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Abstract

Women with bacterial vaginosis (BV) display reduced vaginal acidity, which make them 

susceptible to associated infections such as HIV. In the current study, poly(ethylene glycol) (PEG) 

nanocarrier-based degradable hydrogels were developed for the controlled release of lactic acid in 

the vagina of BV-infected women. PEG-lactic acid (PEG-LA) nanocarriers were prepared by 

covalently attaching lactic acid to 8-arm PEG-SH via cleavable thioester bonds. PEG-LA 

nanocarriers with 4 copies of lactic acid per molecule provided controlled release of lactic acid 

with a maximum release of 23% and 47% bound lactic acid in phosphate buffered saline (PBS, pH 

7.4) and acetate buffer (AB, pH 4.3), respectively. The PEG nanocarrier-based hydrogels were 

formed by cross-linking the PEG-LA nanocarriers with 4-arm PEG-NHS via degradable thioester 

bonds. The nanocarrier-based hydrogels formed within 20 min under ambient conditions and 

exhibited an elastic modulus that was 100-fold higher than the viscous modulus. The nanocarrier-

based degradable hydrogels provided controlled release of lactic acid for several hours; however, a 

maximum release of only 10%–14% bound lactic acid was observed possibly due to steric 

hindrance of the polymer chains in the cross-linked hydrogel. In contrast, hydrogels with passively 

entrapped lactic acid showed burst release with complete release within 30 min. Lactic acid 

showed antimicrobial activity against the primary BV pathogen Gardnerella vaginalis with a 

minimum inhibitory concentration (MIC) of 3.6 mg/ml. In addition, the hydrogels with passively 

entrapped lactic acid showed retained antimicrobial activity with complete inhibition G. vaginalis 

growth within 48 h. The results of the current study collectively demonstrate the potential of PEG 
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nanocarrier-based hydrogels for vaginal administration of lactic acid for preventing and treating 

BV.

1. INTRODUCTION

Around 34 million people are living with HIV worldwide and over half are women [1]. 

Given the high rate of new infections (2.2–2.8 million in 2011), the development and 

implementation of female-controlled preventive methods is critical in order to successfully 

curb HIV. Toward this end, the past decade has seen an increased effort in the development 

of vaginal microbicides-topically applied, self-administered products that protect against 

HIV transmission [2, 3]. Most microbicides that have been evaluated in clinical trials, 

however, failed to prevent infection despite showing promising results in vitro [4–6]. It was 

only recently that a 1% tenofovir gel showed marginal success in prevention (CAPRISA 004 

trial results, July 2010) with a 39% reduction in HIV transmission compared to the placebo 

[7].

In women, a primary risk factor for HIV infection via the cervicovaginal route is bacterial 

vaginosis (BV) [8–13]. The normal vaginal flora is composed predominantly of lactobacilli, 

which continuously produce lactic acid that maintains the acidic pH (4.0–4.5) of the vagina 

[14, 15]. However, normal vaginal flora is compromised in BV, a common and recurrent 

infection characterized by overgrowth of anaerobic pathogens such as Gardnerella 

vaginalis, Prevotella, Peptostreptococcus, Mobiluncus and Bacteroides spp. [16, 17]. 

Women with BV have reduced vaginal lactobacilli and lactic acid and show high vaginal pH 

(up to 7.0) [18]. The decreased vaginal acidity in women with BV greatly increases their 

susceptibility to HIV infection [9–11]. A study investigating the association of BV with 

HIV-1 infection among female sex-workers in Thailand found that among the 43% of 

participants that were HIV-1 positive, 33% had BV [9]. A similar study in Uganda showed 

that over half the participants had moderate to severe BV and the rate of HIV-1 infection 

was considerably higher in women with BV (26.7%) than in women with normal vaginal 

flora (14.2%) [10]. Thus, it is generally believed that maintaining vaginal acidity and 

preventing BV infection are critical to HIV prophylaxis.

Previous microbicide gels designed for maintaining vaginal acidity such as BufferGel and 

Acidform are semi-solid gels consisting primarily of buffering agents (Carbopol 974P for 

BufferGel and acidifying agents for Acidform) formulated with other excipients [19, 20]. 

BufferGel was found to be safe for use but did not provide protection against HIV and was 

discontinued from further development as a microbicide [21, 22]. Acidform was shown to be 

effective against HSV-2 in a mouse model but is yet to be evaluated for efficacy due to 

safety concerns [23, 24]. Clinical trials of semi-solid gel microbicides suggest that one of the 

reasons for their poor in vivo performance might be the inadequate retention of the gel itself 

resulting in insufficient concentrations of active agents in the vagina. Semi-solid gels have 

been reported to leak from the vagina within a few hours of application [25–27]. In fact, 

BufferGel and Acidform are currently being evaluated for contraceptive use and BufferGel 

has been shown to be effective only when used in combination with a diaphragm [28, 29]. 

Hence, there is a need for alternative delivery systems that show improved vaginal retention. 

Novel vaginal drug delivery systems such as intravaginal rings (IVRs), temperature and pH 
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sensitive gels and nanoparticles are being investigated for use as microbicides [30–32]. 

Among these, IVRs are currently being developed for the vaginal delivery of antiretroviral 

drugs. However, with IVRs there are concerns of toxicity and systemic absorption due to 

initial high concentrations of drug in the vagina [33, 34].

