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Purpose: To develop spray dried mucoadhesive and pH-sensitive microspheres (MS) based on polymeth-
acrylate salt intended for vaginal delivery of tenofovir (a model HIV microbicide) and assess their critical
biological responses.
Methods: The formulation variables and process parameters are screened and optimized using a 24�1

fractional factorial design. The MS are characterized for size, zeta potential, yield, encapsulation effi-
ciency, Carr’s index, drug loading, in vitro release, cytotoxicity, inflammatory responses and mucoadhe-
sion.
Results: The optimal MS formulation has an average size of 4.73 lm, zeta potential of �26.3 mV, 68.9%
yield, encapsulation efficiency of 88.7%, Carr’s index of 28.3 and drug loading of 2% (w/w). The MS formu-
lation release 91.7% of its payload in the presence of simulated human semen. At a concentration of 1 mg/
ml, the MS are noncytotoxic to vaginal endocervical/epithelial cells and Lactobacillus crispatus when
compared to control media. There is also no statistically significant level of inflammatory cytokine
(IL1-a, IL-1b, IL-6, IL-8, and IP-10) release triggered by these MS. Their percent mucoadhesion is 2-fold
higher than that of 1% HEC gel formulation.
Conclusion: These data suggest the promise of using such MS as an alternative controlled microbicide
delivery template by intravaginal route for HIV prevention.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

HIV/AIDS remains the deadliest epidemic of our time. In the
2011 UNAIDS global report, WHO estimated there were 2.7 million
new infections and 1.8 million AIDS related deaths in 2010 (UNA-
IDS/WHO, 2011). Unprotected, heterosexual, vaginal intercourse is
still one of the major routes of infection. In sub-Saharan Africa,
which is identified as the region where most new infections occur,
women constitute about 60% of the total population that is living
with HIV (2010). To this date alternative pre-exposure prophylaxis
(PrEP) methods are urgently needed, given that antiretroviral
therapy is still far from curing the disease and a successful HIV
vaccine is yet to be developed. The idea of PrEP methods started
with the oral application of antiretroviral drugs, and later focused
on the vaginal/rectal application of anti-HIV substances, known as
microbicides. A great variety of HIV microbicides candidates have
been studied and tested (das Neves et al., 2011; Mbopi-Keou
et al., 2010; McCormack et al., 2010; Wan et al., 2007). In terms
of formulation, a lot of the emphasis has been put on the first gen-
eration gel formulation, and some positive results have been
shown (Garg et al., 2010). In the CAPRISA004 trial, in which a 1%
tenofovir gel was tested, HIV incidence was reduced by 54% in
the high gel adherence (>80%) group (Karim et al., 2010). This
promising result shed light on the prospect of a possible total pro-
tection against HIV, if a sustainable concentration of the active
drug can be maintained. Meanwhile the TFV gel arm was termi-
nated for futility in VOICE HIV prevention trials indicating that
the differences in dosing strategies is important in the outcomes
of the prevention (FHI, 2011). However, such an aqueous gel sys-
tem suffers from several disadvantages, the most significant one
being its low retention time within the vaginal cavity, which re-
quires a high dosing frequency (Karim et al., 2010). Such ‘‘before
and after sex’’ dosing strategy (otherwise regarded as ‘‘coital
dependence’’ (Morrow and Ruiz, 2008) sometimes leads to poor
acceptability and adherence. An ideal prevention strategy for
women at high-risk of sexually-acquired HIV could be the use of
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Table 1
Variables and their levels in 24�1 design.

Levels

Low High Centerpoints

Independent variables
X1 = Polymer concentration (%) 2 5 3.5
X2 = Polymer: drug 10 40 25
X3 = Inlet temperature (�C) 100 140 120
X4 = Feed flow rate (ml/min) 1.6 6.4 4.0
Coded values (X1, X2, X3, X4) � + 0
Dependent variables
Y1 = Drug encapsulation efficiency (%)
Y2 = Yield (%)
Y3 = Carr’s index (%)
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a microbicide formulation that could be administered in a coital-
independent fashion (e.g. once a day). To achieve this goal, the
ideal formulation should (a) have high vaginal retention time,
and (b) be able to release a high dose of microbicide when sexual
intercourse occurs.

So far, there isn’t much literature on the development of a sec-
ond generation topical microbicide formulation incorporating a
triggering-release mechanism, although many concerns have been
given to safe delivery of microbicides using nanotechnology (Wha-
ley et al., 2010). In a pilot study, Gupta et al., 2007 demonstrated a
temperature and pH-sensitive hydrogel taking advantage of the
drastic pH change in the presence of human semen as a triggering
factor for the burst release of the microbicide (Gupta et al., 2007).
Most recently, Mahalingam et al., 2011 developed a pH-sensitive
mucin like polymer that could significantly impede HIV migration
at pH P 4.8 (Mahalingam et al., 2011 and Clark et al., 2011) re-
ported an enzymatic triggered release of HIV-entry inhibitors
(Clark et al., 2011). It has recently been shown that PLGA/Eudragit
S-100 blend nanoparticle loaded with tenofovir can have a 4-fold
increase in the release rate in the presence of semen and is noncy-
totoxic to vagina epithelium and vaginal flora (Zhang et al., 2011).

