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Abstract

Purpose—EFdA is a potent nucleoside reverse transcriptase inhibitor (NRTI) with activity 

against a wide spectrum of wild-type and drug resistant HIV-1 variants. CSIC is a tight-binding 

non-nucleoside reverse transcriptase inhibitor (NNRTI) with demonstrated anti-HIV properties 

important for use in topical prevention of HIV transmission. The objective of this study was to 

develop and characterize film-formulated EFdA and CSIC for use as a female-controlled vaginal 

microbicide to prevent sexual transmission of HIV.

Methods—Assessments of EFdA- and CSIC-loaded films included physicochemical 

characteristics, in vitro cytotoxicity, epithelia integrity studies, compatibility with the normal 

vaginal Lactobacillus flora and anti-HIV bioactivity evaluations.

Results—No significant change in physicochemical properties or biological activity of the 

combination films were noted during 3 months storage. In vitro cytotoxicity and bioactivity testing 

showed that 50% cytotoxic concentration (CC50) of either EFdA or CSIC was several orders of 

magnitude higher than the 50% effective concentration (EC50) values. Film-formulated EFdA and 

CSIC combination showed additive inhibitory activity against wild type and drug-resistant 

variants of HIV. Epithelial integrity studies demonstrated that the combination vaginal film had a 

much lower toxicity to HEC-1A monolayers compared to that of VCF®, a commercial vaginal 
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film product containing nonoxynol-9. Polarized ectocervical explants showed films with drug 

alone or in combination were effective at preventing HIV infection.

Conclusions—Our data suggest that vaginal microbicide films containing a combination of the 

NRTI EFdA and the NNRTI CSIC have potential to prevent HIV-1 sexual transmission.
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Introduction

Sexually transmitted infections (STIs), such as human immunodeficiency virus (HIV) and 

herpes simplex virus (HSV), are spread predominantly through unprotected intercourse1. In 

light of the increased HIV/AIDS pandemic, there is an increasing need to develop effective 

and novel prevention strategies to control the sexual transmission of HIV-1. With women 

bearing the greater prevalence of HIV than men, it is imperative to develop female-

controlled prevention pharmaceutical strategies such as vaginal applied gels, films and rings 

to reduce the risk of male to female HIV-1 sexual transmission2–4. Vaginal films offer 

several advantages over other traditional dosage forms such as gels and creams. These 

advantages include (1) more accurate dose administration without an applicator; (2) quick 

drug release upon exposure to vaginal fluid; (3) discreet use and decreased product volume; 

(4) improved drug stability especially when the drug substance degrades in aqueous 

environments; (5) convenient transportation and storage; (6) minimized leakage as 

compared to a gel formulation; and (7) improved acceptability as compared to those of gels, 

foams, tablets and suppositories5–9. Three vaginal films are presently commercially 

available: a contraceptive, a lubricant, and a scented film. Vaginal film formulations thus 

have proven acceptability. While no vaginal microbicide films have been marketed yet, they 

are being considered for development6, 10.

The use of antiretroviral combinations is standard of care for therapeutic treatment of HIV 

infection, providing potent and durable suppression of virus replication. Microbicides 

incorporating antiretroviral drugs are promising strategies to prevent sexual HIV 

transmission, yet most microbicide products studied to date generally include only a single 

antiretroviral agent. Microbicides comprising combinations of antiretroviral agents are likely 

to be superior to those based on a single active agent, by providing an increased barrier to 

HIV-1 infection due to the different mechanisms of action of the anti-HIV agents and 

possible reduction in the required dose if the combination provides additive or synergistic 

antiretroviral activity, thereby diminishing the potential for in vivo tissue toxicity2, 11. 

However, different antiretroviral agents can have quite different physicochemical properties, 

which can make co-formulation difficult. Films for vaginal use may provide a formulation 

platform that enables simpler and stable co-formulation.

The nucleoside reverse transcriptase inhibitor (NRTI) 4’-ethynyl-2-fluoro-2’-

deoxyadenosine (EFdA) has a unique mechanism of action and shows exceptional antiviral 

potency and low toxicity both in vitro and in vivo testing12–17. Therefore, EFdA is a 

promising anti-HIV agent for use both in HIV therapeutic and prevention modalities. To 
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develop a combination vaginal microbicide with high anti-HIV potency, we chose another 

antiretroviral drug, the non-nucleoside reverse transcriptase inhibitor (NNRTI) 5-chloro-3-

phenylsulfonylindole-2-carboxamide (CSIC), a tight-binding NNRTI which was found to be 

superior to UC781 (the first NNRTI to provide an extended barrier to HIV infection)18.

