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Abstract

Background: Polyphenylene carboxymethylene (PPCM) sodium salt is a promising

multipurpose technology for prevention of both sexually transmitted infections (STIs)

and pregnancy. In preclinical studies, PPCM has demonstrated significant (1) antimi-

crobial activity against several important viral and bacterial pathogens and (2) contra-

ceptive activity associated with premature acrosome loss.

Objective: To further evaluate a vaginal antimicrobial compound as a contraceptive

agent in preclinical studies utilizing a repurposed hyaluronan binding assay (HBA).

Materials andmethods: Semen samples containing either neat semen orwashed sper-

matozoa were treated with increasing concentrations of PPCM or calcium ionophore

A23187 (positive control). Sperm inactivation wasmeasured by twomethods: (1) dou-

ble acrosome staining (AS), and (2) a hyaluronan binding assay (HBA®). Percentage of

inactivated spermwas compared between untreated control sperm and those treated

with PPCMor A23187.

Results: PPCM had a significant (p < 0.05) and dose-dependent effect on sperm inac-

tivation in both assays, with HBA detecting a higher proportion of inactivated sperm

than AS. PPCMdid not affect spermmotility and exhibited equivalent responses in the

neat andwashed samples.

Discussion:Both HBA and AS confirmed that spermatozoa were rapidly inactivated at

PPCM concentrations likely present in the vagina under actual use conditions and in a

time-frame comparable to in vivomigration of spermatozoa out of seminal plasma into

cervical mucus.

Conclusion: PPCM vaginal gel may provide contraceptive protection as well as help

with STI prevention. HBA may be a sensitive and much needed biomarker for sperm

activity in future contraceptive development.
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1 INTRODUCTION

New non-prescription, non-hormonal vaginal methods of birth control

may help overcome the disadvantages of barrier methods, hormonal

treatments, and existing suboptimal vaginal products. While condoms

provide both pregnancy and sexually transmitted infection (STI) pro-

tection, bothmale and female condoms require the cooperationof both

partners, and many couples consider them difficult and unpleasant

to use.1–4 Hormonal and long-acting reversible contraceptive (LARC)

methods are highly effective, but do not protect against sexually trans-

mitted infections (STIs). For many women, they are not a realistic

option because they requiremedical services, are not easily accessible,

and can be costly.5–8 Furthermore, these systemically absorbed hor-

mones can cause uncomfortable and potentially life-threatening side

effects.9 Consequently, many women distrust hormone-based meth-

ods while others do not want continuous protection.10,11 Men may

also prefer a non-hormonal approach, one that is readily reversible and

affords protection against STIs.12 Current non-hormonal vaginal prod-

ucts offer a reversible alternative, but most of them contain the sper-

micide nonoxynol-9 (N-9), which is cytotoxic to vaginal tissues and can

cause significant tissue damage, even increasing risk of STIs, including

HIV.13–17 It is clear that safer contraceptive choices are needed,11,18,19

including vaginal contraceptives that are not systemically absorbed,

available over-the-counter (OTC), and can be used on an as-needed

basis.20

Novel vaginal contraceptive products face a difficult development

path. Vaginal productsmust be active in a complex environment. Coag-

ulation, pH, semen proteins, and other factors in post-coital genital flu-

ids control the ability of spermatozoa to capacitate,move up the repro-

ductive tract, and ultimately fertilize the egg.21

In addition, the spermicidal activity of a contraceptive candidate is

difficult to measure preclinically; it can be assessed by standard semen

analysis in simulated genital secretions, but none of the measured

parameters is a directmeasure of the ability of spermatozoa to fertilize

an ovum. Post-coital cervical mucus testing (PCT; Sims–Huhner test)

