. No cytotoxic activities of ES nanoparticles were observed in
both vaginal cells. Data were expressed as mean ± S.D. (n = 6).

3.4. Cytotoxicity study

Cell viability study was performed to evaluate whether ES
nanoparticles exert cytotoxic activity on vaginal cells. As shown in
Fig. 4, ES nanoparticles at various concentrations caused no cyto-
toxicities to vaginal cells upon exposure for 24 h, demonstrating its
safeness in mucosal applications and relieving compliance concern
from patients.

4. Discussion

The majority of women acquiring sexual transmitted disease
(STD) today are infected by mucosal exposure to virus through
sexual contact [21]. Women may need help from barrier devices
containing exogenous compounds including microbicides for self
protection until an arrival of the first generation of vaccines. This
uncertainty provides a rationale to pursue an advanced form of
nanoparticles which are capable of carrying multiple compounds

with different pharmacological activities and physicodynamic
properties as a means for protection against STD.

Nanoparticles made of ES were herein utilized for the vagina-
specific delivery of two physically different model drugs with a
simultaneous delivery pattern and a controlled release rate. Since

bound on the cell membrane, but not crossing the membrane. (b) NR-loaded ES
internalized NR-loaded nanoparticles and released NR in cytosol. Scale bar = 10 �m.
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ig. 5. Schematic presentation of ES nanoparticles uptake through vaginal cells. It
as hypothesized that ES nanoparticles containing a drug are internalized by vaginal

pithelial cells via endocytosis and escape from endosomes, followed by drug release
n cytosol.

S is a pH-sensitive anionic copolymer, these polymeric carriers
an serve as a novel drug delivery system achieving both spatial
nd temporal control in conjugation with localized pH (i.e. 4.0 for
he vagina). The following beneficial properties of ES have been
onsidered for the development of nanoparticles for the dual deliv-
ry of exogenous compounds including topical microbicides. They
re (1) accepted as a pharmaceutical excipient (e.g. enteric coat-
ng material), (2) generally regarded as non-toxic, (3) pH-sensitive
olymer and dissolved at above pH 7.0, dissolution occurs as a result
f structural changes of the polymer associated with ionization of
he carboxylic functional group, and (4) have advantages in mucosal
ptake of the compounds loaded in nanoparticles.

Various combinations of solvents were tested to optimize the
abrication procedure of ES nanoparticles. For encapsulation of NR,
cetone was used as a solvent due to its high solubility of the drug
n it and its ability to produce uniform particle formation. Acetoni-
ril was not suitable as it produces aggregations of ES polymer.
o encapsulate FNa, methanol was used as a solvent as it is read-
ly miscible with the drug solution in water. Other solvents, such
s isopropanol or ethanol, produced severe aggregations during
he nanoparticles fabrication process. Injection rate of the solvent
as optimized to prevent aggregation of ES nanoparticles. The

ate higher than 0.33 ml/min of polymer–drug solution to external
queous phase resulted in a greater particle size with partial aggre-
ation. Further optimization of the fabrication parameters would
e required depending on the physical properties of drugs to be
ncapsulated. In both methods, the pH of external aqueous medium
as maintained at pH 5.0, as the polymer starts dissolving in the
edium above pH 7. In vitro drug release studies revealed that

oth hydrophilic and hydrophobic model drugs were retained in
anoparticles under acidic conditions, but they were immediately
eleased from nanoparticles as their environment pH changed from
cidic to physiological pH.

We here hypothesize that ES nanoparticles are internalized by
ndocytosis and release the drug in cytosol (Fig. 5). Fig. 3 clearly
eveals that NR bound to the cell surface, but not penetrated the
ell membrane (Fig. 3a), whereas NR was entirely stained in the
aginal cells when they were incubated with NR-loaded nanopar-
icles (Fig. 3b). Since NR is not able to enter the cells (Fig. 3a), the
resence of NR inside the cells can be attributed to cellular uptake
f NR-loaded ES nanoparticles (Fig. 3b). Considering endosomal pH
pH 5–6), it is unlikely that NR is released from ES nanoparticles
n endosomes, rather implying that ES nanoparticles were escaped
rom endosomes and subsequently release NR in cytosol whose pH
s 7.4. Further studies seem to be needed to elucidate the mecha-
isms of cellular uptake and intercellular trafficking process of ES

anoparticles.

The ES nanoparticles described here will show a distinctive
erit in intravaginal applications. While vagina in human is acidic

pH 4–5) with a low buffering capacity under normal conditions,
harmaceutics 403 (2011) 262–267

semen from the male partner is neutral (∼pH 7.5) with a higher
buffering capacity (Owen and Katz, 2005), thus altering vaginal
pH during intercourse (Tevi-Benissan et al., 1997). Therefore pH
dependent conformational changes of nanoparticles upon expo-
sure to semen have great advantages in achieving optimal release
rate and pharmacological efficacy of intravaginally delivered for-
mulations (Lee et al., 2009).

Since the release pattern of both model drugs at pH 4.0 was
sustained, ES nanoparticles in conjunction with mucoadhesive
polymers would be advantageous in long term delivery of phar-
maceuticals inside vaginal cavity. Due to cellular uptake by vaginal
cells and subsequent pH-sensitive drug release, the ES nanopar-
ticles developed in this study have a potential to be used not
only for topical delivery but also for systemic delivery of loaded
drugs. Further optimization and application of these pH-sensitive
nanoparticles will lead to self-controlled female drug delivery
systems (Wang and Lee, 2002) carrying various therapeutic com-
pounds including peptides/proteins, siRNA and microbicides for
various clinical applications including prevention against STD.

5. Conclusions

ES nanoparticles loaded with hydrophilic or hydrophobic model
compounds were successfully fabricated by a modified emulsion
solvent diffusion method. The nanoparticles had homogeneous
surface morphology with spherical nature and uniformed tex-
ture. In vitro release profile showed that model compounds were
retained by the nanoparticles at vaginal pH, but they were rapidly
released from particles at physiological pH. The nanoparticles also
showed the cellular uptake by vaginal cells and subsequent drug
release. No cytotoxicity of the nanoparticles was detected in vagi-
nal cell lines. The pH-sensitive ES nanoparticles presented in this
study would be a potential carrier for not only topical delivery but
also systemic delivery of therapeutically active compounds.
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