In the current study, poly(ethylene glycol) (PEG) nanocarrier-based degradable hydrogels 

were designed and developed for the controlled release of lactic acid in the vagina for 

preventing and treating BV, thus reducing the risk of HIV. Lactic acid was chosen as the 

active moiety because it is the intrinsic acidifying agent in the vagina and has broad-

spectrum antimicrobial activity against a variety of bacterial and viral pathogens including 

the BV-associated pathogen G. vaginalis, HSV-2 and HIV [35–41]. PEG-lactic acid (PEG-

LA) nanocarriers were formed by covalently attaching lactic acid to 8-arm PEG-SH via 

cleavable thioester bonds, and then cross-linked with 4-arm PEG-NHS to form nanocarrier-

based hydrogels. The properties of the nanocarrier-based hydrogels such as gelation time, 

rheology, swelling and degradation were evaluated under various conditions with the end 

goal of developing these hydrogels for vaginal administration. The release kinetics of lactic 

acid from the nanocarrier-based hydrogels were compared to hydrogels with passively 

entrapped lactic acid prepared by mixing lactic acid with the 8-arm PEG-SH and 4-arm 

PEG-NHS polymer solutions. The antimicrobial activity of lactic acid and hydrogels with 

passively entrapped lactic acid were evaluated against the G. vaginalis. In addition, the 

cytoxicity of the 8-arm PEG-SH and 4-arm PEG-NHS polymers was determined using a 

vaginal epithelial cell line.

2. MATERIALS AND METHODS

2.1 Materials

The polymers 8-arm PEG-SH (20 kDa) and 4-arm PEG-NHS (20 kDa) were obtained from 

NOF Corporation (White Plains, NY). Lactic acid, L-Cysteine, N, N′-

Dicyclohexylcarbodiimide and 2-(Dimethylamino)pyridine were obtained from Sigma-

Aldrich (St. Louis, MO). Ellman’s reagent [5,5′-Dithio-bis-(2-nitrobenzoic acid)] and Slide-

A-Lyzer® mini-dialysis units (MWCO: 3,500 Da) were obtained from Thermo Fisher 

Scientific (Waltham, MA). All solvents used were obtained from VWR International 

(Radnor, PA) or Sigma-Aldrich (St. Louis, MO). Gel permeation chromatography (GPC) 

was done on a Waters Breeze GPC system (Milford, MA) with dual-absorbance UV and 

refractive index detectors, using an Ultrahydrogel 1000 Column (12 μm, 7.8 × 300 mm). 

Rheological data were obtained using Kinexus Ultra rotational rheometer (Malvern 

Instruments Inc., Westborough, MA). Lactate assay kit, used to determine lactic acid 

concentrations was obtained from BioVision, Inc. (Mountain View, CA).

2.2 Synthesis and characterization of PEG-LA nanocarriers

Lactic acid (100 mg) was dissolved in Dichloromethane (DCM). N-Hydroxysuccinimide 

(1.2 eq.), and an excess of N, N′-Dicyclohexylcarbodiimide (DCC) were added under 

anhydrous conditions and the reaction mixture was stirred at RT for 8 h. The precipitate was 

filtered using a sintered funnel and the solvent removed using a rotary evaporator. The N-

hydroxysuccinimidyl ester of lactic acid was then reacted with 8-arm PEG-SH, to obtain 
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PEG-LA nanocarriers. The 8-arm PEG-SH was dissolved in DCM. The N-

hydroxysuccinimidyl ester of lactic acid (8 eq.) was added along with an excess of 4-

dimethylaminopyridine (DMAP). The reaction mixture was flushed with argon and stirred at 

RT for 4 h. Nanocarriers were obtained by precipitation from cold ether followed by drying. 

The amount of lactic acid bound to the PEG-LA nanocarriers was estimated indirectly using 

Ellman’s assay and Gel permeation chromatography (Supplementary Information).

2.3 Release of lactic acid from PEG-LA nanocarriers

The PEG-LA nanocarriers (1 mg/100 μl) were dissolved in sodium phosphate buffer (PB, 20 

mM, pH 7.4). The solution was transferred to Slide-A-Lyzer® mini-dialysis units and 

dialyzed against 3.6 ml phophate buffered saline (PBS, 10 mM, pH 7.4) or acetate buffer 

(AB, 20 mM, pH 4.3) at 37 °C, with continuous stirring (60 rpm). Aliquots (1 ml) were 

withdrawn from the release medium at pre-determined time intervals and the medium was 

replenished with an equal volume in order to maintain sink conditions throughout the study. 

The aliquots were concentrated and the amount of lactic acid determined using a lactate 

assay kit, as per the manufacturer’s protocol (O.D. 570 nm). The above experiments (and 

subsequent experiments described below) were performed in triplicate and the results 

reported as mean±SEM, unless otherwise mentioned.

2.4 Preparation of nanocarrier-based hydrogels

The nanocarrier-based hydrogels were prepared using degradable thioester cross-links as 

follows: the PEG-LA nanocarriers (4%, 6% and 8%; w/v) were mixed with 2 equiv. of 4-

arm PEG-NHS in PB and allowed to stand at room temperature until the hydrogels formed. 