in women who are not at risk of pregnancy can also be used to evalu-

ate contraceptive efficacy. This is a more direct way to identify motile

spermwhich have bypassed the vaginal contraceptive and reached the

cervical os, indicating potential contraceptive failure. PCT has been

used in the development of several vaginal contraceptives and may

have some value for predicting clinical success.22 However, in practical

terms, it is difficult to use this procedure in a clinical trial and is typ-

ically limited to a small sample size, must be conducted immediately

after coitus, and only during midcycle when fertile cervical mucus is

present. Preclinical testing may also include contraceptive efficacy in

animal models, primarily in the rabbit. However, animal models differ

significantly from humans in basic reproductive physiology and vaginal

environment and have limited ability to predict real-world effective-

ness in humans.23–25

Human clinical trials in women at risk of pregnancy are difficult

to conduct; women who participate are being asked to risk getting

pregnant. Pregnancy is not only a clinical trial “failure,” but it may

have life-long consequences for the woman, her partner, and her

family. In addition, non-hormonal vaginal contraceptives are typically

coitally dependent, and conducting a trial requiring correct use of a

vaginal contraceptive method with each and every coital episode is

difficult for both participants and investigators. Such trials can have

poor compliance, difficult data collection and analysis, and significant

underestimation of true efficacy.26–29 Unfortunately, these challenges

are often cited as evidence that any coitally dependent method should

not be offered as a first-line contraceptive option in the real world.30

While it is likely that a vaginal methodwill always have a lower efficacy

than LARCs even if used consistently and correctly, a higher risk of

pregnancymay bemore acceptable tomanywomen than the problems

associated with LARC use.30,31

Becauseof thesedifficulties, vaginal contraceptivedevelopmenthas

often leapfrogged from simple in vitro testing and efficacy in an animal

model directly to human clinical efficacy trials. This is true for multiple

N-9 based products which were originally “grandfathered in” for rapid

regulatory approval. More recent vaginal contraceptive development

requires a stricter regulatory path to establish safety and efficacy,32

butmay still depend on PCT to guide clinical development.22 There are

no reliable preclinical data informing critical parameters such as opti-

mal dose, onset, or duration of action in the vagina. Thus, any tool that

measures sperm viabilitywhich can be used during both preclinical and

clinical development of contraceptives may improve product design.

Such a biomarker could be used in early clinical testing inwomen not at

risk of pregnancy to optimize dosing and efficacy of a vaginal formula-

tion. This would facilitate the design of subsequent “proof-of-concept”

clinical testing where women are at risk of pregnancy and improve the

likelihood of clinical success.

The hyaluronan binding assay (HBA) offers such a biomarker. The

assay depends on the ability of intact sperm to bind to hyaluronan,

thus immobilizing the cells on the assay slide. This mimics the binding

of mature, capacitated, and acrosome-intact sperm to the hyaluronan

producedbycumulus cells in the zonapellucida, thematrix surrounding

the oocyte plasma membrane.33,34 Binding to hyaluronan causes the

spermatozoa to acrosome react, releasing acrosomal enzymes which

effect zona penetration and oocyte fertilization.35,36 Only fully mature

sperm have acrosomal receptors for hyaluronan34 and bind tightly to

the zona to initiate the acrosome reaction.37 The HBA assesses this

essential property of mature functional sperm. Importantly, sperma-

tozoa that have undergone a premature acrosome reaction will not

bind to solid-state hyaluronan33 on the HBA slide and are rendered

infertile.38 Hyaluronan-binding sperm selection used during in vitro

fertilization may permit selection of higher quality spermatozoa, lead-

ing tobetter ratesof fertilization, embryodevelopment, pregnancy, and

reducingmiscarriage risk.39–41

We have repurposed a commercially available HBA to evaluate

contraceptive activity of the candidate contraceptive microbicide,

polyphenylene carboxymethylene (PPCM). PPCM is a unique polyan-

ion under development as a multipurpose prevention technology

providing both STI and contraceptive activity. It is structurally and

functionally distinct from other polyanion candidate products and has
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important safety and effectiveness advantages.42 The safety of PPCM