This study reports for the first time the development of a spray
dried mucoadhesive and pH-sensitive microspheres (MS) formula-
tion, based on polymethacrylate salt intended for vaginal delivery
of HIV microbicides. It has been shown that the sodium or potas-
sium salts of the methacrylic copolymers Eudragit L-100 and S-
100 have the potential as a novel low-swellable mucoadhesive
material (Cilurzo et al., 2003, 2005). We postulate that a topical
formulation prepared from sodium salt of Eudragit S-100 (EuSNa)
may provide site-retentive characteristics as well as pH-sensitive
release, which could be a potential alternative solution to current
gel formulation. In this study, tenofovir was formulated into a
spray dried EuSNa microparticle (EuSNa-MS) formulation. This
study encompasses the formulation optimization, characteriza-
tion, in vitro safety, in vitro mucoadhesion, and immunogenicity
testing.
2. Materials and methods

2.1. Materials

The Tenofovir (TFV) was purchased from Zhongshuo Pharma-
ceutical Co. Ltd. (Beijing, China). The Eudragit� S-100 (Methacrylic
acid-methyl methacrylate copolymer 1:2) was purchased from
Evonik Industries (Darmstadt, Germany). The sodium hydroxide
was purchased from Sigma–Aldrich (St. Louis, MO, USA). The Ore-
gon green� 488 cadaverin ⁄5-isomer⁄ was purchased from Invitro-
gen Corp. (Carlsbad, CA, USA). The CytoTox-ONE™ and CellTiter
96™ Aqueous kits were purchased from Promega (Madison, WI,
USA). The Milliplex MAP multiplex assay kits were purchased from
Millipore (Billerica, MA, USA). All other chemicals used in this
study were of analytical grade and used without further
purification.
2.2. Experimental design

In this study, a 24�1 fractional factorial experimental design was
used to study the effect of four formulation variables, namely,
polymer concentration, polymer to drug ratio, inlet temperature,
feed flow rate on drug encapsulation efficiency, yield, and Carr’s
index. These independent and dependent variables, and their
coded factors, are listed in Table 1. All independent variables in this
study were chosen based on preliminary experiments (data not
shown).
2.3. Microspheres preparation

Eudragit S-100 sodium salt (EuSNa) was prepared according to
the method adopted from Cilurzo et al., 2003. Briefly, Eudragit S-
100 (S-100) was dissolved in water containing sodium hydroxide
(NaOH) pellets to assure complete salification. The ratio of S-100
to NaOH was calculated based on the acid value of the S-100 (De-
gussa, 2011). The solution was spray dried as described below.

To prepare tenofovir-loaded EuSNa microspheres (EuSNa-TFV
MS), different amounts of S-100 and TFV were added in 20 ml of
deionized water with an appropriate amount of NaOH to achieve
complete salification. The solution was then spray dried using a
Buchi Mini Spray Dryer, Model 290 (Buchi Laboratoriums - Technik
AG, Flawil, Switzerland). The dried MS were weighed using a Met-
tler Toledo XS 105 dual range balance (Mettler Toledo Inc., Colum-
bus, USA), and stored in a sealed or capped glass container at 4 �C
for further analysis.

2.4. Microparticle characterization

2.4.1. Size, zeta potential and morphology
The size and size distribution of the EuSNa-TFV MS were evalu-

ated using a Scepter 2.0 handheld, automated cell counter (Milli-
pore, Billerica, MA, USA). The spray dried EuSNa-TFV MS were re-
dispersed in deionized water at 1 mg/ml after 30 s sonication,
and size was evaluated by Scepter using a 40 lm sensor (measur-
ing range 3–13 lm). The zeta potential was measured at 25 �C
using Zeta sizer (Zetasizer Nano ZS, Malvern Instruments Ltd,
Worcestershire, UK). The surface characteristics and geometry of
the MS were analyzed by scanning electron microscopy (SEM).
For SEM analysis, a small amount of the powdered MS was put
onto a grid. The membrane was mounted on a 1/200 SEM stubs with
double-sticky carbon tape. The sample was then sputter coated
(Emitech EMS575SX) with�20 nm thickness of gold and visualized
under a Philips SEM 515 microscope (Philips/FEI, Eindhoven, NL).

2.4.2. Yield and powder flowability
The yield of the spray dried MS was simply calculated by the ra-

tio of total mass of the spray dried powder to the total mass of the
initial components combined. The powder flowability was mea-
sured by calculating Carr’s index (Nekkanti et al., 2009). Briefly,
the bulk density was measured by placing approximately one gram
of powder under gravity into a calibrated graduated cylinder and
then recording the bulk volume. The tapped density was measured
by tapping the graduated cylinder on a wooden platform with an
approximate amplitude of 20 mm until no further change in pow-
der volume was observed (Chevanan et al., 2010; Ren et al., 2008).
Carr’s index was calculated through:

Carrs indexð%Þ ¼ ðTapped density� Bulk densityÞ
Tapped density

� 100 ð1Þ
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2.4.3. Drug encapsulating efficiency
After spray drying, about 10 mg of EuSNa-TFV MS was dissolved

using 5 ml of 95% alcohol at oscillation overnight. Five ml of water
was then added into the solution. After vortexed for 1 min, the
sample was analyzed using a RP-HPLC method at 259 nm (Agrahari
and Youan, 2012). The HPLC system (Waters, Milford, MA) con-
sisted of a 1575 binary pump system, 717 plus auto sampler,
2487 dual wavelength absorbance detector, and a Bridge™ C18 col-
umn (150 mm � 4.6 mm, 5 lm). The results were acquired and
processed with Breeze™ software. The mobile phase was water
(0.1% triethylamine, pH 5.1 adjusted by orthophosphoric acid)
and acetonitrile (35:65 v/v) delivered at a flow rate of 1 mL/min.
The standard curve was y = 25.267x + 79.103, R2 = 0.9994. The drug
encapsulation efficiency was calculated as:

Drug encapsulation efficencyð%Þ

¼ Actual loading
Theoretical loading

� 100 ð2Þ

where actual loading was assessed by HPLC, and theoretical loading
was calculated from the mass ratio between TFV and total mass of
EuSNa-TFV MS.