The PEG-LA nanocarriers formed aggregates upon addition of PB and were sonicated prior 

to mixing with 4-arm PEG-NHS. The time of formation of the hydrogels was determined 

using the “inverted tube method” and was noted as the time when the solution ceased to 

flow, upon inversion of the tube.

2.5 Rheological characterization of nanocarrier-based hydrogels

Rheological measurements were performed at 37 °C using a rheometer with parallel plate 

geometry (plate diameter: 20 mm, gap: 300 μm). Nanocarrier-based hydrogels (4% and 6% 

w/v) were allowed to form between the parallel plates at RT, before ramping the temperature 

up to 37 °C. The elastic/storage modulus (G′) and viscous/loss modulus (G″) of the 

hydrogels were measured as a function of strain and frequency using dynamic oscillatory 

tests. First, a strain sweep test was performed at a constant frequency of 1 Hz, in order to 

determine the linear viscoelastic regime. Next, a frequency sweep test (0.1–10 rad/sec) was 

carried out at a constant strain of 1%.

2.6 Swelling and Degradation of nanocarrier-based hydrogels

The swelling and degradation of the nanocarrier-based hydrogels was investigated in both 

physiological and acidic conditions. Hydrogels (100 μl samples) were placed in a flat-

bottomed vial and the initial weight recorded (Wi). The samples were then immersed in 1 ml 

of PBS or AB, and incubated at 37 °C on an orbital shaker (at 60 rpm). The buffer was 

removed at pre-determined time intervals and weight of the vials with the swollen hydrogels 
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was recorded (Wt). The buffer was replaced after each measurement and the swelling ratio at 

each time point was calculated as  and plotted against time. Swelling equilibrium 

was reached when the weight of the hydrogels remained constant for two or more 

consecutive time points.

The time taken for the hydrogels to degrade completely was determined by monitoring the 

swelling ratio of the hydrogels beyond the swelling equilibrium. A reduction in swelling 

ratio was observed at time points beyond the swelling equilibrium as the hydrogels began to 

degrade into the surrounding medium. The degradation time was defined as the time taken 

for the hydrogels to completely dissolve into the surrounding medium.

2.7 Release of lactic acid from nanocarrier-based hydrogels

The nanocarrier-based hydrogels (4 and 6% w/v) were prepared as described before and the 

release of lactic acid from hydrogels investigated in physiological and acidic conditions. A 

100 μl sample of the hydrogels was placed in a flat-bottomed vial and immersed in 2 ml of 

PBS or AB. The vials were placed on an orbital shaker (at 60 rpm) and incubated at 37 °C. 

Aliquots (1 ml) were withdrawn from the release medium at pre-determined time intervals 

and the medium was replenished with an equal volume in order to maintain sink conditions 

throughout the study. The amount of lactic acid released was determined using a lactate 

assay kit as per the manufacturer’s protocol (O.D. 570 nm).

2.8 Hydrogels with passively entrapped lactic acid

Hydrogels with passively entrapped lactic acid were prepared as follows: The 8-arm PEG-

SH (4% and 6%, w/v) was mixed with 2 equiv. of 4-arm PEG-NHS in PB at RT. Lactic acid 

(0.2 mg) was added to the polymer solutions during mixing. The release of lactic acid was 

determined as follows: Hydrogels (100 μl samples) were immersed in 2 ml PBS (after an 

initial wash in PBS) and incubated at 37 °C on an orbital shaker (at 60 rpm). The PBS was 

withdrawn and replaced at pre-determined time intervals and the amount of lactic acid 

released determined using a lactate assay kit (O.D. 570 nm).

2.9 Death kinetics of G. vaginalis in the presence of lactic acid

G. vaginalis ATCC 14018 was the reference BV-associated strain used in these studies. The 

cells were stored at −80°C in Brain Heart Infusion (BHI) medium (Difco, Sparks, MD) 

supplemented with 3% horse serum (JRH Biosciences, KS) and 15% glycerol. For in vitro 

studies, strains from frozen stocks were cultured on human blood bilayer-Tween (HBT) agar 

(Remel, Lenexa, KS) and grown at 37°C in 5% CO2 and 2.5% H2 for 48 h using EZ 

Anaerobe Container System GasPaks (Becton, Dickinson and Co, Sparks, MD).

G. vaginalis (107 CFU/ml) was added to T-25 flasks pre-incubated with BHI medium 

supplemented with 3% horse serum in the anaerobic chamber, overnight at 37 °C. The initial 

cell counts in each flask was determined using the drop plate method, by plating 30 μl of cell 

suspension in duplicates on HBT bilayer agar. Lactic acid was added to the medium in the 

flasks at final concentrations of 0.9 mg/ml, 4.5 mg/ml and 9.1 mg/ml. Flasks with G. 

vaginalis in medium without lactic acid was used as the positive control for growth. The 
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flasks were incubated in the anaerobic chamber at 37 °C and cell counts were performed 

from the flasks at various time points using the drop plate method.