has been shown in multiple in vitro and toxicology studies utilizing

several cell lines, tissue explants, and animal models.42–52

As a contraceptive, PPCM has demonstrated significant contracep-

tive activity by causing premature acrosome loss (PAL), inactivating

acrosomal enzymes (hyaluronidase and acrosin), and preventing fer-

tilization in a rabbit model.48 PPCM appears to block the binding

of sperm-specific adhesins to hyaluronan by inducing PAL. However,

the specific interactions of PPCM with the sperm plasma membrane

remain to be studied. Both zona-pellucida-induced acrosome loss and

PPCM-induced PAL are mediated through sperm-specific Ca2+- selec-

tive ion channels. PPCM acts by increasing Ca2+ entry, effecting the

acrosome reaction.53,54 SincePPCM induces acrosomal loss in sperma-

tozoa that are not near the oocyte (i.e., in the vaginal compartment), it

may be expected to act in a contraceptivemanner.

As a microbicide, PPCM may block similar interactions between

the glycosaminoglycans of host cell surfaces and viral and bacte-

rial adhesins, thus preventing infection.55–58 Preclinical studies have

demonstrated that PPCM prevents infection from several impor-

tant STIs including human immunodeficiency virus (HIV), herpes

simplex virus (HSV), Neisseria gonorrhoeae (Ng), and Chlamydia

trachomatis.44,45,48–52 Interestingly, PPCM also prevents infection by

pathogenic strains of Ebola virus and SARS-CoV-2.46,47

Using the HBA, we provide further evidence that PPCM disrupts

sperm functions essential for in vivo fertilization. Other candidate con-

traceptiveswhosemechanismof action is disruption of sperm function,

specifically sperm fertilizing ability, may be effectively validated using

a biomarker such as the HBA, before advancing to clinical trials.

2 MATERIALS AND METHODS

2.1 Semen evaluation and sample preparation

Semen samples were collected by masturbation following 2-5 days

of abstinence from healthy patients visiting the University Androl-

ogy Laboratory at the University of Illinois at Chicago with Institu-

tional Review Board approval. Samples were incubated at 37◦C for

30 min to allow liquefaction and were then transferred to a coni-

cal tube for volume measurement. After thorough mixing, 5 µl of liq-

uefied semen was loaded into a counting chamber (CASA chamber,

depth 20 µm, CellVision Technologies, The Netherlands). Sperm con-

centration and motility were determined using a computer-assisted

semen analysis system (SCA Analyzer, MicroOptics, Barcelona, Spain).

Sperm morphology was determined using CELL-VU pre-stained mor-

phology slides (Millennium Sciences, Inc., Waltham, MA). Acceptable

semen samples for the studies herein met the following criteria: sperm

concentration > 20 × 106/ml; total count > 20 × 106; total motile

sperm>20×106; totalmotility>60%; normalmorphology>30%nor-

mal forms by theWHO3rd edition criteria, and absence of white blood

cells.59

Liquefied semen sampleswere individually tested as neat orwashed

specimens for all the studies presented. For washed spermatozoa,

semen samples were diluted (1:1 v/v) with Biggers, Whitten, and

Whittingham medium with no added protein, pH 7.4 (BWW; 14),

and centrifuged at 675 g for 15 min. Post-wash sperm samples were

standardized to a final concentration of 20 × 106/ml using BWW

and divided into smaller aliquots for testing. Aliquots of neat or

washed spermatozoa were exposed to increasing concentrations of

PPCM (Wilmington PharmaTech, Delaware), 1 nM calcium ionophore

(A23187; Sigma-Aldrich, St Louis, MO) as a positive control, or

remained untreated as a negative control. All samples were incubated

at 37◦C until analyzed at the indicated times.