2.4.4. In vitro release of TFV from EuSNa-TFV MS
To estimate the amount of TFV released from the MS, a protocol

similar to the previously reported was used (Zhang et al., 2011).
Two ml of resuspended EuSNa-TFV MS was put into a dialysis
bag (Spectra/Por Float-A-Lyzer G2, MWCO 3.5-5 KD, Spectrum Lab-
oratories 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. Vaginal fluid simulant (VFS, pH 4.2) mixed
with semen fluid simulant (VFS/SFS, pH 7.6) were used as a release
medium (Owen and Katz, 1999, 2005). At predetermined time
intervals (0, 0.25, 0.5, 1, 2, 3, 4 h) the amount of TFV released
was measured by HPLC. Each sample was run in triplicate.

2.4.5. Powder X-ray diffraction analysis
Powder X-ray diffraction (XRD) analysis was performed on raw

materials (S-100, TFV), blank EuSNa MS, two EuSNa-TFV MS for-
mulations (high/low drug loading), and a physical mixture of Eu-
SNa and TFV using the same ratio of dug vs. polymer. A MiniFlex
automated X-ray diffractometer (Rigaku, The Woodland, Texas,
USA) was used for the analysis at room temperature. The diffrac-
tion angle covered from 2 b 5� to 2 b 40�, and a step of 1� per
min was applied. The diffraction patterns were processed using
Jade 8+ (Materials Data, Inc., Livermore, CA).

2.5. 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). Culture medium and reagents were
purchased from Invitrogen (Carlsbad, CA, USA). VK2/E6E7 and
End1/E6E7 cells were grown and routinely maintained at 37 �C in
75-cm2 culture flasks, in keratinocyte-serum free medium supple-
mented with 0.1 ng/ml human recombinant EGF, 0.05 mg/ml bo-
vine pituitary extract, additional calcium chloride 44.1 mg/L, and
in an atmosphere of 5% CO2.

2.6. Cell viability assay on vaginal/endocervical cell lines

The viability of VK2/E6E7 and End1/E6E7 cells was tested using
both CellTiter 96™ Aqueous (MTS) and CellTiter 96™ Aqueous
(LDH) assays (Promega, Madison, WI, USA) according to published
protocol (Zhang et al., 2011). Cells were grown on a 96 well plate at
1 � 104 cells per well until they reached 80% confluence. Then the
medium was changed and the cells were incubated with 100 ll of
EuSNa-TFV MS at 1 mg/ml for 24 h. The medium was used as a neg-
ative control and 1% Triton X as a positive control. The plate was
read using a DTX 800 multimode microplate reader (Beckman
Coulter, Brea, CA, USA). Cell viability was calculated using the fol-
lowing Eq. (2) (for MTS assay) and 3 (for LDH assay):

Viabilityð%Þ ¼ ABSTest

ABSControl
� 100 ð3Þ

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

Cytotoxicityð%Þ ¼ 100� Experimental� Background
Positive� Background

ð4Þ

where experimental represent the fluorescence of MS-treated wells,
background control wells contained cells not treated with MS, and
positive control wells contained cells treated with 1% Triton X,
respectively.

2.7. Lactobacillus viability assay

The viability of L. crispatus was evaluated using a MTS assay
similar to the one described in the previous section. Briefly, L. crisp-
atus was grown in an ATCC medium 416 Lactobacilli MRS broth
(BD, Franklin Lakes, NJ, USA) at 37 �C and the bacteria population
was adjusted to an OD670 of 0.06, which corresponds to a 0.5
McFarland Standard or 108 CFU/ml (Jorgenson et al., 1999). Then
the bacterial was transferred to a 96 well plate and incubated with
100 ll of 1 mg/ml EuSNa-TFV MS for 24 h. Bacterial wells treated
with commercially available Penicillin–Streptomycin solution
(Invitrogen, Carlsbad, CA, USA) at 10 lg/ml were used as positive
controls. The viability of L. crispatus was assessed using a CellTiter
96™ Aqueous kit and calculated according to Eq. (3).

2.8. In vitro cytokine release study

Cytokine levels were measured in VK and Endo cell culture
supernatant by commercially available Milliplex MAP kits contain-
ing the human cytokine antibodies of IL-1a, IL-1b, IL-6, IL-8 and
IP-10 (Millipore, Billerica, MA, USA). Similar cytokines have been
found to be released by the same cell lines in previous toxicity
studies with vaginal microbicidal products (Fichorova and
Anderson, 1999; Fichorova et al., 2004). For this experiment, VK
and Endo cell lines were grown on a 96 well plate until confluence,
and then treated with 1 mg/ml EuSNa-TFV for 24 h in triplicate.
Medium served as negative control and TNF-a at 50 ng/ml was
used as positive control. The culture supernatant was collected
and incubated with human cytokine antibodies at 4 �C overnight.
The plate was analyzed using the Luminex 100 Multiplex system,
and the cytokine concentrations were calculated by xPONENT V
3.1 software (Luminex Corp. Austin, TX, USA).

2.9. Preparation and characterization of oregon green conjugated
EuSNa MS

Oregon green� 488 cadaverin ⁄5-isomer⁄ is an amine derivative
of Oregon green� 488 dye, and it was used in this study to form OG
conjugated EuSNa MS (EuSNa-OG MS). The synthesis scheme is
shown in Fig. 1. It has been shown that this derivative can be suc-
cessfully conjugated with a carboxyl group ended macromolecule,
and maintain its fluorescence excitation and emission characteris-
tics (Christie et al., 2009). Five hundred mg of Eudragit S-100 with



Fig. 1. Synthesis scheme of S-100 conjugated with Oregon green� 488 cadaverin ⁄5-isomer⁄ (OG), molecular weight 496.46.