2.10 Growth kinetics of G. vaginalis

The growth kinetics of G. vaginalis in the presence of lactic acid, and on hydrogels with 

passively entrapped lactic acid was determined as follows: 4% w/v hydrogels with passively 

entrapped lactic acid (0.2 mg and 1 mg per 50 μl of hydrogel), and lactic acid solutions (50 

μl/well in PB, final concentrations of 0.9–4.4 mg/ml per well) were prepared in a 96-well 

plate. G. vaginalis (107 CFU/ml, 200 μl/well) was added to the wells and sterile mineral oil 

(50 μl/well) was added on top to each well to facilitate anaerobic growth of G. vaginalis. 

Hydrogels with no entrapped lactic acid and medium alone were used as controls. The 

growth kinetics was determined by measuring turbidity every hour over 48 h (O.D. 595 nm). 

The minimum inhibitory concentration (MIC) of lactic acid was determined as the lowest 

concentration of lactic acid that inhibited G. vaginalis growth.

2.10 Cytotoxicity evaluation on vaginal epithelial cells

The 8-arm PEG-SH and 4-arm PEG-NHS polymers and lactic acid were evaluated for 

cytotoxicity on the Vk2/E6E7 human vaginal epithelial cell line. Vk2 cells were seeded on a 

96-well plate at a density of 20,000 cells/well in Keratinocyte Serum Free (KSF) growth 

medium. After overnight incubation, the medium was withdrawn and replaced with medium 

containing 8-arm PEG-SH and 4-arm PEG-NHS polymers and lactic acid at various 

concentrations. Nonoxynol-9 cream (N-9, 4% w/v) dissolved in medium was used as the 

positive control for toxicity and untreated cells (medium alone) were used as the negative 

control. The cells were grown for an additional 24 h and cell viability was determined 

relative to the untreated cells using alamarBlue® assay (AbD Serotec, Raleigh, NC). Briefly, 

the medium containing the various compounds was removed and cells were washed 1x with 

Dulbecco’s Phosphate Buffered Saline (DPBS). The wells treated with 8-arm PEG-SH 

solution at concentrations above 40 mg/ml showed gelation of the medium above the cell 

layer and were treated with dithiotreitol (100mM, dissolved in DPBS) for 5–10 min to 

facilitate removal of the medium. The cells were then incubated with medium containing 

alamarBlue® (10% v/v; 100 μl/well) for 4 h at 37 °C. The reduction of alamarBlue® was 

measured using fluorescence (Ex: 560nm, Em: 590 nm) and the viability calculated as a 

percentage of the untreated cells. The percentage viability was plotted against polymer 

concentration, and the CC50 of the polymers was determined by fitting the data with a 

sigmoidal-dose response curve:

where Bottom = 0 Since a 50% reduction in cell viability was not observed with lactic acid, 

the CC50 of lactic acid could not be calculated from the observed data.
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3. RESULTS

3.1 Synthesis and characterization of PEG-LA nanocarriers

The PEG-LA nanocarriers were synthesized by attaching multiple copies of lactic acid to 8-

arm PEG-SH polymer via thioester bonds. Lactic acid was first activated to form the N-

hydroxysuccinimidyl ester of lactic acid, and then reacted with 8-arm PEG-SH, to obtain 

PEG-LA nanocarriers (Scheme 1). The lactic acid loading efficiency was estimated using 

Ellman’s assay and was found to be 20 μg/mg of nanocarrier or 2% by polymer weight 

corresponding to four copies of lactic acid per molecule (Supplementary information). The 

hydrodynamic radii of a series of PEG polymers was measured previously in our laboratory 

and the size was found to correlate to the molecular weight and architecture of the polymer 

[42]. The hydrodynamic radius of the unmodified 8-arm PEG-SH polymer used in the 

current study was found to be 7.432±0.538 nm. Since the conjugation of 4 copies of lactic 

acid (MW: 90.08 Da) to the 8-arm PEG-SH polymer will not significantly increase the 

molecular weight of the polymer, the nanocarriers will be in the same size range as the 

unmodified polymer. The nanocarriers were characterized using GPC and showed a 

retention time that was similar to the unmodified polymer (RT ~8.8 min, Supplementary 

information). In addition, the nanocarrier peak at 210 nm, the absorbance wavelength of 

lactic acid was 4-fold higher than the unmodified polymer indicating attachment of lactic 

acid.

The release of lactic acid from the PEG-LA nanocarriers was determined at 37°C in PBS 

(pH 7.4) and AB (pH 4.3). Since the thioester bonds are hydrolytically labile under both 

acidic and basic conditions, a sustained release of lactic acid from the nanocarriers was 

expected under these conditions. The cumulative release of lactic acid from the nanocarriers 

was plotted against time and the release profile was fit using a one-phase exponential 

equation:

(1)

In eq. (1)  is the fractional release of the drug and k is the rate constant. A maximum 

release of 23% of bound lactic acid in PBS and 47% in AB was observed (Figure 1A). Since 

the hydrolysis of esters in buffer is pseudo first-order, the kinetics of nanocarrier hydrolysis 

were determined by plotting the log of the percentage remaining PEG-LA nanocarriers 

against time (Figure 1B) [43, 44]. The data were fit using linear regression and the rate 

constant (k) and half-life (t1/2) of nanocarrier hydrolysis was estimated from the slope. 

Nanocarrier hydrolysis proceeded at a faster rate in AB (t1/2= 29.5 h) than in PBS (t1/2= 63.1 

h). Thus, the increased release of lactic acid from the nanocarriers in AB was due to acid 

catalyzed ester hydrolysis.