2.2 Premature acrosome loss assay

Within the context of this study, PAL refers to the disruption and

loss of the human spermatozoa acrosome in response to treatment

of the sperm suspension in BWW to calcium ionophore A23187 or

PPCM.52,60 Washed spermatozoa from the same individual specimens

used for HBA studies (see below) were resuspended in protein-free

BWW to a concentration of 5 × 106 cells/ml and incubated at 37◦C for

15 min in the presence of 1 nM A23187 or increasing concentrations

of PPCM. After incubation, spermatozoa in BWW were fixed with

an equal volume of 0.1 M cacodylate-buffered 3% glutaraldehyde

(pH 7.4), and fixed spermatozoa were stained with Bismarck Brown

(0.8%) and Rose Bengal (0.8%) as previously described.61 Fixing and

staining reagents were purchased from Millipore-Sigma (St. Louis,

MO). Stained spermatozoa were examined for the presence/absence

of acrosomes using bright-field light microscopy at 1000× total mag-

nification under oil immersion. Spermatozoa stained red/pink at the

anterior portion of the sperm head and brown posterior to the equa-

torial segment were considered acrosome intact. Spermatozoa with

a clear area over the anterior portion of the sperm head and brown

posterior staining were considered to have lost their acrosomes.

The percentage of spermatozoa without acrosomes at the indicated

timepoints was calculated from 300-400 spermatozoa examined per

slide.

2.3 Hyaluronan binding assay (HBA®)

Commercially available HBA® kits (Sperm-hyaluronan binding assay;

Cooper Surgical, Trumbull, CT) were used according to the manu-

facturer’s instructions to evaluate the ability of spermatozoa to bind

hyaluronic acid, a process that requires an intact acrosome. In brief,

a 7-µl drop of neat semen or washed spermatozoa previously incu-

bated as controls or exposed to A23187 or PPCM at varying doses

and for specified periods of time was placed on the HBA® slide and a

Cell-Vu® gridded cover slip was immediately applied. The slides were

incubated at room temperature for 10min permanufacturer’s instruc-

tions to allow sperm binding. Unbound and bound motile sperm were

counted using a phase-contrast microscope at 200x total magnifica-

tion in the same number of grid squares. Between 100 and 200 sper-

matozoa were counted for each assessment, yielding a coefficient of
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variation of approximately 5%. The percentage of hyaluronan-bound

spermwas calculated at each time point.

2.4 Sperm motility

For the analysis of PPCM effects on sperm motility, individual neat

semen samples were incubated with A23187 or increasing doses of

PPCM and aliquots removed at 20 min, 2, 6, and 18 h after exposure.

Aliquots were placed in a Makler chamber and motility was assessed

by the SCA sperm analysis system.

2.5 Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). For

assays performed in technical replicates, the average of the two values

was used for an n of 1. Statistical analyses utilized ANOVA followed by

Bonferroni post hoc tests using GraphPad Prism, version 7 software. A

p-value of< 0.05 or less was considered significant.

3 RESULTS

Four separate experimentswere conducted to investigate PPCMactiv-

ity on spermatozoa.

3.1 Comparison of the PAL assay and the HBA
for evaluating the dose–response effects of PPCM on
sperm acrosome status and binding activity

Washed spermatozoa from six individual semen samples were treated

for 15 min with 1 nM A23187 Ca++ ionophore or 0.001 to 100 µg/ml

PPCM, a concentration range bracketing the estimated IC50s (1-

10 µg/ml) found in prior preclinical studies on the effects of PPCM

on spermatozoa and pathogenic microbes.52 Sperm inactivation was

measured both by PAL assay (acrosomal loss), and byHBA (hyaluronan

binding) with technical replicates performed for each specimen and

assay. PPCM exhibited a linear dose-dependent relationship in both

assays, with maximal loss of binding capacity at 100 µg/ml PPCM

(Figure 1). The PAL assay directly quantitates acrosome loss, whereas

the HBA quantitates the ability of spermatozoa to bind to hyaluronic

acid (HA) and indicates that they are mature with unreacted, intact

acrosomes. Loss of HA binding likely reflects loss of the acrosome

following capacitation and acrosome reaction. The two assays showed

a similar dose–response effect suggesting that they are measuring

the same activity status of the spermatozoa. Of particular note, a

larger percentage of inactivated sperm was detected by HBA than

in the PAL assay for both PPCM and A23187 treatments. These data

affirm those of Huszar,34 that spermatozoa without acrosomes are

unable to bind to solid-state hyaluronan, and suggest that HBA is a

more robust assay for detecting sperm inactivation than the PAL assay.