The aim of the present work was to develop a vaginal thin film containing both EFdA and 

CSIC to prevent HIV-1 sexual transmission. A series of in vitro and ex vivo evaluations of 

vaginal combination films, including physicochemical properties, in vitro cytotoxicity, 

epithelial integrity, bioactivity, Lactobacillus compatibility and ex vivo assessment of anti-

HIV activity, were performed. Our results demonstrated that the vaginal thin film platform 

delivered EFdA and CSIC and is a promising topical microbicide approach to deliver potent 

antiretroviral drugs for prevention of HIV-1 sexual transmission.

Materials and methods

Materials

Custom synthesis of EFdA was carried out by Life Chemicals (Burlington, ON, Canada) and 

CSIC was synthesized by Dalton Laboratories (Toronto, ON, Canada). The drugs were 

>95% pure as assessed by HPLC/MS and NMR according to the suppliers. DMSO, 

McCoy’s 5A medium and fetal bovine serum (FBS) were obtained from Fisher Scientific 

(Pittsburgh, PA, US). PBS (pH 7.4) and penicillin-streptomycin were purchased from 

Mediatech Inc (Manassas, VA, US). Polyvinyl alcohol (PVA), Pullulan, (2-hydroxypropyl)-

β-cyclodextrin (HP-β-CD), glycerin and PEG 400 were purchased from Spectrum (Gardena, 

CA, US). PEG 4000 and hydroxypropyl methyl cellulose E5 (HPMC E5) were obtained 

from Dow Chemical Company (Midland, MI, US). MTT, cremophor RH 40, bovine serum 

albumin (BSA) and methyl-β-cyclodextrin (M-β-CD) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Pluronic F127 was kindly provided by BASF Ltd. (NJ, US). All 

other chemicals were analytical grade. Ultrapure water was obtained in-house from a MilliQ 

water purification system.

HPLC analysis

An HPLC system (Dionex Ultimate 3000, Thermo Scientific) equipped with an autosampler, 

a quaternary pump and a diode array detector was used to quantify EFdA and CSIC. Briefly, 

separation of EFdA was achieved using a Zorbax Eclipse XDB C18 column (3.5µm, 100 × 

4.6 mm). The mobile phase consisted of (A) 0.4% phosphoric acid in MilliQ water and (B) 

methanol using a gradient elution of 10–40% B at 0–5 min, 40–60% B at 5–10 min 60% B 

at 10–11 min, 60–10% B at 11–13 min, and 10% B at 13–20 min at a flow rate of 0.8 ml/

min. EFdA was quantified by UV detection at 260 nm as described before19. For 

quantification of CSIC, separation was achieved by a Gemini C18 column (5µm, 150 × 4.6 

mm) in isocratic mode. The mobile phase consisted of acetonitrile-0.075% (v/v) TFA 

solution (40:60, v/v), being pumped at a flow rate of 1.2 ml/min. CSIC was quantified by 

UV detection at 302 nm. All experiments were performed at room temperature and the total 

area of peak was used to quantify the compound. The linearity of calibration curve of CSIC 

was measured by linear least squares regression analysis of a plot of peak area versus CSIC 

concentration. The method was shown to be specifically linear in the range of 0.5–200µg/ml 
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(R2 = 0.9999), precise at the intra-day and inter-day levels as reflected by the relative 

standard deviation (RSD) values (between 0.27 and 2.78%), accurate (overall recovery rate 

of 99.43 ± 1.30%). The limit of detection (LOD; 0.17µg/ml) and limit of quantification 

(LOQ; 0.5µg/ml) for CSIC were estimated at a signal-to-noise ratio (S/N) of 3:1 and 10:1, 

respectively.

CSIC solubility

An excess amount of CSIC was added to microcentrifuge tubes containing 1.5 ml of the 

different solubilizer solutions. The samples were mixed using a Multi-Purpose Rotator with 

moderate rotation speed at ambient temperature for 120 h. The samples were then filtered 

through a 0.2µm membrane filter and the filtrate was analyzed by HPLC as described above.

EFdA/CSIC compatibility study

The drug-drug compatibility study was conducted at 25°C/65% relative humidity (R.H.) and 

40°C/75% R.H. for 3 months. Due to the poor solubility of CSIC, 40% acetonitrile solution 

was used to dissolve the drug substances to make the initial concentration of EFdA and 

CSIC at 100µg/ml. The samples were taken at specific time points over the period of 3 

months and analyzed by HPLC.

Preparation of EFdA and CSIC combination film

The vaginal polymeric film was prepared by the solvent casting method. Briefly, PVA (7%, 

w/w) was dissolved in MilliQ water, and to expedite the PVA dissolving process, the 

mixture was placed in a hot water bath (90°C) until the PVA was completely hydrated. PEG 

4000 (0.5%, w/w) and HPMC E5 (3%, w/w) were slowly added into the PVA solution with 

moderate stirring using an overhead mixer, respectively. After the polymer solution became 

uniform, CSIC (0.12%, w/w) dissolved in a solution of PEG400 (3%, w/w) and ethanol was 

added into the polymer solution, and followed by a mixture of EFdA (0.12%, w/w), glycerin 

(1.5%, w/w) and ethanol. Then, pullulan (4%) was slowly added into the polymer solution, 

and the mixture was allowed to stir overnight in order to remove the entrapped air bubbles. 

