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ABSTRACT

The aim of this study was to test the hypothesis that
polyvinylpyrrolidone (PVP) would increase the critical
micelle concentration (CMC) of nonoxynol-9 (N-9),
providing a reduction in its irritation potential, while
maintaining essential spermicidal activity. Solid copre-
cipitates of N-9 with PVP were manufactured with the
use of a modified lyophilization process. The irritation
potential of N-9 was estimated by an in vitro assay,
monitoring the extent of hemolysis of red blood cells.
CMCs of N-9 were measured in the presence of vari-
ous concentrations of PVP. A modified Sander-Cramer
assay was implemented to measure the spermicidal
activity of N-9 and the N-9/PVP coprecipitates. With
the use of the lyophilization process and more suitable
solvents, solid coprecipitates of N-9/PVP were manu-
factured with no residual organic solvents. The irrita-
tion potential of N-9 was reduced when in the presence
of PVP-50% hemolysis values increased from
0.054mM to more than 0.2mM. N-9 CMC values in-
creased in the presence of PVP from 0.085mM (0%
PVP) to 0.110mM (3.5% PVP) and 0.166mM (10%
PVP). However, spermicidal activities ranged from
0.213mM to 0.238mM, N-9 remaining steady regard-
less of the amount of PVP. By use of N-9/PVP copre-
cipitates, the self-association properties and irritation
potentials of N-9 were altered. This result suggests a
process to produce a spermicidal product that reduces
the detrimental implications to the vaginal epithelium
while maintaining the essential spermicidal activity.
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INTRODUCTION

Recently it has been reported that the prevalence of
sexually transmitted diseases (STDs) is increasing at an
alarming rate. It has been reported that over 300 mil-
lion people worldwide are currently infected with an
STD.! This pandemic affects not only less developed
countries but developed nations as well. In the United
States, approximately 12 million people are newly in-
fected each year with an STD-causative pathogen.” The
rate of heterosexual transmission of pathogens has
dramatically grown and is now the leading category of
infections. In order to inhibit the continued growth of
infection rates, it is imperative that women have access
to pharmaceutical products allowing control of their
own protection from STD pathogens.” Microbicides
administered vaginally to inactivate microbes at the site
of transmission might address this need for women.

Research is currently under way to study the effects of
various microbicides on the transmission of pathogens
across the vaginal mucosa. Many of the current antim-
icrobial agents used in vaginal preparations are amphi-
philic in nature. The majority of commercially avail-
able spermicidal formulations contain an amphiphilic
compound as the active agent. Nonoxynol-9 (N-9,
Figure 1) is the most commonly used spermicidal
agent and has been reported to possess antimicrobial
properties.* N-9 is composed of multiple oligomers that
vary in ethyleneoxide chain length and in biological
performance.™®

Toxicity to tissues in contact with amphiphilic antim-
icrobial agents has become a growing area of interest.
A significant drawback to the use of these agents to
combat transmission of pathogens was confirmed when
aggregates of certain amphiphilic compounds were
demonstrated to possess toxic effects toward various
tissues.”® In order to increase the safety of these com-
pounds, various formulation approaches have been
employed to reduce their toxicity.”'* Due to its amphi-
philic character, N-9 forms aggregates, known as mi-
celles, in solution at finite concentrations and tempera-
tures. It has been reported that N-9 can initiate irritation
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and ulceration of mucosal tissues both in vitro and in
vivo." It has been speculated that micelles of N-9
may compromise the integrity of mucosal tissues, lead-
ing to increased transmission of sexually transmitted
pathogens. '
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Figure 1. Structures of (A) N-9 (n = 1-17) and (B)
PVP, Plasdone K/29-32.

Reducing the irritation properties of N-9 has been at-
tempted through its formulation with various pharma-
ceutical polymers.'””  Polyvinylpyrrolidone ~ (PVP,
Figure 1A), a commonly used water-soluble polymer,
has been used for many years in various pharmaceuti-
cal preparations.'” Coprecipitates of PVP with N-9
have been produced for use in manufacturing novel
spermicidal formulations as well as antimicrobial coat-
ings for paper products.”*®° It was theorized that the
presence of PVP from the coprecipitates would de-
crease the interaction of the monomers of N-9, there-
fore decreasing the extent of aggregation of the spermi-
cide. The decreased aggregation of N-9 molecules in
solution could be evaluated by monitoring the critical
micelle concentration (CMC) of N-9 in the presence of
various amounts of PVP.