3.2 Preparation and characterization of nanocarrier-based hydrogels

The nanocarrier-based hydrogels were prepared by cross-linking the PEG-LA nanocarriers 

with 4-arm PEG-NHS via thioester bonds (Scheme 2). Using this schematic, it was expected 
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that lactic acid will be released from the hydrogels due to thioester hydrolysis and that the 

hydrogels will undergo degradation also via hydrolysis of the thioester crosslinks. The 

nanocarrier-based hydrogels (4–8%, w/v) were formed within 20 min under ambient 

conditions and an increase in nanocarrier concentration from 4% to 8% w/v resulted in faster 

hydrogel formation (Table 1). The 8% w/v nanocarrier-based hydrogels were not evaluated 

further since the PEG-LA nanocarriers at this concentration were extremely viscous and 

mixing the nanocarriers uniformly with the PEG-NHS polymer solutions was difficult.

The viscoelastic properties of the nanocarrier-based hydrogels were evaluated by conducting 

dynamic oscillatory studies. A strain sweep test was conducted in order to establish the 

linear viscoelastic regime. This was followed by a frequency sweep test. The nanocarrier-

based hydrogels displayed an elastic modulus (G′) that was 100-fold higher than the viscous 

modulus (G″) over the entire range indicating elastic solid-like behavior (Figure 2). 

Moreover, G′ increased only slightly with frequency and reached a plateau indicating that 

the hydrogels can resist structural changes under strain [45]. The viscoelastic properties of 

the nanocarrier-based hydrogels were compared with a hydroxyethylcellulose placebo gel 

(HEC gel) obtained from the NIH AIDS Reagent Reference program (HPTN 035 Study 

Gel). In contrast to the hydrogels, the HEC gel showed G″>G′ over the entire frequency 

range tested (data not shown).

The swelling and degradation of the nanocarrier-based hydrogels were determined in PBS 

and AB by measuring hydrogel weights at various time points following immersion in the 

appropriate buffer. The degree of swelling was expressed as a percentage of the initial 

hydrogel weight and plotted over time. A continuous increase in hydrogel weight was 

observed within the first 4–6 h in both conditions due to uptake of the surrounding fluid and 

swelling equilibrium was reached within 12 h (Figure 3A). The maximum swelling ratio for 

the 4% w/v hydrogels was 491.6 ±22.6% and 379.3 ±32.8% in PBS and AB, respectively, 

and for the 6% w/v hydrogels was 529.2 ±70% and 398.4±15% in PBS and AB, respectively 

(n=3, mean±SD). An increase in nanocarrier concentration from 4% to 6% w/v resulted in a 

larger degree of swelling in both conditions due to the increased hydrophilicity of the 

hydrogels. A decrease in hydrogel weights was observed after 24 h indicating that the 

hydrogels had started to degrade due to hydrolysis of the thioester crosslinks (Figure 3B). 

Degradation was considered complete when the thioester crosslinks had fully hydrolyzed 

and the hydrogels had dissolved into the surrounding medium. The hydrogels in PBS were 

found to degrade within 6 days (Figure 3B). However, a slower rate of degradation was 

observed in AB and the hydrogels degraded completely within 42 days.

The release of lactic acid from the nanocarrier-based hydrogels was determined in PBS and 

AB at 37 °C. The nanocarrier-based hydrogels showed controlled release of lactic acid for 

several hours. Release from 4% w/v nanocarrier-based hydrogels in PBS was first order with 

a maximum of 10% of bound lactic acid released in 72 h (Figure 4A). Release in AB was 

two-phase, with an initial fast release of 9% of bound lactic acid within 48 h, followed by a 

slow release phase. A maximum release of 14% of bound lactic acid was observed in AB 

(Figure 4A).
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3.3 Hydrogels with passively entrapped lactic acid

Hydrogels with passively entrapped lactic acid were prepared by mixing lactic acid with 8-

arm PEG-SH (4% and 6%, w/v) and 2 equiv. of 4-arm PEG-NHS in PB at RT. The time of 

formation for the 4% w/v and 6% w/v hydrogels was 9.8 ± 0.2 min and 6.6 ± 0.2 min, 

respectively. The hydrogels with passively entrapped lactic acid thus formed faster than the 

nanocarrier-based hydrogels due to the availability of more unmodified–SH groups for 

crosslinking. The release of lactic acid from the above hydrogels was measured in PBS at 37 

°C. The hydrogels showed a burst release of lactic acid, with 90% and 80% lactic acid 

released from 4% w/v and 6% w/v hydrogels, respectively within 30 min. (Figure 4B).

3.4 Inhibitory effect of lactic acid and hydrogels with passively entrapped lactic acid on G. 
vaginalis

Previously, Atassi et al. demonstrated that the growth of G. vaginalis was inhibited within 4 

h when incubated with lactic acid at concentrations of 100 mM [46]. More recently, O’ 

Hanlon et al. showed that lactic acid at concentrations of 55–111 mM (corresponding to 5–

10 mg/ml) in acidic (pH 4.5) medium killed G. vaginalis within 2 h [37].The inhibitory 

concentration of lactic acid against G. vaginalis was determined in the current study by 

monitoring death kinetics of G. vaginalis in the presence of varying concentrations of lactic 

acid. A 7 log10 reduction in G. vaginalis cell counts was observed at a lactic acid 

concentration of 9.1 mg/ml within 3 h (Figure 5).