The final uniform polymer solution was cast onto a polyester substrate attached to the hot 

surface of an automatic film applicator (Elcometer® 4340) using an 8-inch doctor blade. 

The film sheet was allowed to dry for 13 min before it was peeled off from the substrate, and 

then cut into 1 × 2 inch film pieces using a die press. Placebo film was prepared using the 

same method as described above except that no drug substances were added into the 

polymer solution.

EFdA/CSIC stability in the polymer solution

The stability of EFdA and CSIC in the film polymer solution was performed at 25°C/65% 

R.H. and 40°C/75% R.H. for 4 weeks. The drug loaded polymer solutions were prepared as 

described before. Approximately, 0.5ml drug-loaded polymer solution was transferred to the 

vial, and the vials were sealed with parafilm and foil to protect against evaporation and light. 

The samples were placed under the specified conditions. At regular intervals, samples were 

removed and the EFdA and CSIC drug content was determined by HPLC.
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Physicochemical characterization

a. Drug content—The matrix of the drug-loaded film (1 × 2 inch) was dissolved in 15 ml 

MilliQ water and then 10ml acetonitrile was added to further extract the drug substance. An 

aliquot was withdrawn from the mixture and centrifuged at 6000 rpm for 3 min. The 

supernatant was analyzed by HPLC as described above.

b. Dissolution test—To determine the kinetics of drug release from drug-loaded films, an 

in vitro release study was conducted using a class IV USP apparatus (SOTAX CP7, 

Horsham, US) using a 70 ml reservoir and a flow rate of 16 ml/min. 1% cremophor were 

used as the media to meet the sink condition of CSIC. The test was carried out at 37°C for 

60 min. At appropriate time intervals, 0.5 ml aliquots were withdrawn and the samples were 

analyzed by HPLC.

c. Moisture content—Residual water content of the films was measured using a Karl 

Fisher apparatus (Metrohm, 758 KFD Titrino) in accordance with the titration method 

specified by the manufacturer.

d. Puncture strength—Puncture strength of placebo and drug-loaded films was 

measured using a texture analyzer (TA. XT. Plus®, New York, NY). Briefly, the film was 

fixed in between two steel plates, and the maximum force required to rupture the film using 

a round compression probe (TA, 8A) was recorded. The equation for calculation was shown 

below:

(1)

e. X-ray diffraction (XRD)—XRD analysis of the films and drug powders was conducted 

by an X-ray diffractometer (Bruker D8 Discover) equipped with a Cu Kα radiation source 

(40 kV, 40 mA, λ = 0.15406 nm). Drug powders were pressed onto the sample holder to 

form a thin layer, while the films were directly placed on the sample holder. The samples 

were measured from 3.5° to 45° at a rate of 0.04°/sec.

f. Field emission scanning electron microscopy (FESEM)—Surface morphology 

of the films and drug powders was imaged by field emission scanning electron microscopy 

system (JEOL, JSM-6335F) at an accelerating voltage of 3kV. Samples for FESEM were 

mounted on sample holders by double sided tape and silver conductive adhesive, and then 

coated with a gold palladium layer (5µm thickness) by cressington sputter coater before 

scanning.

g. Stability assessment—To test physical stability, EFdA and CSIC combination films 

were stored at 25°C/65% R.H. and 40°C/75% R.H. for 3 months, and the films were tested 

at specific time points. The puncture strength, water content, drug content and dissolution 

behavior of the film were evaluated during the storage period.
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In vitro cytotoxicity

HEC-1A cell line was obtained from ATCC and the cells were cultured at 37°C with 5 % 

CO2 under fully humidified conditions19. HEC-1A cells were cultured in McCoy’s 5A 

modified medium, supplemented with 10% FBS, 100IU/ml penicillin and 100µg/ml 

streptomycin sulfate. Cells were seeded at the density of 1×104 cells per well in 96-well 

plates. After 24 h incubation at 37°C with 5 % CO2, the growth medium was replaced with 

200 µl medium containing either drug substance with the concentration ranging from 5ng/ml 

to 50µg/ml (equivalent dose for drug-loaded films) or placebo film at corresponding 

concentration. After 24h incubation, cell survival was measured using MTT assay. 180 µl of 

fresh growth medium and 20 µl of MTT (5 mg/ml) solution were added to each well. The 

plate was incubated for an additional 3 h at 37°C and the media were removed, and then 

200µl of DMSO was added to each well to dissolve the purple formazan crystals formed. All 

the plates were vigorously shaken before measuring the intensity. The absorbance at 595 nm 

of each well was determined by a microplate reader (Beckman Coulter ® DTX 880, USA).