Fig. 2. Pareto chart showing the standardized effect of independent variables and their interaction on Drug loading efficiency (top), Yield (middle) and Carr’s Index (bottom).
Bars extending past the line indicates statistical significance (a = 0.05).
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an average molecular weight of 125 KDa (�1.2 � 10�7 M–COOH)
was mixed using a magnetic stirrer with 11.5 mg EDC
(�6 � 10�6 M) and 33.5 mg sulfo-NHS (�1.5 � 10�6 M) in phos-
phate buffer (pH 8.0 adjusted with NaOH) and maintained under
room temperature for 20 min. OG (0.6 mg, 1:1 ratio of –NH2 to –
COOH) was added to the solution and the reaction was maintained
for 24 h. The reaction mixture was then put into a dialysis bag
(Spectra/Por Float-A-Lyzer G2, MWCO 3.5-5 KD, Spectrum Labora-
tories Inc. Rancho Dominguze, CA, USA) against 1000 ml of water
for 24 h under magnetic stirring. The OG conjugated EuSNa was
collected by lyophilization and further characterized using a Nico-
let iS10 FT-IR Spectrometer (Thermo Scientific, West Palm Beach,
FL) and 1H 400 MHz NMR (Varian Inc., Santa Clara, CA, USA). The
FT-IR spectrometer was equipped with a deuterated triglycine sul-
fate (DTGS) detector and controlled by OMNIC V 7.0 spectra soft-
ware. The transmission mode in the FT-IR spectrometer was
utilized to make observations with the sampling area of approxi-
mately 1 mm. Analysis was systematically performed between
650 and 4000 cm�1. The background was collected at ambient con-
ditions before analyzing each sample. Spectra was automatically
corrected with a linear baseline. No specific sample preparation
was used before the FT-IR analyses. For 1H NMR analysis, all sam-
ples were dissolved in 100% D2O. The data were recorded with
1024 scans, and the recycle time was set as 1 s at 25 �C. All data
were analyzed by MestReNova LITE V 5.2.5-4731 software. The Eu-
SNa-OG MS was prepared using the same method described in
Section 2.3.

2.10. Mucoadhesion study

The scheme of the mucoadhesion test was adopted from pub-
lished work, and some changes were made for this study (Nielsen
et al., 1998). The study was performed on freshly obtained porcine
vaginal tissue (Fairview Farm Meat Co., Topeka, KS, USA) within 2 h
of death of the animal. The tissue was washed with normal saline,
snap-frozen in liquid nitrogen, and kept at �80 �C. On the day of
study, the tissue was first thawed at 4 �C, brought to room temper-
ature gradually, and then cut into pieces of 8 cm length � 1 cm
width. Cyanoacrylate glue previously used in a similar study (Meng
et al., 2011) was applied to attach the tissue to a plastic strip, and
then was inserted into a tube, which allowed the tissue to be
mounted in a 37 �C water bath at an angle of 45�. An equilibration



Table 2
Response values of dependent variables.

Run no. Pattern Polymer Conc.(%, w/v) Polymer: drug ratio Inlet temperature (�C) Feed rate (ml/min) Drug encapsulation
efficiency (%)

Yield (%) Carr’s index (%)

1 +�+� 5.0 10 140 1.6 45.7 64.3 16.7
2 ��+� 2.0 10 140 1.6 67.7 73.2 23.6
3 +��+ 5.0 10 100 6.4 64.0 53.3 47.9
4 ���+ 2.0 10 100 6.4 58.6 56.2 37.9
5 �+�� 2.0 40 100 1.6 82.3 69.7 35.5
6 ++�� 5.0 40 100 1.6 60.8 54.8 31.2
7 ++++ 5.0 40 140 6.4 73.5 48.7 25.9
8 0 3.5 25 120 4.0 63.6 59.2 33.2
9 0 3.5 25 120 4.0 60.2 63.1 27.7
10 0 3.5 25 120 4.0 66.2 60.9 28.8
11 �+++ 2.0 40 140 6.4 95.5 72.4 40.9

Table 3
The result of ANOVA and lack-of-fit analysis on all dependent variables.

Response R2 PANOVA Plack-of-fit

Drug encapsulation efficiency (Y1) 0.95 0.047* 0.13
Yield (Y2) 0.99 0.0077* 0.73
Carr’s index (Y3) 0.96 0.043* 0.32

* Statistical significance (a = 0.05).
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period of 5 min with VFS was allowed before administering the MS
to humidify the mucosa. The mucosa was then continuously rinsed
with 10 ml VFS (pre-equilibrated to 37 �C) containing fluorescent
EuSNa-OG MS at 1 mg/ml. The flow rate was set at 1 ml/min using
an infusion set. A 1% hydroxyethylcellulose gel, as well as a TFV
loaded chitosan nanoparticle formulation (Meng et al., 2011),
was used as control. The fluorescent intensities before and after
the tissue rinsing were analyzed by a DTX 800 microplate reader
at kex 495 nm and kem 520 nm (Beckman Coulter, Brea, CA, USA).
The percent of mucoadhesion was calculated as:
Fig. 3. Prediction and desirability plot showing the effect of independ
Mucoadhesionð%Þ ¼ F1 � F
F1

� 100 ð5Þ

where F1 was the initial fluorescent intensity and F was the fluores-
cent intensity after the treatment.

After the study, the surface of the tissue was cleaned carefully
and the tissue was cut into small cubes that were then embedded
into Histoprep and frozen using liquid nitrogen. The vertical sec-
tion from each frozen cube was mounted on a glass slide and
examined with a Leica DMI3000 fluorescent microscope (Leica
Microsystems GmbH, Wetzlar, Germany) using a total of 200X
magnification.

2.11. Statistical analysis

The result of the 24�1 design was analyzed using JMP software
(version 8.0, SAS Institute Inc., Cary, NC, USA). Unless otherwise
stated, data were expressed as mean ± standard deviations. Com-
pared to controls, the statistical significant difference of a given
mean was determined using a student’s t-test. A P value < 0.05
was considered statistically significant.
ent variables on Drug loading efficiency, Yield, and Carr’s index.