F IGURE 1 Comparison of sperm inactivation by PPCMmeasured
by both the HBA (red bars) and the AS assay (black bars).Washed
human spermatozoa (20million/ml) were resuspended in BWW,
divided into aliquots, and incubated with increasing concentrations of
PPCM for 15min. Control groups without PPCMwere incubated in
BWW (negative control) or with Ca++ ionophore A23187 (positive
control). The “%Unbound to Hyaluronan” represents the fraction of
spermatozoa inactivated by PPCMor A23187 and unable to bind to
the hyaluronan-coated slide. The “% Acrosome Reaction” represents
the inactivated spermatozoa with premature acrosome loss caused by
PPCMor A23187. Both assays demonstrated dose-dependent sperm
inactivation (contraceptive activity) after exposure to PPCM. TheHBA
exhibited a higher sensitivity for PPCM-induced hyaluronan binding
loss with amaximal effect at the 100 µg/ml dose resulting in 80%
binding reduction, comparable to A23187. The AS assay at its peak
showedmaximal activity of only 27% acrosome-reacted sperm,
comparable to A23187 effects. Bars represent themean± SEM,
n= 6/treatment group. #p< 0.01 PPCMat 100, 10, 1.0, and 0.1 versus
no PPCM in the HBA assay. *p< 0.01 PPCMat 100, 10, 1.0, 0.1 µg/ml
versus no PPCM in the AS assay. (Reprinted by permission of the J Biol
Reprod, Oxford University Press.Weitzel, North,Waller, 2020, 103[2],
299-309)

Accordingly, the remainder of the PPCM tests were run using only

the HBA.

3.2 Comparison of the time course and strength
of PPCM-induced sperm inactivation in washed
spermatozoa versus neat semen using the HBA

The results above documented the PPCM-induced acrosomal disrup-

tion of washed spermatozoa. This PPCM activity was equal to the dis-

ruption caused by A2318, which acts as a positive control for the frac-

tion of the sperm population able to capacitate, acrosome react, and

ultimately fertilize the ovum.62 However, testing in neat semen is also

important to evaluate its efficacy as a vaginal contraceptive. More-

over, a time course of the response to PPCM is necessary to deter-

mine whether inactivation aligns with the time frame that sperma-

tozoa reside in the vaginal environment. In this set of experiments,

a new set of fresh semen samples (n = 3) was utilized. The samples

were divided, with one half remaining neat and the other washed
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F IGURE 2 Time course analysis of 10 µg/ml PPCM inhibition of sperm binding in the HBA used neat semen andwashed spermatozoa. The
HBA activity of spermatozoa incubated for 1, 5, 10, and 15min in BWW (negative control), the Ca++ ionophore (Ion) A23187 (positive control)
and PPCM (10 µg/ml) was examined in split semen specimens (n= 5); one sperm portion remained in seminal plasma (neat) while the second
portion was washed free of seminal plasma and resuspended in BWW. Bars represent themean± SEM