Epithelial integrity study

For epithelial integrity studies, HEC-1A cells were seeded at a density of 1 × 105 onto per 

polycarbonate insert (1.12 cm2, 0.4µm) in 12-well cell culture plates. The cells were cultured 

for 7 days and the cell growth medium was changed every other day. To determine the toxic 

effect of drug-loaded and placebo films on epithelial integrity, the transepithelial electrical 

resistance (TEER) values were determined using a Millicell-ERS apparatus (Millipore, 

Bedford, MA). TEER values were corrected by subtracting the background TEER obtained 

from inserts containing the same volume of culture medium but in the absence of cells. The 

combination film solution dissolved in the complete cell culture medium (with the 

concentration of 10µg/ml CSIC) and the corresponding placebo/EFdA alone/CSIC alone 

film solutions were added to the apical chamber at t = 0 and resistance readings were 

measured at 30 min, 1, 2, 4 and 24 h. Additionally, a VCF film (active ingredient: 28% 

Nonoxynol-9) solution (w/v) prepared based on the same weight of the combination film, 

and the complete culture medium were used as positive and negative control, respectively. 

The relative epithelia integrity (%) of each formulation was normalized with respect to the 

TEER value of negative control3.

Compatibility with the normal vaginal flora Lactobacillus

To assess the compatibility between different vaginal films and the normal vaginal flora 

Lactobacillus, a standard safety microbicide test was conducted in this study20, 21. Briefly, 

Lactobacillus crispatus (ATCC 33197) and L. jensenii (LBP 28Ab) suspensions were 

prepared in N-(2-acetamido)-2-aminoethanesulfonic acid buffer, respectively and the desired 

amount of films was then dissolved and mixed in the suspensions. The suspensions were 

then incubated for 30 min at 37°C. Samples were taken at zero time and after 30 min 

incubation, and the viability test was determined by the standard plate count. A sample was 

considered to be safe if the reduction in viability was less than one Log difference.
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Bioactivity evaluations

Antiviral assays were carried out using HeLa-derived P4R5-MAGI indicator cells (obtained 

through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: p4R5-MAGI 

from Dr. Nathaniel Landau). Cells were cultured in 96-well microplates (5×103 cells per 

well and maintained in DMEM/10% FBS supplemented with puromycin (0.5 mg/ml). 

Immediately prior to use, film segments were dissolved in cell culture medium and serial 

dilutions of the film solutions were added to the culture wells. Cells were incubated with 

HIV in the presence or the absence of drug for 48h, and then the extent of infection was 

assessed using a fluorescence-based β-galactosidase detection assay, as previously 

described22.

Possible biological drug interaction of EFdA and CSIC was evaluated by determining the 

antiviral potency of film-formulated EFdA alone, film-formulated CSIC alone, and film-

formulated 1:1 molar combination of EFdA and CSIC, in P4R5-MAGI cells as described 

above. Synergy of the drug combination was assessed by the median-effect principle/

combination index approach of Chou and Talalay23 using the program Calcusyn (Biosoft, 

Cambridge, UK).

Ex vivo efficacy study

The normal human ectocervical tissues (IRB # 0503103) were acquired from pre-

menopausal women undergoing hysterectomy. Polarized explant cultures were set-up as 

previously described24, 25. Briefly, the explant was placed with the luminal side up in a 

Transwell system. The edges around the explant were sealed with Matrigel™ (BD 

Biosciences, San Jose, CA). The explants were maintained with the luminal surface at the 

air-liquid interface. The lamina propria was immersed in complete medium (DMEM 

containing 10% huAB serum, 100 U/mL penicillin, 100 µg/mL streptomycin, and 

nonessential amino acids). Cultures were maintained at 37°C in a 5% CO2 atmosphere. 

Drug-loaded or placebo films were dissolved in 2 ml of complete medium, and 100 µl of 

dissolved film solution was added to the apical side of the explants followed by adding 100 

µl of 5×104 tissue culture 50% infective dose (TCID50) of HIV-1BaL. After culture 

overnight, the explants were washed and fresh culture medium was applied to the basolateral 

compartment. Every 3 to 4 days over a 3-week period, supernatant was collected and stored 

at −80°C. Fresh medium was replaced in the basolateral compartment. At day 21, the 

explants were fixed in formalin and processed for immunohistochemistry (IHC) to detect 

HIV p24 expressing cells. The supernatant was tested for HIV-1 replication using the 

p24gag ELISA (Perkin Elmer Life and Analytical Sciences, Inc., Waltham, MA, USA).