Table 4
Comparison between predicted and actual values of dependent variables under maximized desirability.

Run Y1 (%) Predicted Y1 (%) P-value Y2 (%) Predicted Y2 (%) P-value Y3 (%) Predicted Y3 (%) P-value

OP* 88.7 ± 2.1 82.1 ± 12.0 0.40 68.9 ± 7.2 73.2 ± 3.9 0.41 28.3 ± 3.3 25.3 ± 7.67 0.56

* OP stands for optimum run.

Fig. 5. In vitro release profile of EuSNa-TFV MS at pH = 4.2 (blue) and pH = 7.6 (red)
under 37 �C, n = 3. (For interpretation of the references to colour in Fig. 2–10, the
reader is referred to the web version of this article.)

Fig. 4. (A) Scanning electron microscopy image of EuSNa-TFV MS. Scale bar set at 5 lm. (B) size distribution of EuSNa-TFV MS measured by Sceptor 2.0 cell counter. Y axis
indicates the number of particle counts. M1 indicates a size region with lower limit of 3 lm and higher limit of 9 lm.
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3. Results

3.1. Statistical analysis and optimization of EuSNa-TFV MS

Table 2 describes the responses obtained by the 24�1 design for
the drug encapsulation efficiency (Y1), yield (Y2) and Carr’s index
(Y3). The overall drug encapsulation efficiency of EuSNa-TFV is
greater than 50%, with a maximal encapsulation efficiency of
95.5%. The overall yield varies from 53% to 73%, with Carr’s index
ranging from 16.7 to 47.9. To check the validity of the model, AN-
OVA and lack-of-fit test were performed, and the results are shown
in Table 3. All three dependent variables have R2 values greater
than 0.9. The P values for ANOVA are less than 0.05, indicating a
statistically significant model fit at 95% confidence, with no lack-
of-fit (P values for lack-of-fit test are greater than 0.05). Fig. 2
shows the main effect of all independent variables and their inter-
actions on the dependent variables. The independent variables,
which have an effect size (quantified by t-ratio) greater than a tab-
ulated critical t value (tcrit = 3.18, df = 3, indicated by a blue vertical
line), are identified as statistically significant. The overall effects of
all the independent variables and their interactions are reflected by
the following equations:



Table 5
Kinetic models used for analysis of TFV loaded EuSNa MS release data and their corresponding R2 values.

Model no. Model namea Model equationb R2 (pH 4.2) R2 (pH 7.6)

1 Zero order F = k0t 0.759 0.983c

2 First order ln (1�F) = �kft 0.512 0.933
3 Higuchi F = kH

p
t 0.958 0.574

4 Power law lnF = lnkp + plnt 0.958 0.574
5 Weibull ln[�ln(1�F)] = lnkw + blnt 0.964 0.862
6 Reciprocal powered time (1/F�1) = m/tb 0.969 0.544

a Models 1–5 were processed by linear regression where model 6 was processed by nonlinear regression.
b F denotes fraction of drug released at time t. k0, kf, kH, kp, p, kw, b, and m are parameters of the models.
C Last three time points were not considered in the zero order model.

Fig. 6. XRD crystallography for drug loaded MS, raw component in the formulation and physical mixture of drug and polymer. From top to bottom, (A) pure TFV, (B) EuSNa
and TFV mixture at 10:1, (C) EuSNa and TFV mixture at 40:1, (D) EuSNa-TFV MS (polymer to drug ratio 10:1), (E) EuSNa-TFV MS (polymer to drug ratio 40:1), (F) blank EuSNa
MS, (G) pure Eudragit S-100.
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Y1 ¼ 67:09� 7:51XA1 þ 9:51XA2 þ 2:08XA3 þ 4:39XA4

� 3:36XA1XA2 � 3:49XA1XA3 þ 3:35XA1XA4 ð6Þ

Y2 ¼ 61:44� 6:3XA1 � 0:18XA2 þ 3:07XA3 � 3:93XA4

� 3:35XA1XA2 � 1:85XA1XA3 � 0:35XA1XA4 ð7Þ

Y3 ¼ 31:74� 2:04XA1 þ 0:92XA2 � 5:67XA3 þ 5:7XA4

� 2:8XA1XA2 � 3:46XA1XA3 þ 0:78XA1XA4 ð8Þ

where the coded factors XAi are: XA1 = (X1�3.5)/1.5, XA2 = (X2�25)/
15, XA3 = (X3�120)/20 and XA4 = (X4�4)/2.4, and X1 through X4 stand
for the original independent variables in Table 1.

The relationship between the independent variables and depen-
dent variables is further investigated using a prediction and desir-
ability plot (Fig 3). In Fig. 3, the predicted values of all three
dependent variables with their standard deviation values are rep-
resented by the solid line and the dotted line, respectively. Our goal
was to maximize drug encapsulation efficiency (Y1) and yield (Y2)
while minimize Carr’s index (Y3). Based on our goal, the optimum
experimental condition is computed as: polymer concentration
2.8%, polymer to drug ratio 40:1, inlet temperature 140 �C, and
feed flow rate of 1.6 ml/min, with a maximized desirability value
of 0.74. The comparison between the predicted and the actual
values of the dependent variables is achieved by a check point
analysis shown in Table 4. The differences between the predicted
and actual values appear to be statistically insignificant.
3.2. Size, zeta potential and morphology of EuSNa-TFV MS

As shown in Fig. 4A, TFV loaded EuSNa MS appear to be well dis-
persed and spherical in shape. There is a variance in size distribu-
tion as shown in Fig. 4B; however, most particles appear to be
greater than 2 lm. The average size of spray dried EuSNa-TFV MS
is 4.73 lm as measured by a Scepter 2.0 handheld automated cell
counter. The average zeta potential of EuSNa-TFV-MS is �26.3 mV.
3.3. In vitro release of tenofovir from EuSNa-TFV MS