The growth kinetics of G. vaginalis was monitored in medium with various concentrations 

of lactic acid (0.9–4.4 mg/ml), and on hydrogels with passively entrapped lactic acid (0.2 

mg and 1 mg lactic acid per 50 μl hydrogel). The nanocarrier-based hydrogels were not 

evaluated since a maximum of only 14% bound lactic acid was released from the 

nanocarrier-based hydrogels. The growth kinetics of G. vaginalis was followed 

turbidometrically over 48 h (O.D. 595 nm). Complete inhibition of G. vaginalis was 

observed with 3.6 mg/ml of lactic acid compared to the medium control (Figure 6A). 

Similarly, hydrogels containing 1 mg lactic acid completely inhibited G. vaginalis growth 

(Figure 6B). The hydrogels without entrapped lactic acid had no effect on G. vaginalis 

growth indicating that the antimicrobial activity was due to the lactic acid released from the 

hydrogels.

3.5 Cytotoxicity evaluation in vaginal epithelial cells

The cytotoxicity of the 8-arm PEG-SH and 4-arm PEG-NHS polymers used to prepare the 

hydrogels was evaluated using the Vk2/E6E7 vaginal epithelial cell line. Vk2 cells were 

incubated for 24 h with 8-arm PEG-SH and 4-arm PEG-NHS polymers at concentrations of 

2.5–80 mg/ml. The cytotoxicity of lactic acid was evaluated by incubating the cells with 

lactic acid at concentrations of 10–100 μg/ml. N-9 was used as the positive control for 

toxicity due to its demonstrated in vitro and in vivo cervicovaginal toxicity [47, 48]. Medium 

alone was used as the negative control for toxicity. After the incubation period, cell viability 

assessed using the alamarBlue® proliferation assay. The cells incubated with N-9 (positive 

control for toxicity) showed a 98% reduction in viability compared to the untreated cells 

(Figure 7A). The 8-arm PEG-SH and 4-arm PEG-NHS polymers showed a 50% reduction in 
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cell viability at concentrations of 50.25 mg/ml and 57.45 mg/ml, respectively (Figure 7A). 

No significant reduction in cell viability was observed with lactic acid (Figure 7B).

4. DISCUSSION

The present study evaluates the feasibility of developing PEG nanocarrier-based hydrogels 

for the controlled release of lactic acid for restoring the vaginal microenvironment. 

Exploratory treatments for restoring the healthy vaginal environment and preventing BV 

infection include oral/vaginal administration of probiotics and vaginal acidification [49–52]. 

However, current intra vaginal gel formulations show poor retention in the vagina and are 

hence ineffective due to insufficient concentrations of the active agent in the vagina [25–27]. 

Therefore, the present study aims at developing PEG-based hydrogels: (1) for the controlled 

release of lactic acid to maintain vaginal acidity for a prolonged period of time, and (2) with 

viscoelastic properties to prevent leakage and improve vaginal retention.

PEG-LA nanocarriers were prepared by attaching lactic acid to 8-arm PEG-SH via 

degradable thioester bonds in order to obtain controlled release of lactic acid. The PEG-LA 

nanocarriers showed sustained release of lactic acid for several hours in PBS and AB. 

However, a maximum release of 23% of bound lactic acid in PBS and 47% in AB was 

observed from the nanocarriers. The incomplete release of lactic acid from the PEG-LA 

nanocarriers is likely due to steric hindrance of the branched polymer chains of the 8-arm 

PEG-SH polymer. Previous studies indicate that drug release from polymer-drug conjugates 

is influenced by a number of factors such as molecular weight of the polymer, architecture 

(linear vs. branched) and the type of releasable bond [53, 54]. Kurtoglu et al. demonstrated 

that the release of ester-linked ibuprofen from PAMAM-dendimer and mPEG conjugates 

was dependent on pH and polymer architecture [53]. The spherical architecture of the 

dendrimer conjugates inhibited hydrolysis of the ester linkages, hindering ibuprofen release 

in plasma. Similarly, when paclitaxel was conjugated to poly-L-glutamic acid via ester bond, 

drug release did not occur due to the steric hindrance in the conjugate [54].

The PEG-LA nanocarriers were cross-linked with 4-arm PEG-NHS via thioester bonds to 

form nanocarrier-based hydrogels (4–8%, w/v). The nanocarrier-based hydrogels formed 

rapidly (gelation time< 20 min) under ambient conditions and an increase in nanocarrier 

concentration from 4% to 8% w/v resulted in faster hydrogel formation. The nanocarrier-

based hydrogels showed sustained release of lactic acid for several days; however, a 

maximum release of 10% bound lactic acid in PBS and 14% in AB was achieved. A reason 

for the low release of lactic acid from the nanocarrier-based hydrogels is likely the 

additional steric hindrance of the polymer chains of the cross-linked gel network, limiting 

access to the bound lactic acid. One way of reducing steric effects and increasing lactic acid 

release would be to introduce a spacer molecule between lactic acid and the thioester bond 

[53]. Alternatively, higher lactic acid release concentrations can be achieved by increasing 

the lactic acid payload of the nanocarriers by conjugating polylactic acid to the 8-arm PEG-

SH polymer.