Results

CSIC solubility

In our preliminary study, the aqueous solubility of CISC was determined to be less than 

0.5µg/ml. Thus various solubilizer solutions with different concentrations were applied to 

increase the CSIC solubility. Addition of solubilizers significantly improved the CSIC 

solubility, and CSIC provided a concentration-dependent increase in the solubility as the 

concentration of solubilizers increased (Fig 1). Results showed that the CSIC solubility in 
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10% BSA, 5% Pluronic F127, 1% cremophor and 10% M-β-CD (w/v) was 55.9µg/ml, 

144.59µg/ml, 136.79µg/ml and 45.09µg/ml respectively, which was at least two orders of 

magnitude higher than the solubility of CSIC in water. Thus, 1% cremophor (w/v) was 

chosen as the dissolution medium to meet the sink condition because of its high 

solubilization efficiency.

EFdA/CSIC compatibility study

To develop an EFdA and CSIC combination film formulation, a drug-drug compatibility 

study was done. No drug loss was observed under 25°C/65% R.H. and 40°C/75% R.H. 

during the storage period (Fig 2), indicating good compatibility between EFdA and CSIC.

EFdA/CSIC stability in the polymer solution

The stability of EFdA and CSIC in the film polymer solution was determined under different 

temperature and humidity conditions to ensure the stability profile of the drug substances 

during the manufacturing process. No loss of drug content was noted after 4 weeks under 

25°C/65% R.H. and 40°C/75% R.H. (Fig.3), providing confirmatory data for the 

manufacture of the combination films and chemical compatibility between the drug 

substances and the film forming excipients used in the formulation.

Physicochemical characterization of EFdA/CSIC combination vaginal films

The drug content for EFdA and CSIC in the vaginal film was about 1mg/film, respectively 

and there was no change in the appearance, water content and puncture strength between 

placebo and drug-loaded films, suggesting the drug incorporation had little influence on the 

properties of vaginal polymeric films (Table 1). SEM images of the surface morphologies of 

EFdA powder, CSIC powder, placebo and drug-loaded combination films showed that 

EFdA powder exists in planar or flaky shape while CSIC crystals are rod or needle-shaped 

(Fig 4). Over 95% of EFdA and CSIC were released from the film matrix in 1% cremophor 

after 60 min which is consistent with the solubility results of CSIC, indicating that 1% 

cremophor solution is an ideal dissolution medium for the combination film in this study 

(Fig 5A). In addition, the dissolution rate of EFdA is faster than CSIC, mainly due to the 

better hydrophilicity of EFdA compared to CSIC. The stability quality control parameters 

including water content, puncture strength, drug content and cumulative drug release did not 

change when films were maintained under 25°C/65% R.H. and 40°C/75% R.H. over a 3 

month period, indicating the good stability of this vaginal film formulation (Table 2). 

Importantly, there was also no change in the biological activity of EFdA and CSIC 

combination films under the different storage conditions (Table 2), further confirming the 

drug compatibility and stability in the film formulation. The surface of placebo and drug-

loaded films are relatively smooth although some small alternating protrusions and 

depressions can be observed by SEM. It is noteworthy that no drug crystals were observed 

on the surface of the drug-loaded film. To further elucidate the crystalline state of the drug 

substances in EFdA and CSIC combination film, XRD analysis was conducted. A number of 

sharp and intense diffractive peaks at 4.8°, 9.5°, 14.4°, 19.3° and 24.2° for EFdA powder, 

and 7.9°, 10.9°, 12.0°, 15.5°, 16.4°, 19.3°, 22.6°, 24.3°and 30.0° for CSIC powder were 

observed, indicating the high crystallinity of the drug substances (Fig. 5B). However, the 

XRD patterns of EFdA alone, CSIC alone and combination films were almost the same as 
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that of placebo film, suggesting that no drug crystals can be found on the surface of the film 

and the incorporated drugs were distributed in an amorphous state in the film matrix.

In vitro cytotoxicity

Dilutions of free EFdA, free CSIC, placebo film, and drug-loaded films were cultured with 

HEC-1A cervical epithelial cell line for 24 h to define any changes in cell viability. The 

viability of HEC-1A cells after treatment with CSIC and combination films was most 

affected at the highest concentration suggesting that CSIC could be affecting cell viability 

(Fig 6). A 5-fold dilution restored cell viability to levels of either drug substance or the 

placebo and EFdA films. The 50% cytotoxic concentration (CC50) of free EFdA and EFdA-

loaded films in HEC-1A cells lines was greater than 50µg/ml, which is over 100,000 times 

the level of EFdA that provides anti-HIV activity in PBMCs12. The CC50 values of free 

CSIC, CSIC-loaded film and combination film were (11.4± 2.8) µg/ml, (10.2 ± 0.4) µg/ml 

and (10.2 ± 0.3) µg/ml, respectively, which are several orders of magnitude higher than the 

EC50 of CSIC (1.2 nM)18.