The in vitro release profile of TFV loaded EuSNa MS in VFS and a
mixture of VFS/SFS is shown in Fig. 5. There is 91.7 ± 10.7% (n = 3)
of TFV released from EuSNa MS at pH 7.6 within 60 min, while
there’s only 22.5 ± 8.1% (n = 3) of TFV released at pH 4.2 during
the same period of time. The simulation of the release profile of
TFV to a series of known release kinetic models is performed and
the results are shown in Table 5. The release of TFV from the MS
at pH 7.6 appears to follow zero-order kinetics, while the release



Fig. 7. MTS (A) and LDH (B) assay of VK and Endo cells treated with blank or TFV
loaded EuSNa MS at 1 mg/ml over 24 h. (C) Viability of Lactobacillus cripatus
treated with blank or EuSNa TFV-loaded MS after 24 h at 1 mg/ml. The data shown
represent the mean ± standard deviation of 3 independent experiments. ⁄Statistical
significance (a = 0.05).
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profile under pH 4.2 can be better described by reciprocal powered
time model.
3.4. X-ray diffraction analysis

The result of X-ray diffraction analysis is shown in Fig. 6. The
characteristic peaks of TFV are found around 2h = 7�, 15�, 22�,
23.5� and 24.8�. These peaks are not observed in any of the EuSNa
MS formulations, while they are still observable in the physical
mixture of TFV and EuSNa using the same mass ratio.
3.5. Cytotoxicity study of EuSNa-TFV MS

Our data suggest that EuSNa-TFV MS is safe in both vaginal (VK)
and endocervical (Endo) epithelial cell lines (Fig. 7). No significant
reduction of cell viability was found in MTS assay (Fig. 7A) using
both blank and drug loaded MS formulation at 1 mg/ml. Lactate
dehydrogenase (LDH) is an indicator released from cells with dam-
aged membranes. Minimal amount of LDH was released from cells
incubated with blank and drug loaded EuSNa MS, being only 6.9%
and 7.7% compared to positive control, respectively (Fig. 7B). The
result also indicates that EuSNa-TFV MS is not toxic to vaginal flora,
as no statistically significant loss of viability was found during the
incubation period (Fig. 7C).

3.6. Cytokine release study

The level of immunogenicity of EuSNa-TFV MS is evaluated
using the Luminex Multiplex system and the results are shown
in Fig. 8. The concentration of five cytokines, namely IL-1a, IL-1b,
IL-6, IL-8, and IP-10 are shown after 24 h incubation with EuSNa-
TFV MS. In case of IL-6, IL-8, and IP-10, the level of cytokine re-
leased is comparable, or even lower, than that of the medium
(Fig. 8A–C), while significantly lower than the positive control
(TNF-a at 50 ng/ml). A similar trend can be observed in cases of
IL-1a and IL-1b; however, IL1-a and IL1-b are not able to generate
similar level of cytokine as they did in IL-6, 8 and IP-10.

3.7. Mucoadhesion study

Fig. 9A shows the FT-IR spectrum of S-100 polymer, EDC, Sulfo-
NHS (S-NHS), and S100-OG conjugate. The C@O stretching vibra-
tion signal around 1700 cm�1 is reduced and substituted with a
peak of similar strength around 1600 cm�1, which is due to the for-
mation of an amide bond (Gallagher, 2011). The broad peak around
3300 to 3500 cm�1 may be contributed to NH stretching vibrations.
In Fig. 9B, the existence of Oregon green in S100-OG conjugate is
proved by 1H NMR spectroscopy. The aromatic proton peaks
(d = 8.20, 8.05, 7.81, 7.24, 6.69 and 6.58) can be detected in the final
product S100-OG, and the line width of the peaks at the aromatic
areas is consistent with dye bonding with polymer. In Fig. 10A,
OG conjugated EuSNa MS can be observed with a strong fluores-
cent signal.

The mucoadhesion of EuSNa MS was evaluated and the results
are shown in Fig. 10B–D. The average mucoadhesion of EuSNa
MS is determined to be 8.7%, where mucoadhesion of HEC gel
and chitosan nanoparticles is 4.4% and 8.1%, respectively. The
mucoadhesion of EuSNa is found to be slightly higher that of chito-
san nanoparticles, and it is significantly greater than that of 1% HEC
gel formulation.

4. Discussion

The purpose of the 24�1 fractional factorial design is to screen
several key factors contributing to the optimum formulation with
high-yield, high drug encapsulation efficiency, and low moisture
content during the formulation design and process. For drug
encapsulation efficiency (Y1), it is found that increasing the poly-
mer to drug ratio, as well as decreasing polymer concentration,
can significantly improve drug encapsulation. High drug encapsu-
lation efficiency can be achieved through high polymer to drug ra-
tio, indicating the possibility that the free drug, which is not
associated with the polymer, is less likely to be well encapsulated.
It is not clear as of how decreasing polymer concentration contrib-
utes to high encapsulation efficiency. For yield (Y2), it is found that
low polymer concentration, low feed flow rate, and high inlet tem-
perature are capable of significantly improving the yield of the
spray dried MS. The effect of inlet temperature and feed flow rate
on spray drying is shown in the following equation (Hamdy et al.,
2011; Hung et al., 2011):

goverall ¼
T1 � T2

T1 � T0

� �
� 100 ð9Þ

where goverall denotes the overall thermal efficiency, T1 is inlet tem-
perature, T2 is outlet temperature, and T0 is the atmospheric tem-
perature. Therefore by increasing inlet temperature (T1), the