The aim of this study was to test the hypothesis that
PVP would increase the CMC of N-9, providing a re-
duction in its irritation potential while maintaining es-
sential spermicidal activity. A screening assay using
red blood cells (RBCs)'*?" was employed to assess the
irritation potential of the N-9/PVP powder coprecipi-
tates. A modified Sander-Cramer assay was used to
determine if the coprecipitates altered the spermicidal
activity of N-9.

MATERIALS AND METHODS

Preparation of the N-9/PVP Coprecipitate

Coprecipitation of N-9 (IGEPAL CO-630, Rhodia,
Cranbury, NJ) with PVP (Plasdone K-29/32, ISP
Technologies, Wayne, NJ) was accomplished by modi-
fying previously published procedures developed in
this laboratory." In the previously published proce-
dures, 1,4-dioxane was employed to facilitate proper
freezing and lyophilization of the coprecipitates. In the
present study, t-butanol replaced 1,4-dioxane to obtain
proper freezing of the samples. Solutions of N-9 (10%
wt/vol) and PVP (10% wt/vol) in methanol were placed
in individual separatory funnels and allowed to drip
slowly over 2 hours into a large, round-bottom flask,
with continuous stirring. The volume of methanol was
reduced to approximately 100 mL, under reduced pres-
sure, followed by the addition of tertiary butyl alcohol
(200 mL) to the solution. The mixture was frozen in the
round-bottom flask, with continuous rotation in a liquid
nitrogen bath. The alcoholic solvent was removed by
freeze-drying, over a 20-hour cycle. The resulting
white powder was milled to a fine powder with 3 to 4,
5-second intervals in a micromill then dried for ap-
proximately 15 hours at 75°C. The dried powder was
sifted through a 100-mesh sieve and stored in a sealed
polypropylene bottle.

Determination of N-9 content in PVP Coprecipi-
tates

Triplicate samples of the N-9/PVP coprecipitate were
weighed and placed into separate 10-mL volumetric
flasks followed by 5 mL of methanol:water (80:20)
mobile phase. Acetanilide (2 mL, 0.15 mg/mL stock)
was added to the dissolved samples as an internal stan-
dard solution. Sufficient high-performance liquid
chromatography (HPLC) mobile-phase solvent was
then added to bring the volume to 10 mL in a volumet-
ric flask.

A reverse-phase HPLC system (Waters Associates,
Milford, MA) was used to assess the N-9 content of
samples of the N-9/PVP preparations. The HPLC sys-
tem consisted of a Waters analytical p-Bondapak Cig
column (30 cm x 3.9 mm) and a mobile phase of
methanol:water (80:20). Elution was conducted at 2
mL/min at room temperature.22 Detection of N-9 in
the effluent mobile phase was achieved with the use of
a UV detector set at 280 nm. Prior to loading the injec-
tor, samples were filtered using a 0.45-um cellulose
acetate filter. Aliquots were injected into an analytical
Cig column. A standard curve containing acetanilide
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Table 1. Extent of Aggregation, Irritation Potential and Spermicidal Activity of Samples of N-9 in the Presence of
Varying Concentrations of PVP*

Samples' CMC Value* (mM)  Initial Hemolysis® (mM)  50% Hemolysis! (mM)  MEC Value' (mM)
N-9 (0.0% PVP) 0.085 + 0.009 0.025 0.058 0.213+0.018
N-9 (3.5% PVP) 0.110 +0.001" 0.040 0.087 0.238 £0.012"
N-9 (10% PVP) 0.167 £ 0.003%* 0.075 >0.20% 0.238 £0.012""

* CMC indicates critical micelle concentration; MEC, minimum effective concentration; N-9, nonoxynol-9; and PVP, polyvinylpyrrolidone.

1 Samples of N-9 (molecular weight 617) contained 0.0%, 3.5%, and 10% PVP.
1 CMC values were determined using a Wilhemly plate technique and were reported in mM for the concentrations of N-9 (n = 3).

§, || Concentrations of N-9 at the onset of hemolysis and 50% hemolysis were determined from examination of Figure 2 (n = 3). N-9 in the
presence of 10% PVP, at the concentrations tested (0.0 — 0.2mM), had a maximum percentage hemolysis of 30%.

9 MEC values were determined using a modified Sander-Cramer assay and were reported in mM (n = 10).

#P<.05
** P < .01 versus N-9 without PVP
F1 P =0.395 versus N-9 without PVP

11 At the maximum N-9 concentration tested (0.2mM), only 30% hemolysis was observed and a 50% hemolysis value could not be ob-

tained.

(0.5 mg/mL) and N-9 (0.02-4 mg/mL) was made in
order to determine the concentration of N-9 present in
the experimental samples.