as described. Aliquots of neat semen and washed spermatozoa were

treated with 10 µg/ml PPCM or 1 nM A23187 and sperm inactiva-

tion evaluated using the HBA at 1, 5, 10, and 15 min. The percentage

of bound sperm detected by HBA for untreated washed spermatozoa

and untreated semen control samples remained constant, indicating

sperm viability was maintained throughout the time course in the con-

trol samples. In both neat and washed samples, inactivation of binding

occurred rapidly with A23187-induced acrosome reaction essentially

complete by 10 min (Figure 2). Importantly, PPCM reduced hyaluro-

nan binding in both washed spermatozoa and neat semen with equal

potency and identical time courses. This contrasts with other polyan-

ions which appear to lose effectiveness in coital secretions contain-

ing fresh ejaculate.63–70 The rapid onset of PPCM activity, initiating by

1 min with maximal activity at 10 min, is critical for a vaginal contra-

ceptive, given that upon ejaculation into the vagina, human spermato-

zoa may be able to migrate out of the seminal plasma and into cervical

mucus in as little as 90 seconds.71–73

3.3 Assessment of PPCM activity at clinically
relevant vaginal doses

The vaginal dose of PPCM is expected to be approximately 3-5 ml of

a bioadhesive gel formulation containing 4%w/v PPCM.52 The vaginal

concentration of PPCM is predicted to be ∼10-20 mg/ml after vaginal

application and dilution with genital secretions. This concentration is

consistentwith levels utilized in clinical studies of other vaginal polyan-

ions and is expected to providemaximal effectiveness74–78 whilemain-

taining a high selectivity index for safety.42 PPCM activity at these

high (clinical) concentrations was assessed in a new set of individual

neat semen samples (n = 3), using the HBA at 1, 5, 10, and 15 min.

PPCM exposures caused significant and rapid sperm inactivation in

neat semenat concentrations expected tobepresent in realworld vagi-

nal doses (Figure 3). Since this occurred in as early as 1min of exposure

to PPCM, spermatozoamay be inactivated in vivo prior to reaching the

cervical os and entering the upper reproductive tract.

3.4 Evaluation of PPCM effects on sperm motility

Sperm motility was evaluated after incubation of the unwashed sper-

matozoa with PPCM (from study 3) for up to 18 h. There was a general

decline of motility in control samples over the 18 h time course, and

treatment with PPCM did not significantly accelerate this trend (Fig-

ure 4). Spermatozoa exposed to PPCM in the vagina retainmotility and

may move into the upper reproductive tract, but are unlikely to bind

to hyaluronan surrounding the ovum and fertilize the egg due to pre-

mature acrosome reaction. This is consistent with PPCM’s presump-

tivemechanismof action of inhibiting normal acrosome function rather

than a general cytotoxic effect.43,52

4 DISCUSSION

Vaginal contraceptive development is challenging. The vagina is a

unique environment; it may have an active inflammatory response

to toxins or injury, and may secrete water- soluble natural defenses

against pathogens—all in a complex interaction with a diverse micro-

biome. Seminal fluids from coitus add another level of complexity.63,79

The effectiveness of any vaginal product can be affected by all these

factors, and it is difficult tomimic these conditions in preclinical testing.

Additionally, clinical testing is challenging, since contraceptive fail-

ure is amajor life event with significant consequences for the pregnant

woman. This is particularly true with coitally dependent vaginal con-

traceptives that must be used regularly and correctly. However, these

non-systemic methods offer many advantages, including having fewer
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F IGURE 3 Analysis of high-dose PPCMeffects on sperm binding in the HBA over time. Spermatozoa in neat semenwere exposed to BWW
(negative control), the Ca++ ionophore (Ion) A23187 (positive control) and increasing doses of PPCM (100, 1000, and 10,000 µg/ml) and
spermatozoa bound to hyaluronan-coated slides were quantified at for 1, 5, 10, and 15min. Bars represent themean± SEM, n= 3

F IGURE 4 Effect of high-dose PPCMexposure over time on spermmotility (%). Unwashed spermatozoa exposed to BWW (negative control),
the Ca++ ionophore (Ion) A23187 (positive control) and increasing doses of PPCM (100, 1000, and 10,000 µg/ml) were assessed for %motility at
20min, 2, 6, and 18 h after exposure. Spermmotility slowly declined in all exposed spermatozoa over time at the same rate, with no significant
differences between treatment groups at each time point. Bars represent themean± SEM, n= 3 semen samples