Fig. 8. The level of cytokine release from VK and Endo cells treated with TFV-loaded EuSNa MS over 24 h. (A) IP-10, (B) IL-8, (C) IL-6, (D) IL-1a, (E) IL-1b. The data shown
represent the mean ± standard deviation of 3 independent experiments. ⁄Statistical significance (a = 0.05).
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overall thermal efficiency is increased, leading to better drying and
higher yield.

na=f ¼
Vaa � qa

Vlf � qf
ð10Þ

where the relationship between the liquid feeding rate (Vlf), the
atomizing air flow rate (Vaa), and their influence on spray drying,
was defined by the air/fluid mass ratio (na/f). The so-called air/fluid
mass ratio represents the energy available for atomization, and
decreasing na/f will result in insufficient drying of particles (Patter-
son et al., 2005). When atomizing air flow is fixed, decreasing liquid
feeding rate increases na/f, therefore increasing drying efficiency
leads to increased yield. The Carr’s index (Y3) is an indicator of
the powder flowability of the spray dried powder. The value of
Carr’s index, which is greater than 25%, indicates a cohesive powder
with poor flow characteristics (Gonnissen et al., 2008). Increased
feed flow rate, as well as low temperature, is found to have a signif-
icant effect on increasing Carr’s index. In practice, poor powder
flowability is usually correlated with high moisture residue in the
powder, which can be an obvious consequence from increased feed
flow rate and low temperature as the combination suffers from
insufficient drying.

The concept of maximized desirability was used in this study to
find the optimum condition. The desirability in optimization of
multiple dependent variables is described using a scale of 0 to 1,
where 0 is not acceptable and 1 is the perfectly desirable result
(Derringer and Suich, 1980). The optimum formulation has an
average encapsulation efficiency of 88.7% with 68.9% yield, and a
Carr’s index of 28.3%. The surface characteristics of the particulate
system usually govern its biological fate, especially if delivered
topically. In terms of intravaginal delivery, the mucus serves as a
barrier that can filter out particles with a large size (>1 lm), ren-
dering these particles only adhering on the mucus surface (das
Neves et al., 2011). Smaller particles may be more capable of dif-
fusing through the mucin mesh, which has been experimentally
confirmed that a suitable size range (200–500 nm) is required for
muco-penetration (Ham et al., 2009). However, in this study, the
EuSNa-TFV MS was designed to be responsive to the pH change
caused by male ejaculate. Therefore a mucin-adhering, rather than



Fig. 9. (A) FT-IR spectrum of the reactants and the product of EuSNa-OG complex. From top to bottom: FT-IR spectrum of pure S-100, Sulfo-NHS, EDC, EuSNa-OG conjugate.
(B) NMR spectrum showing the aromatic protons in the EuSNa-OG complex.
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Fig. 10. (A) Fluorescent microscopy image of Oregon green loaded MS. (B) Vertical section of porcine vaginal tissue after the mucoadhesion study, arrow showing the surface
of the vaginal tissue section. (C) Control fluorescent image of the same porcine vaginal tissue represented in figure B, arrow showing the same position as in figure B. (D)
Percentage mucoadhesion of 1 mg/ml HEC gel, chitosan nanoparticles and EuSNa MS. ⁄Statistical significance (a = 0.05).
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a mucin-penetrating, delivery system may better serve this pur-
pose. Surface charge serves as another important characteristic
that determines whether a particle delivery system will penetrate
through the mucin. For example, it has been found that small par-
ticles with neutral surface charge have a better chance at reaching
deep into the epithelium (Wang et al., 2008). Therefore the rela-
tively large size, combined with strong surface charge, of EuSNa-
TFV MS may guarantee that it could be in the right place as a
pH-sensitive delivery micro system.

TFV is a hydrophilic molecule (LogP �1.6) with a molecular
weight of 287.12. It’s very difficult to achieve high TFV loading
using a nanoparticle delivery system prepared by the traditional
emulsion-evaporation method (Zhang et al., 2011), in which
hydrophilic drug like TFV is very likely present in the aqueous
phase and therefore being washed out during the preparation pro-
cess. In this study, the average drug loading of TFV is 2% (w/w),
which means that a 1 mg/ml EuSNa-TFV MS suspension is equiva-
lent to a TFV concentration of 69.7 lM. This is almost 10 times
higher than the TFV loading in the pH-sensitive nanoparticles pre-
pared by the emulsion-evaporation technique (Zhang et al.,
2011).Given the fact that the EC50 of TFV is 5.0 ± 2.6 lM, it is rea-
sonably speculated that this MS formulation can provide a suffi-
cient concentration of TFV to exhibit an anti-HIV effect after
complete drug release within 2 h following the vaginal pH change
tiggerred by the seminal fluid (Lee et al., 2005). Spray drying as a
quick and easy preparation method, not only produces large and
spherical particles that have a good impact on powder flowability
(Hamdy et al., 2011), but also changes the TFV from its crystallized
form. As seen in Fig. 6, the characteristic peaks of TFV are still ob-
servable in the physical mixture of TFV with EuSNa, but almost
completely lost in the crystallography of spray dried MS formula-
tions, suggesting that TFV appears to be amorphous in the MS for-
mulation. It has been shown in the previous studies that TFV could
exist in either crystalline or amorphous form in the formulation
using different process (Johnson et al., 2010; Zidan et al., 2010).
However, it is known that compounds in crystalline form often
display higher stability yet lower aqueous solubility as well as
bioavailability (Newman and Byrn, 2003). Our stability study indi-
cates that TFV is stable under acidic pH (data not shown). However,
comparative study on the stability of both crystalline and amor-
phous TFV within the MS remained to be performed. Since the al-
tered pH inside the vagina can be maintained for only a couple of
hours after ejaculate (Tevi-Benissan et al., 1997), it is critical that
any pH-sensitive delivery system has a fast release rate at alkaline
pH. The EuSNa-TFV MS can release almost 90% of its pay load with-
in 60 min at pH 7.6, while only approximately 20% of the TFV is re-
leased in the same period at the acidic pH condition of the normal
vagina. The portion of drug released at an acidic pH may be due to
the surface-associated or free TFV present in the formulation. It is
well known that S100 is dissolved when the pH is above 7 (Degus-
sa, 2011). Although the vaginal pH may vary among healthy wo-
men, it is reported that the range of normal vaginal pH is
between 4.1 to 6.0 (Stevens-Simon et al., 1994). Bacteria vaginosis
as well as other STI may cause the vaginal pH to be above 6, but in
this case a pretreatment or pH-buffering agent may be adminis-
tered before applying the formulation in clinical setting. The TFV
release from EuSNa-TFV MS under pH 7.6 appears to follow zero
order release kinetic within the first 60 min, while its release under
pH 4.2 would be best fit by a reciprocal powered (RP) model. It is
possible that under alkaline pH, the fast dissolution of Eudragit
S-100 will make the MS a porous matrix; and it has been shown
that small molecules released from porous polymer microcarriers
are likely to follow zero-order release (Jankower and Shipley,
1989). In the RP model, not only dissolution and diffusion, but also
other time dependent variables, are embedded into the model
(Mohammadi et al., 2010), such as wettability and degradation of
S-100 in this case.