Hydrogels with passively entrapped lactic acid were prepared by mixing lactic acid with the 

8-arm PEG-SH and 4-arm PEG-NHS polymer solutions under ambient conditions. The 
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hydrogels showed a burst release of lactic acid with 90% entrapped lactic acid released 

within 30 min in contrast to the nanocarrier-based hydrogels, which showed sustained 

release. Thus the low molecular weight and high solubility of lactic acid resulted in rapid 

migration through the hydrogel network when passively entrapped within the polymer 

matrix.

Current semi-solid vaginal gels are pre-formed gels that leak rapidly from the vagina 

resulting in poor retention. The nanocarrier-based hydrogels developed in the current study 

are designed to be administered as a solution into the vagina and undergo gelation in situ. 

Hence, the viscoelastic properties of the nanocarrier-based hydrogels are particularly 

important for vaginal application since gel leakage and retention in the vagina are largely 

dependent on these properties [55, 56]. Previous studies have shown that semi-solid gels 

formed by physical interactions of polymer chains (i.e., chain entanglements) such as 

hydroxyethylcellulose (HEC) and sodium carboxymethylcellulose (NaCMC) gels 

demonstrate viscous liquid-like behavior at higher oscillatory frequencies [56–58]. Semi-

solid gels, therefore, have low structural integrity under shear. Unlike semi-solid gels, 

covalently cross-linked PEG-based hydrogels developed previously in our laboratory 

showed elastic behavior at higher frequencies indicating mechanical resistance to shear [45, 

59, 60]. Similarly, the nanocarrier-based hydrogels in the current study showed G′>G″ 

indicating that they are predominantly elastic over the frequency range tested. In contrast, 

the HEC gel behaved as a viscous liquid with G″>G′ over the entire frequency range (data 

not shown). The nanocarrier-based hydrogels are thus expected to provide improved vaginal 

retention when compared to semi-solid gels due to their superior elastic properties.

The nanocarrier-based hydrogels in the current study are formed via reversible thioester 

bonds that degrade by hydrolysis or enzymatic cleavage [61]. The in vitro swelling and 

degradation profile of the nanocarrier-based hydrogels was monitored in PBS and AB. Due 

their hydrophilic nature, the nanocarrier-based hydrogels swelled by absorbing surrounding 

fluid (reaching equilibrium in 12–24 h, depending on the polymer concentration) after which 

they started degrading.

The vaginal retention of the hydrogels and the HEC gel was studied in a pre-clinical mouse 

model using MRI imaging (manuscript submitted/in preparation). The hydrogels were 

retained in the vagina up to 48 h post-dose unlike the HEC gel, which completely cleared 

from the vagina within 8 h (data not shown). Due to their elastic properties, the hydrogels 

were observed to remain structurally intact in the vagina for several hours after undergoing 

gelation in situ, and prior to degradation and clearance from the vagina. Hence, the optimal 

in vivo dose and delivery device for forming a hydrogel film on the mucosa that is sufficient 

for protection but does not to impair vaginal lubrication will need to be determined.

The inhibitory effect of the hydrogels with passively entrapped lactic acid on the 

predominant BV pathogen G. vaginalis was determined in vitro. Since the nanocarrier-based 

hydrogels showed insufficient release of lactic acid, the efficacy of hydrogels with passively 

entrapped lactic acid was studied. Hydrogels with 1 mg entrapped lactic acid completely 

inhibited G. vaginalis growth demonstrating that lactic acid released from the gel had 

activity against G. vaginalis.
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The cytotoxicity of the 8-arm PEG-SH and 4-arm PEG-NHS polymers, and lactic acid was 

evaluated using the Vk2/E6E7 vaginal epithelial cell line. Since the cross-linked hydrogels 

absorbed the surrounding medium when applied to cell monolayers, the individual 

components of the hydrogel were evaluated using a cell viability assay. Lactic acid did not 

show any toxicity at all the concentrations that were tested. The 8-arm PEG-SH and 4-arm 

PEG-NHS polymers showed a CC50 of 50.25 mg/ml and 57.45 mg/ml, respectively. The 

cytotoxicity of the individual polymers at high polymer concentrations is most likely due to 

the -SH and –NHS functionalization of PEG since PEG has no reported cytotoxicity. 

However, the free– SH and –NHS functional groups are expected to be present at lower 

concentrations in the hydrogel than the individual polymers due to the formation of thioester 

cross-links. Further evaluation of the hydrogels in organotypic or explant models will 

determine potential in vivo toxicity to epithelial tissue [62, 63].

5. CONCLUSIONS

PEG nanocarrier-based hydrogels were developed for the controlled release of lactic acid. 