Epithelial integrity study

The VCF® film solution, the negative control in this study, reduced the TEER value of 

HEC-1A cell monolayers by ~ 80% at 0.5h compared to the medium only treatment. The 

TEER values of VCF® film group did not return to normal levels after 24h (Fig.7), 

indicating that the high cytotoxicity and the disruption of TEER caused by nonoxynol-9 was 

irreversible. In contrast, placebo, EFdA alone, CSIC alone and combination film-treated 

HEC-1A monolayers varied by no more than 12% in TEER values over the incubation 

period, suggesting the low toxicity of the drug-loaded films to the cell monolayers.

Compatibility with the normal vaginal flora Lactobacillus

The compatibility of different polymeric films with the normal vaginal flora Lactobacillus 

was evaluated against two Lactobacillus strains (Lactobacillus L. crispatus and L. jensenii). 

Placebo and drug-loaded vaginal films did not affect bacteria viability (Table 3).

Bioactivity evaluation

Film-formulated EFdA and CSIC have similar antiviral potency against wild type HIV-1 

(EC50 3.7 nM and 1.2 nM, respectively; Table 4). Film-formulated combinations of EFdA 

plus CSIC showed essentially additive activity against HIV replication, with calculated 

Combination Indices around 1 (range 0.95 – 1.2). Importantly, the combination film retained 

additive potency against EFdA-resistant HIV (M184V) and against CSIC-resistant HIV 

(L100I/K103N), suggesting that this film-formulated combination is likely to be effective at 

preventing transmission of a broad spectrum of HIV variants.

Ex vivo efficacy study

The ex vivo efficacy of EFdA and CSIC combination films was tested in an excised human 

ectocervical tissue explant model. Results showed that explants treated with drug-containing 

films either alone or in combination showed a ≥ 1.8 log10 reduction in HIV-1 p24 levels by 

day 21 as compared with the HIV-1 only treated explants (Fig. 8A). The placebo film did 
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not affect HIV-1 infection of ectocervical explants. These results were confirmed by IHC 

staining for HIV-1 p24 positive cells in the tissues (Fig. 8B). No HIV-1 infected cells were 

detected in drug-loaded film treated explants, whereas untreated (HIV-1 only) and vehicle 

control (placebo film)-treated explants harbored infected cells.

Discussion

Therapeutic combinations of antiretrovirals provide potent and durable viral suppression in 

HIV-infected individuals. For example, the combination of two NRTIs plus an NNRTI is a 

preferred regimen for treatment of HIV-1 infection26. Microbicides incorporating 

antiretroviral drugs are promising strategies to prevent sexual HIV transmission, and the 

Food and Drug Administration (FDA) recently issued a draft Guidance for Industry for the 

development of vaginal microbicide products, where the development of suitable vaginal 

delivery systems for HIV prevention is highly reinforced27. However, despite the success of 

combination chemotherapy in the treatment of HIV infection, most microbicide products 

studied to date have included a single antiretroviral drug, in part due to difficulties in 

incorporating active agents with disparate physicochemical properties into a stable single 

formulation.

We therefore examined the suitability of the antiretroviral drug combination of the NRTI 

EFdA (relatively hydrophilic) and the NNRTI CSIC (hydrophobic) for formulation into a 

vaginal polymeric film. Previous work had shown that combinations of EFdA with a variety 

of clinically used drugs provided beneficial (generally additive) inhibition of HIV 

replication in vitro; no antagonism was seen with any combination tested, including EFdA 

and NNRTI combinations28. In the present work, we found that the combination of EFdA 

and the NNRTI CSIC in film formulations provided additive antiviral activity, which is 

beneficial in the context of enhanced protection against HIV transmission. The excipients 

used in our film formulation such as PVA, HPMC E5, PEG 400, glycerin and PEG 4000 are 

listed in the FDA inactive ingredients database as excipients for the development of 

pharmaceutical dosage forms. Although pullulan is not listed in the inactive ingredients 

database, it is a “generally recognized as safe” (GRAS) polysaccharide widely used in the 

food industry.

Investigation of drug-drug compatibility is a crucial step in the preformulation stage to 

ensure the good stability and consistent in vitro and in vivo efficacy of the drug delivery 

systems. Therefore, it is important to demonstrate that the active pharmaceutical ingredients 

(APIs) are compatible with each other before incorporation into our combination vaginal 

film formulation. Our data show that EFdA and CSIC are highly compatible, as no changes 

in physical parameters, drug composition or biological activity of the film-formulated 

combination were observed after 3-month short term storage under two different conditions. 

Moreover, analysis of the stability of EFdA and CSIC drug substances in the film polymer 

solution indicated excellent chemical compatibility between these APIs and the film-

forming excipients, suggesting that EFdA/CSIC combination films can be prepared with 

relative facility.
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Several preclinical testing algorithms of microbicide candidates have indicated that the drug 

substances and drug delivery systems should be assessed in suitable in vitro systems to 

determine the effect each candidate on relevant cell/tissue viability before being further 

evaluated in animal models and clinical settings24, 29and 30. Our in vitro cytotoxicity, 

epithelial integrity and lactobacillus compatibility studies show that film-formulated EFdA 

and CSIC combinations minimally impact these in vitro systems, and thus safe.