Assessment of irritation potential through
hemolytic studies

The irritation potential of commercial N-9 (IGEPAL
CO0-630) and N-9/PVP coprecipitates was estimated
using an RBC hemolysis assay.'’ Various vaginal for-
mulations and products have been classified as topical
agents.” The RBC hemolysis assay has been shown to
be advantageous in the screening of new topical prepa-
rations for their local irritation potential.** In addition,
irritation potentials of surfactants, such as N-9, have
previozlgsly been reported using the RBC hemolysis
assay.

Blood samples were obtained from beagle dogs and the
RBCs were isolated by centrifugation. RBCs were
washed (3x) and resuspended (hematocrit level, 4%)
using phosphate buffered saline (PBS, pH 7.4). Test
samples were prepared by combining 0.5 mL of the
RBC suspension with 3 mL of PBS containing various
concentrations of N-9 and PVP from the use of the co-
precipitate. Concentrations of N-9 in the experimental
samples ranged from 0.0mM to 0.2mM, while the con-
centrations of PVP tested were 0.0%, 3.5%, and 10%
PVP. Samples containing the RBCs and N-9/PVP co-
precipitate were incubated at 37°C for 30 minutes, with
mild shaking. Negative controls were prepared by add-
ing PBS buffer and the appropriate concentration of
PVP (no N-9 present). Positive controls were prepared

by incubating RBCs in the presence of 0.2mM N-9. In
addition, the samples underwent sonication and mild
shaking to ensure complete hemolysis of the sample.
All samples were run in triplicate (n = 3). The experi-
mental samples were centrifuged (1500 rpm) for 3
minutes then placed in an ice bath to quench the hemo-
lytic reaction.

Following the quenching of the hemolytic process, the
absorbance of the supernatant of each sample was
measured at 576 nm. The percentage of hemolysis
(%H) was determined by use of the following equation:

%H = 100% (AbS - Abscontrol) / (AbSIOO - Abscontrol) (1)

where Abs is the absorbance of the sample, Abs,onrol 1S
the absorbance of the control sample (negative control),
and Absg is the absorbance of the sample in which
100% hemolysis occurred (positive control). For com-
parison of the effects of varying levels of PVP on N-9
irritation potential, the concentrations of N-9 in which
initial hemolysis and 50% hemolysis occurred were
compared (Table 1). The 50% hemolysis values were
determined through the use of nonlinear regression
analysis.

Assessment of Spermicidal Activity

The spermicidal effect of N-9 and the various N-9/PVP
coprecipitates on human spermatozoa was assessed
using a modified Sander-Cramer assay.”® Experimental
samples were prepared through serial dilutions of stock
solutions containing N-9 or N-9/PVP coprecipitates in
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Figure 2. Spermicidal dose response curve of N-9 with varying concentrations of

PVP (n = 10).

0.9% NaCl. Aliquots of these stock solutions, 250 puL
in volume, were incubated (20 seconds at 25°C) with
50 pL of normal semen containing 6 x 107 motile
sperm/mL. During the incubation period, the experi-
mental samples were examined microscopically under
dark-field (E600 Nikon microscope, Melville, NY) for
the presence of motility. The presence of motile sperm
indicated the lack of spermicidal activity, and the sam-
ple failed the terms of the assay.”®?’ Samples contain-
ing completely immobile spermatozoa were reassessed
for possible reversibility of sperm immobilization.
These samples were diluted with excess glucose-
phosphate buffer, incubated for 60 minutes at 37°C,
and then reassessed for motility under the same condi-
tions as previously described. Using this process, a
minimum effective concentration (MEC) for a sample
was determined by using the highest sample dilution
that induced total sperm-cell immobilization with no
recovery of motility (Table 1). Dose response curves
were constructed for N-9 (0.016mM-1mM) in the pres-
ence of various PVP concentrations by using a similar
methodology (Figure 2). For each experimental sam-
ple, the number of motile sperm was counted then
normalized versus a negative control.

Determination of Critical Micelle Concentration

Experimental solutions were prepared by dilution of a
stock solution resulting in varied N-9 and PVP concen-

trations. The following stock solutions were pre-
pared;0.3mM N-9 (0.0% PVP); 0.37mM N-9 with
3.5% PVP;0.41mM N-9 with 10% PVP and1.8mM N-
9 with 10% PVP. The stock solutions were diluted to
attain experimental concentrations of N-9 ranging from
0.00075mM to 0.72mM. Precisely 20 mL of the test
solutions was added to a jacketed beaker kept at a con-
stant temperature of 37°C. The samples were allowed
to equilibrate, and the surface tension of each solution
was measured using a Wilhemly plate (KSV Instru-
ments USA, Riverside, CT). The CMC values were
determined by creating a linear plot of surface tension
versus concentration of N-9 (mM). From these plots,
linear regression was employed in order to obtain the
CMC value for N-9 at the various PVP concentrations
tested (n = 3), with an average reported.