Safety is also an important factor in developing a topical deliv-
ery system, as it has been pointed out that a safe microbicide
delivery system cannot damage the vaginal/endocervical epithe-
lium, disturb normal vaginal flora, or trigger any immune-response
(Team, 2010). In this study, MTS and LDH assay show that 1 mg/ml
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EuSNa-TFV MS is safe to both vaginal and endocervical epithelium
with no significant reduction of viability. The normal vaginal flora
will not be affected, either. Fig. 8 shows the level of inflammatory
cytokine release on VK and Endo cell lines. These cytokines are
chosen because of their extensive involvement in mucosa toxicity
research both in vitro and in vivo (Fichorova et al., 2004, 2005; Genc
et al., 2004). In case of IL-6, IL-8 and IP-10, the level of cytokine
triggered by EuSNa-TFV MS is significantly lower compared to
the positive control, suggesting its immunogenicity is transient.
In case of IL-1a, the overall level of cytokine release is low, suggest-
ing the cells may not be sensitive enough for both TNF-a and Eu-
SNa-TFV MS. However, the level of IL-1a is still significantly
lower than TNF-a. The total level of cytokine is even lower in case
of IL-1b. This might suggest that IL-1a and b are not suitable cyto-
kines to be tested in vitro on these two cell lines. As in some studies
a good correlation between the rabbit vaginal irritation scores and
IL-1b levels in vagina lavage has been shown (Fichorova et al.,
2004), suggesting it might be better detected in future in vivo test.
However, overall there is no evidence of significant cytokine re-
lease triggered by EuSNa-TFV MS in this study.

During the synthesis of EuSNa-OG complex, the dialysis method
was applied overnight to ensure the removal of any free OG mole-
cule. As is shown in the FT-IR and NMR spectrum, both amide bond
stretch and aromatic protons can be observed in the final synthet-
ically fluorescent MS, which indicates the successful conjugation of
OG to the polymethacrylate. These facts together prove that the OG
has been successfully covalently attached to EuSNa MS and the
fluorescent signal in mucoadhesion study is not due to free OG.

Porcine vaginal tissue was used in this study as it provides a
physiologically relevant and sensitive system that can be utilized
in ex vivo scenario (D’Cruz et al., 2005). It has been reported that
the Eudragit salts have a high intrinsic dissolution rate and the dis-
solved chain could interact strongly with the hydrated mucin gly-
coprotein (Cilurzo et al., 2003, 2005). The in vitro mucoadhesion
test indeed demonstrates a statistically significant improvement
in term of mucoadhesion of EuSNa MS compared to HEC gel
(Fig. 10D). This percent mucoadhesion is slightly higher than that
of chitosan nanoparticle formulation under the similar experimen-
tal condition (Meng et al., 2011). Our hypothesis in this study is to
incorporate a mucoadhesive material to our delivery system, and
by doing so prolong the bioretention time of such system. There-
fore, when the triggering stimuli is present (semen in this case),
it is anticipated that the drug will undergo immediate release at
high concentration.
5. Conclusion

In this study, spray dried, tenofovir loaded, pH sensitive, and
mucoadhesive microspheres are prepared based on polymethacry-
late salt. Fractional factorial design has been used to screen and
optimize formulation and process parameters. The optimized for-
mulation has an average size of 4.73 lm with an drug loading of
2% (w/w). It has been shown that these microspheres can quickly
respond to the pH change, releasing over 90% of drug payload with-
in 60 min. The mucoadhesion property of these microspheres is
significantly improved compared to 1% HEC gel formulation. More-
over, the findings in this study reveal that these microspheres are
non-cytotoxic and non-immunogenic to vaginal/endocervical epi-
thelial cells. There is also no observable cytotoxic effect on normal
vaginal flora. These microspheres are potentially more effective for
intravaginal delivery of microbicides, owing to their improved
mucoadhesion and pH-responsiveness. Future studies are needed
to evaluate their vaginal retention and safety in vivo. Collectively,
these data present a possible delivery strategy for intravaginal
delivery of microbicides for the prevention of HIV transmission.
6. Glossary

[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] solution: MTS, Dynamic light
scattering: DLS, Eudragit S-100: S-100, Eudragit S-100 sodium salt
(EuSNa), Lactate dehydrogenase: LDH, Microparticles: (MS), Nano-
particles: NP, Oregon green: OG, Powder X-ray diffraction: (XRD),
Pre-exposure prophylaxis: PrEP, Scanning electron microscopy:
SEM, Semen fluid simulant: SFS, Tenofovir: TFV, Vaginal fluid sim-
ulant: VFS.
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