Additive HIV-1 inhibitory effect was observed for film-formulated EFdA and CSIC 

combinations against both wild type and drug-resistant HIV variants (including M184V and 

L1001/K103N). In bioactivity tests against M184V, the potency of the combination film was 

4.8-fold higher than that of the EFdA alone film; For L1001/K103N, results showed that the 

combination film was much more potent (46.8-fold higher) as compared to the CSIC alone 

film (Table 4). The protective effect of drug-loaded films in the mucosal tissues against 

HIV-1 infection was also observed in polarized explant model test (Fig. 8). Additionally, as 

shown in Table 2, the combination film maintained anti-HIV activity throughout the 3-

month storage period of time at 25°C/65% R.H. and 40°C/75% R.H.

Conclusion

Vaginal films containing the combination of the NRTI EFdA and the NNRTI CSIC were 

successfully prepared by the solvent cast technique. The drug-loaded films with desired 

physicochemical properties were found to be stable, non-toxic and highly potent against 

both wild-type and drug resistant HIV-1 strains in vitro and ex vivo. Thus, EFdA and CSIC-

loaded vaginal microbicide films should be considered as a promising female-controlled 

pharmaceutical strategy for prevention of HIV-1 sexual transmission.
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Abbreviations

HIV human immunodeficiency virus

HSV herpes simplex virus

EFdA 4’-ethynyl-2-fluoro-2’-deoxyadenosine

CSIC 5-chloro-3-phenylsulfonylindole-2-carboxamide

NRTI nucleoside reverse transcriptase inhibitor

NNRTI non-nucleoside reverse transcriptase inhibitor

FBS fetal bovine serum

PVA polyvinyl alcohol

HPMC hydroxypropyl methyl cellulose
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PEG polyethylene glycol

RSD relative standard deviation

LOD limit of detection

LOQ limit of quantification

XRD X-ray diffraction

FESEM field emission scanning electron microscopy

TEER transepithelial electrical resistance
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Fig.1. 
Solubility profiles of CSIC in various solubilizer solutions at different concentrations. The 

experiment was conducted in duplicate.
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Fig.2. 
Recovery of EFdA from EFdA/CSIC combination solution and EFdA alone solution at 25°C 

(A) and 40°C (B); Recovery of CSIC from EFdA/CSIC combination solution and CSIC 

alone solution at 25°C (C) and 40°C (D). Each point represents mean ± SD (n = 3).
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Fig.3. 
Recovery of EFdA from EFdA/CSIC combination polymer solution and EFdA alone 

polymer solution at 25°C (A) and 40°C (B); Recovery of CSIC from EFdA/CSIC 

combination polymer solution and CSIC alone polymer solution at 25°C (C) and 40°C (D). 

Each point represents mean ± SD (n = 3).
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Fig.4. 
SEM images of EFdA powder (A and B); CSIC powder (C and D); placebo (E and F) and 

EFdA and CSIC combination film (G and H) with different magnification scales (100 and 

10 µm). For image A, C, E and G, the scale bar was set at 100µm; for image B, D, F and H, 

the scale bar was set at 10µm.
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Fig.5. 
(A) In vitro release profiles of EFdA and CSIC from polymeric combination film as a 

function of time in 1% cremophor; (B) X-ray diffraction images of the drug substances and 

different vaginal polymeric films.
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Fig.6. 
In vitro cytotoxicity of free EFdA, free CSIC, and drug-loaded films at various 

concentrations of drug against HEC-1A cells after 24 h incubation. For preparation of a 

series of placebo film solutions for cytotoxicity test, the weight of the placebo film was used 

the same as that of combination film. Each point represents mean ± SD (n = 8).
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Fig.7. 
Relative HEC-1A epithelial cell monolayer integrity of placebo and different drug-loaded 

films as a function of time. Each point represents mean ± SD (n = 4).
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Fig.8. 
Ex vivo efficacy of drug-loaded vaginal films using human ectocervical tissue explant 

cultures. (A) HIV-1 inhibition by drug-containing film formulations. Placebo film did not 

prevent HIV-1 infection of the ectocervical tissue. (B) Endpoint IHC staining of tissues 

treated with HIV-1 only (control), placebo film, EFdA film, CSIC film, and combination 

film. Tissues were exposed to the different film formulations overnight, followed by 

washing and 21 days of culture. At study end, the tissues were fixed and stained with p24 

monoclonal antibody. The red color in the untreated control and placebo-treated tissues 
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indicate p24-positive cells, reflecting the presence of HIV-infected cells. No HIV-infected 

cells were found in the drug-loaded film formulation-treated tissue samples. The IHC data 

are representative of 3 independent tissues.
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Table1

Physicochemical characteristics of placebo and EFdA & CSIC combination films.