RESULTS

N-9/PVP Coprecipitates

The process to produce N-9/PVP coprecipitates was
similar to those procedures previously published."
The resulting white, free-flowing powder was found
to contain 6.16% + 0.13% N-9 (wt/wt) using the
HPLC assay described (n = 5) above.
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Figure 3. Measurement of percentage hemolysis (%H) of canine RBCs as an in-
dicator of irritation potential of N-9 with varying concentrations of PVP (n = 3).

Irritation Potential as Measured by the Hemo-
Iytic Assay

Shown in Figure 3 is the extent of hemolysis of the
RBCs as a function of the concentration of N-9 in the
incubation media. Inclusion of PVP in the incubation
media resulted in a marked reduction in the extent of
RBC hemolysis (Table 1, Figure 3). The concentra-
tions of N-9 at which 50% hemolysis occurred were
calculated using the nonlinear regression analysis soft-
ware Graphpad Prism (GraphPad Software, Inc, San
Diego, CA). In the absence of PVP, 50% hemolysis
was observed at 0.054mM N-9, while in the presence
of 3.5% PVP, 50% hemolysis was observed at
0.088mM N-9. A 50% hemolysis value could not be
obtained for samples containing 10% PVP since only
30% hemolysis was detected at the highest concentra-
tion of N-9 tested.

Spermicidal Assessment with Human Spermato-
zoa

The results of the Sander-Cramer assay established the
MEC for N-9 in the absence of PVP to be 0.213mM. In
the presence of 3.5% and 10% PVP, the MEC for N-9
increased slightly to 0.238mM for both samples (Table
1). The differences in the results were not found to be
significant when applying an analysis of variance
(ANOVA) on ranks (P = .3953). By assessing the per-

centages of remaining motile spermatozoa after a 30-
second incubation, a dose-response curve was estab-
lished for N-9 in the presence and absence of PVP. In
the spermicidal dose-response curve, N-9 samples pos-
sessed equivalent results independent of the concentra-
tions of PVP employed (Figure 2).

Critical Micelle Concentration Values

Using the Wilhelmy plate, the CMC of N-9 in the ab-
sence of PVP was determined to be 0.085 + 0.009mM
N-9 (Table 1). The CMC values of N-9 in the presence
of 3.5% and 10% (wt/vol) PVP were found to increase
to 0.110 £ 0.00lmM N-9 and 0.166 + 0.003mM N-9,
respectively (Table 1).

DISCUSSION
N-9/PVP Coprecipitate

The coprecipitate of N-9 contained 6.16% (wt/wt) of
N-9 based on the HPLC assay. This value is only about
2% less than the amount of N-9 expected in the formu-
lation based on the weights of the ingredients initially
added. The minor difference in the N-9 content could
be attributed to losses to glassware employed during
the formation of the coprecipitates.
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In the manufacturing procedure reported previously by
Digenis et al, dioxane was used as the organic solvent
in the coprecipitation of N-9 and PVP.'® Analysis for
volatile organics in the resulting powder found high
levels of dioxane (25 000 ppm). Because of the re-
ported toxicity of dioxane, the current procedure was
modified to employ tertiary butyl (t-butyl) alcohol in-
stead.”™®*" In employing t-butyl alcohol, it was found
necessary prior to lyophilization to freeze the flask con-
taining the N-9/PVP mixture in a Dewar flask filled
with liquid nitrogen. This alteration to the previously
published procedures resulted in powders that were
free of any volatile organic compounds.

Irritation Potential as Measured by the Hemo-
Iytic Assay

In this study, PVP was coprecipitated with N-9 to
minimize the irritation potential of the surfactant as
assessed by the RBC screening assay. PVP with an
average molecular weight of 36 000 was chosen be-
cause of its wide use in clinical medicine'’ and its op-
timal protective effect on RBCs against mechanical and
osmotic damage.’' The onset of hemolysis increased by
increasing the concentration of PVP in the test solu-
tions, while the extent of hemolysis was reduced when
tested at constant N-9 concentrations (Table 1, Figure
3). The reduction of RBC hemolysis by PVP is possi-
bly the result of the combination of interaction with N-
9 to increase the CMC value (Table 1) of the surfactant
and as well as the reported ability to coat the outer sur-
face of cells yielding a mechanical barrier to dam-
age.'””! The observed reduction of hemolysis of RBCs
by N-9 in the presence of PVP suggests a reduction in
the irritation potential of N-9. The RBC hemolysis as-
say employed in this study has been shown by other
laboratories to be useful for assessing local irritation
potential for certain preparations and their ingredi-
ents.** The RBC hemolysis assay was intended to be an
in vitro screen for irritation potential; the true vaginal
irritation assessment will need to be through an in vivo
method not addressed in this study.