adverse side effects and lower cost than hormonal treatments, as well

as over-the-counter accessibility and the potential for both contracep-

tive and STI protection. Biomarkers to assess the contraceptive activ-

ity of vaginal products that could streamline their development are

lacking.80

By contrast, due to the extensive efforts to develop a vaginally

applied microbicide for HIV prevention, a comprehensive preclinical

toolbox has been developed to assess these vaginal products, and the

failure of early clinical trials to clearly demonstrate the effectiveness

of these vaginalmicrobicides haveprompted further refinement in pre-

clinical testing. As a result, numerous biomarkers have been developed

to assess the microbicidal activity of vaginal microbicides.49,81–85 A

similar situation is found in the assisted reproductive technology field,

where biomarkers for predicting fertility are the subject of continuing

research, with the goal of improving pregnancy outcomes.86,87

Our preliminary studies support the use of the HBA as a surro-

gate biomarker for vaginal contraceptive activity of PPCM and other

vaginal contraceptives acting by preventing sperm binding to the

ovum. The HBA is selective of mature, viable spermatozoa capable of

fertilization.37,88,89 Since hyaluronan binding is necessary for fertiliza-

tion, this assay may offer a more sensitive and convenient measure of

vaginal contraceptive activity than other methods such as PCT.

We have successfully applied the HBA to further evaluate the con-

traceptive activity of PPCM. The HBA demonstrated the ability of

PPCM to inactivate up to 80% of the sperm population, which is con-

sistent with spermatozoa in fresh semen inactivated by the ionophore

A23187 and represents the fraction ofmature spermatozoa capable of

capacitation and fertilization. In contrast, the AS detected PPCM inac-

tivation of only about 20%-30% of the sperm population and may rep-

resent differences inmethod sensitivity. TheAS requiresmore complex
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processing and may be unable to detect early steps in acrosome inac-

tivation that prevent hyaluronan binding but are not yet reflected by

changes in staining characteristics. An earlier study showed a similar

discrepancy in the proportion of acrosome-reacted sperm in which the

fraction of acrosome-reacted sperm assessed by hyaluronan bound to

the zona pellucidawas greater than sperm treatmentwith A23187 uti-

lizing a staining technique.90

The use of hyaluronan binding to assess PPCM activity is consis-

tentwith itsmechanisms of action. As a contraceptive, PPCMactivates

Ca2+ channels resulting in PAL. This, in turn, prevents the hyaluronan

binding needed for fertilization. As amicrobicide, PPCM is classified as

a fusion and entry inhibitor which prevents infection by several micro-

bial pathogens via a similar mechanism by blocking their attachment

to host cell receptor sites. Such receptor sites are composed of gly-

cosaminoglycans similar to hyaluronan.55,56,58,91

The actual contraceptive effectiveness of PPCM when applied pre-

coitally may be limited by the complex physical and chemical envi-

ronment of the human vagina. However, HBA-measured contracep-

tive activity of PPCM is identical in washed spermatozoa or neat fresh

semen. This is particularly important when evaluating vaginal prod-

ucts. Semen is known to interfere with microbicidal activity of numer-

ous vaginal products and may be partly responsible for their poor effi-

cacy in earlyHIVprevention clinical trials.63–70 Thepotential inhibitory

activity of seminal fluid, particularly the protein components,70 should

be evaluated early in development of any vaginal product used dur-

ing coitus. Our results show that the sensitivity of the HBA was not

adversely affected by the presence of proteins or any other component

of neat semen, and the efficacy of PPCMwas not reduced.

These data confirm the ability of PPCM to inhibit sperm function in

a clinically significant manner. PPCM is effective at doses likely to be

used in clinical settings (10 mg/ml) and its activity is observed at 1 min

and is sustained for at least 30 min. Additionally, PPCM did not affect

sperm motility at doses ranging from 0.01 ug/ml to clinically relevant

concentrations (10 mg/ml), suggesting no overall cytotoxicity to sper-

matozoa cells. This is consistent with multiple in vitro studies confirm-

ing the safety of PPCM.42–52

Our studies also support the use of theHBA in vitro to evaluate con-

traceptive effectiveness under various conditions, as well as in early

clinical testing to assess ex vivo contraceptive activity in genital fluids

collected both pre- and post-coitally. This could provide valuable phar-

macokinetic information on contraceptive effectiveness in the post-

coital vaginal environment. Thus, dose-ranging information, time of

onset, time to maximum activity, duration of activity, and other param-

eters can be measured to optimize formulation design and optimize

usage. This may encourage the development of new vaginal contracep-

tives by providing a much-needed biomarker for contraception and by

reducing the need for early-phase clinical trials that put women at risk

of pregnancy.
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