Parameter Placebo film EFdA & CSIC combination film

Size (sq. in.) 2 × 1 2 × 1

Appearance Translucent and flexible Translucent and flexible

Weight (mg) (n = 9) 173.87 ± 5.40 178.74 ± 8.22

Moisture content (% w/w) (n = 3) 6.4 ± 0.2 6.6 ± 1.0

Puncture strength (kg/mm) (n = 3) 6.5 ± 0.3 8.5 ± 1.1

Drug content (mg drug/Film) (n = 3) N.A. (1.1± 0.02) for CSIC
(1.0± 0.02) for EFdA

N.A. denotes not applicable

Pharm Res. Author manuscript; available in PMC 2016 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 24

T
ab

le
2

St
ab

ili
ty

 e
va

lu
at

io
n 

of
 E

Fd
A

 p
lu

s 
C

SI
C

 c
om

bi
na

tio
n 

fi
lm

sa

T
im

e
P

un
ct

ur
e 

St
re

ng
th

(k
g/

m
m

)
M

oi
st

ur
e 

C
on

te
nt

(%
)

D
ru

g 
C

on
te

nt
D

is
so

lu
ti

on
b

A
nt

iv
ir

al
 (

E
C

50
)

(n
M

)

E
F

dA
 (

m
g/

F
ilm

)
C

SI
C

 (
m

g/
F

ilm
)

E
F

dA
 (

%
)

C
SI

C
 (

%
)

25
°C

/6
5%

 R
.H

.

0 
da

y
8.

5 
±

 1
.1

6.
6 

±
 1

.0
1.

0 
±

 0
.0

2
1.

1 
±

 0
.0

2
10

0 
±

 2
10

0 
±

 5
1.

8 
±

 0
.2

1 
M

9.
9 

±
 0

.3
6.

2 
±

 0
.1

1.
0 

±
 0

.1
1.

2 
±

 0
.1

98
 ±

 1
98

 ±
 5

1.
7 

±
 0

.1

2 
M

9.
5 

±
 0

.8
6.

8 
±

 0
.4

1.
0 

±
 0

.1
1.

1 
±

 0
.1

97
 ±

 3
97

 ±
 6

1.
9 

±
 0

.2

3 
M

8.
4 

±
 0

.4
7.

1 
±

 0
.2

1.
0 

±
 0

.1
1.

1 
±

 0
.0

1
10

0 
±

 2
94

 ±
 5

2.
0 

±
 0

.5

40
°C

/7
5%

 R
.H

.

0 
da

y
8.

5 
±

 1
.1

6.
6 

±
 1

.0
1.

0 
±

 0
.0

2
1.

1 
±

 0
.0

2
10

0±
 2

10
0 

±
 5

1.
8 

±
 0

.2

1 
M

8.
3 

±
 0

.1
6.

4 
±

 0
.0

4
1.

0 
±

 0
.0

3
1.

1 
±

 0
.0

2
97

 ±
 0

.5
10

2 
±

 2
1.

9 
±

 0
.3

2 
M

8.
6 

±
 1

.0
7.

0 
±

 0
.2

1.
0 

±
 0

.1
1.

1 
±

 0
.0

6
95

 ±
 3

94
 ±

 4
2.

5 
±

 0
.5

3 
M

8.
6 

±
 1

.0
7.

3 
±

 0
.5

1.
0±

 0
.0

4
1.

1 
±

 0
.0

6
98

 ±
 5

95
 ±

 6
2.

2 
±

 0
.6

a : M
ea

n 
±

 S
D

 o
f 

th
re

e 
de

te
rm

in
at

io
ns

b : D
is

so
lu

tio
n 

at
 6

0 
m

in

Pharm Res. Author manuscript; available in PMC 2016 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 25

Table3

The vaginal polymeric film compatibility with the normal vaginal flora Lactobacillus.

Log difference (T30min plate count –T0 plate count)

L. crispatus L. jesenii

Placebo −0.012 0.100

EFdA alone Film 0.260 −0.025

CSIC alone Film 0.129 −0.099

Combination Film −0.096 0.015
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Table 4

Inhibitory activity of film-formulated EFdA, CSIC and 1:1 combinations against wild type and drug-resistant 

HIV variants.

Virus EFdA EC50
(nM)

CSIC EC50
(nM)

Combination EC50
a

(nM)
C.I.50

b

Wild type 3.7 ± 0.3 1.2 ± 0.1 1.7 ± 0.3 0.95 (additive)

M184V 18.2 ± 0.3 1.6 ± 0.4 3.8 ± 0.2 1.2 (additive)

L100I/K103N 3.8 ± 0.5 435 ± 40 9.3 ± 0.6 1.2 (additive)

a
: Combination films contained EFdA and CSIC at 1:1 molar ratio

b
: Combination Index at 50% inhibition (mutually non-exclusive) calculated as described23
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