Spermicidal Assessment

In the studies pertaining to the spermicidal activity of
N-9/PVP coprecipitates published by Zavos et al, en-
hancement of N-9 spermicidal activity using the copre-
cipitates was reported when compared with the spermi-
cidal activity of N-9 in the absence of PVP.**** The
studies of Zavos et al followed the same manufacturing
process that in our hands led to high levels of residual

dioxane in the powders. Dioxane has been reported to
exert toxic effects on nasal epithelia membranes,” and
it is possible that the high levels of residual dioxane in
the coprecipitates of Zavos et al may have led to the
increase in spermicidal activity.” In the current study,
N-9 maintained its spermicidal activity in the presence
of increasing concentrations of PVP in the modified
Sander-Cramer assay and dose-response study (Table
1, Figure 2). Comparing the dose-response curves, all
N-9 samples had similar activities, regardless of PVP
concentration, inducing a decrease in sperm motility
commencing at approximately 0.063mM (Figure 2).
At the N-9 concentration of 0.25mM, over 90% of the
sperm cells were immobilized in the samples contain-
ing 0.0% and 3.5% PVP. At the same N-9 concentra-
tion of 0.25mM, the sample containing 10% PVP im-
mobilized 80% of the sperm cells during the in vitro
assay. The presence of PVP did not influence the effec-
tiveness of N-9 to immobilize human spermatozoa.

Critical Micelle Concentration Values

The presence of PVP resulted in an increase in the con-
centration at which N-9 formed micelles in solution
(Table 1). It has been reported that PVP interacts suffi-
ciently with various nonionic surfactants in solution to
change the phase behavior descriptors of cloud and
Kraft points of the surfactants.*® It is hypothesized that
the interaction between N-9 and PVP would be suffi-
cient to influence the CMC value for N-9. The litera-
ture value for the CMC of N-9 had been reported to be
0.081mM N-9.% In our hands, the CMC value of N-9
was determined to be 0.085mM N-9, which was judged
to be in good agreement with the value reported in the
literature. With the addition of 3.5% PVP, the CMC of
N-9 increased by 29% to 0.11mM. At the highest con-
centration of PVP tested (10%), the CMC of N-9 in-
creased over 95% to 0.166mM. Statistical significance
of the experimental CMC values was assessed using a
1-way ANOVA and a paired t test. Significant differ-
ences (P < .05) in the CMC value of N-9 were detected
among the 3 groups using different concentrations of
PVP (0.0% PVP, 3.5% PVP, and 10% PVP). All ex-
perimental solutions demonstrated a reduction in sur-
face tension at low N-9 concentrations, regardless of
PVP concentration. The mechanism by which PVP
increased the CMC values could not be discerned at
this time.

CONCLUSION

N-9/PVP coprecipitates were formed as a function of
PVP concentration, using a freeze-drying process. The
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manufacturing process was altered by the substitution
of dioxane as the organic solvent with t-butyl alcohol.
Coprecipitates of N-9 and PVP were formed using a
modified manufacturing method that implemented t-
butyl alcohol as a replacement for the highly toxic di-
oxane used in previous methods. The CMC values of
N-9 increased in aqueous solutions in the presence of
PVP (3.5% and 10% PVP). Elevated CMC values sug-
gest that the polymer interacts with the surfactant, ei-
ther in the monomer state or the micelle, thereby hin-
dering the aggregation process of N-9 in solution. In
the RBC hemolysis assay, incorporating PVP in the
samples decreased the onset and extent of membrane
disruption of the RBCs. The reduction of hemolysis
during this screening assay may be considered as an
indicator that the irritation potential of N-9 was less-
ened in the samples that possessed increased amounts
of PVP (Table 1, Figure 3). The Sander-Cramer assay
and the spermicidal dose response curves both indi-
cated that the addition of PVP did not reduce the bio-
logical activity of N-9 (Table 1, Figure 2). This study
indicates that the addition of polymers, such as PVP,
may decrease the self-associating properties of N-9,
leading to a decrease in irritation potential without
compromising spermicidal activity. If this result trans-
lated into reduced vaginal irritation, N-9/PVP copre-
cipitates would become promising microbicidal contra-
ceptive candidates.
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