The nanocarrier-based hydrogels formed rapidly (< 20 min), showed elastic properties and 

were degradable in both physiological and acidic conditions. Release of lactic acid from the 

nanocarrier-based hydrogels was sustained for several days; however, a maximum release of 

only 14% bound lactic acid was observed. In contrast, hydrogels with passively entrapped 

lactic acid showed a burst release with 90% lactic acid released in 30 min. Lactic acid 

showed antimicrobial activity against the primary BV pathogen G. vaginalis with a MIC of 

3.6 mg/ml. In addition, the hydrogels with passively entrapped lactic acid showed retained 

antimicrobial activity with complete inhibition of G. vaginalis growth within 48 h. The 

results of the current study collectively demonstrate the potential of PEG nanocarrier-based 

hydrogels for vaginal administration of lactic acid for preventing and treating BV and 

suggest that passive entrapment combined with the longer acting lactic acid nanocarrier 

release may provide at least a once a week non drug treatment option.
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Figure 1. 
Release of lactic acid from PEG-LA nanocarriers, n=3, mean±SEM (A) Cumulative release 

of lactic acid in PBS and AB (pH 4.3). The release was first order with a maximum release 

of 23% in PBS and 47% in AB. (B) Kinetics of PEG-LA nanocarrier hydrolysis in PBS and 

AB. The hydrolysis of the PEG-LA nanocarriers was pseudo-first order with a t1/2 = 63.1 h 

in PBS and 29.5 h in AB.
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Figure 2. 
Dynamic oscillatory measurements on 4% and 6% w/v nanocarrier-based hydrogels, n=3; 

mean± SEM. (A) Strain sweep test for determining the linear viscoelastic regime (LVE). 

The elastic modulus (G′) was greater than the viscous modulus (G″) of the hydrogels over 

the entire range tested. (B) Frequency sweep test over a range of 0.1–10 rad/sec, at a 

constant strain of 1%. The hydrogels showed G′>G″ even at the higher applied frequencies.
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Figure 3. 
Swelling and degradation profiles of nanocarrier based hydrogels in PBS (pH 7.4) and AB 

(pH 4.3) at 37 °C, n=3; mean±SEM. (A) Swelling ratio of 4% and 6% w/v nanocarrier-based 

hydrogels in PBS and AB, until equilibrium was reached. (B) Degradation profiles of 4% 

and 6% w/v hydrogels determined by measuring swelling ratios from equilibrium until the 

hydrogels completely dissolved into the surrounding medium. The hydrogels degraded 

completely in 6 days in PBS and 42 days in AB.
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Figure 4. 
Release of lactic acid from (A) nanocarrier-based hydrogels, and (B) hydrogels with 

passively entrapped lactic acid at 37 °C, n=3; mean±SEM. (A) The nanocarrier-based 

hydrogels showed a controlled release of lactic acid with maximum release of 10% in PBS 

and 14% in AB. (B) The hydrogels with passively entrapped lactic acid showed a burst 

release of lactic acid in PBS with 90% and 80% lactic acid released from 4% w/v and 6% 

w/v hydrogels, respectively within 30 min.
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Figure 5. 
Death kinetics of G. vaginalis in the presence of lactic acid. G. vaginalis was incubated in 

flasks with medium alone (positive control for growth) or medium with various 

concentrations of lactic acid (0.9–9.1 mg/ml). The flasks were incubated in the anaerobic 

chamber at 37 °C and cell counts were performed from the flasks at various time points, 

using the drop plate method, n=2, mean±SD. A 7 log10 reduction in viable cell count was 

observed within 3 h at a lactic acid concentration o 9.1 mg/ml.
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Figure 6. 
Growth kinetics of G. vaginalis in the presence of lactic acid (0.9–4.4 mg/ml), and on 

hydrogels with passively entrapped lactic acid (0.2 and 1 mg per 50 μl of hydrogel), n=3, 

mean ±SEM. The growth kinetics was determined by measuring absorbance every hour, for 

48 h (O.D. 595 nm). For the sake of clarity, the readings obtained every 3 h are shown in the 

above figure. The MIC of lactic acid was found to be 3.6 mg/ml.
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Figure 7. 
Cytotoxicity of the 8-arm PEG-SH and 4-arm PEG-NHS polymers on Vk2 cells, determined 

using the alamarBlue proliferation assay. (A) Cells were incubated with 8-arm PEG-SH and 

4-arm PEG-NHS at concentrations from 2.5–80 mg/ml, for 24 h. N-9 was used as the 

positive control for toxicity and medium was used as the negative control. The data are 

plotted as a percentage of the medium control, n=6, mean±SEM. The CC50 values for the 8-

arm PEG-SH and 4-arm PEG-NHS polymers were found to be 50.24 mg/ml and 57.45 

mg/ml respectively. (B) Cells were incubated with lactic acid at concentrations of 10–100 

μg/ml for 24 h. The data are plotted as a percentage of the medium control, n=6, mean

±SEM.
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Scheme 1. 
Preparation of PEG-lactic acid (PEG-LA) nanocarriers. (a) DMF, DCC, room temperature, 

stir for 8 h (b) DMF, DMAP, room temperature, stir for 4 h.
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Scheme 2. 
Hydrogel formation using PEG-LA nanocarrier and 4-arm PEG-NHS. The release of lactic 

acid and degradation of the hydrogel is via hydrolysis of the thioester bonds.
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Table 1

Time of formation of PEG-LA nanocarrier-based hydrogels; mean±SD, n=3

8-arm PEG-LA (mg/0.05 ml) 4-arm PEG-NHS (mg/0.05 ml) Time of hydrogel (0.1 ml) formation (min)

4 8 16.6 ± 0.2

6 12 16.5 ± 0.2

8 16 10.4 ± 0.4
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