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Sodium dodecyl sulfate (SDS), an alkyl sulfate surfactant derived from an organic alcohol, possesses
surfactant properties but also denatures and unfolds both monomeric and subunit proteins. In preliminary
experiments, we demonstrated that SDS is a potent inactivator of herpes simplex virus type 2 and human
immunodeficiency virus type 1 at concentrations comparable to those used for the surfactant nonoxynol-9. We
hypothesized that SDS might be capable of denaturing the capsid proteins of nonenveloped viruses. In this
report, we demonstrate inactivation of rabbit, bovine, and human papillomaviruses after brief treatment with
dilute solutions of SDS. Effective concentrations were nontoxic to rabbit skin and to split-thickness grafts of
human foreskin epithelium. This is the first report of a microbicidal surfactant that will inactivate papillo-
maviruses. We propose that SDS is now a candidate microbicide for formulation and testing with humans.

One popular approach to the control of transmission of
sexually transmitted diseases (STDs) is the use of topically
applied, female-controlled microbicides that inactivate the rel-
evant pathogens. Most frequently, these are spermicidal prep-
arations containing nonoxynol-9 (N-9) that inactivate envel-
oped viruses such as herpes simplex virus type 2 (HSV-2) and
human immunodeficiency virus type 1 (HIV-1). To date, these
preparations have not been effective against nonenveloped vi-
ruses such as the human papillomaviruses (HPVs) (7).

The papillomaviruses (PVs) represent a group of nonenvel-
oped, icosahedral DNA viruses that induce benign neoplasms
that can progress to cancers (for reviews, see references 9, 10,
and 35). Animal papillomas occur in a large number of species,
and studies have developed bovine papillomaviruses (BPVs)
and the Shope cottontail rabbit papillomavirus (CRPV) into
model systems. HPVs, of which there are now more than 70
types, cause warts in epithelial target tissues. Common warts of
the hands (verrucae vulgaris) and feet (plantar warts) and
genital condylomata all represent common clinical infections
in humans. Genital warts represent a ubiquitous STD, with as
many as 25% of women infected by genital HPV types and 1 to
3% of women presenting with clinically apparent warts in the
genital tract (for a review, see reference 37). Genital lesions
containing HPV types 16, 18, 31, 33, and 35 and others present
an increased risk for progression to cervical cancer. The work
of Meisels and colleagues (26, 27) clearly indicates that in
cervical lesions, benign neoplasms caused by HPVs progress
histologically through stages of increasing dysplasia and, with-
out intervention, can progress to carcinoma in situ and frankly
invasive carcinoma. In the United States, 15,000 women per
year are diagnosed with cervical cancer, and there are about
5,000 deaths per year. In developing countries, this cancer is
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the number one cause of cancer-related deaths in women,
causing 250,000 deaths per year.

Existing microbicides such as N-9, octoxynol-9, benzalko-
nium chloride, and chlorhexidine are surfactants that can dis-
rupt the envelopes of HSV-2 and HIV-1 via their surfactant
and detergent properties. These agents do not inactivate the
nonenveloped PVs. A microbicidal agent that would reliably
inactivate PVs could be used for prevention of transmission of
animal and human virus types. N-9 is a potent inactivator of
several enveloped virus types such as HSV-2 and HIV-1 (8, 12,
30). The action of N-9 is attributable to its surfactant and
detergent properties on phospholipid membranes and its re-
sultant ability to disrupt enveloped viruses. PVs, however, are
not inactivated by conventional microbicidal or spermicidal
formulations that include N-9 (7). Topical microbicides for
inactivation of the PVs and prevention of animal or human
transmission are not available.

The anionic detergent sodium dodecyl sulfate (SDS) also
possesses detergent and surfactant properties but will addition-
ally dissociate and denature proteins (16, 31, 40). SDS is ef-
fective at very low concentrations compared with many other
denaturants. SDS unfolding induces a-helix formation in a
number of proteins (11). SDS denaturation of proteins has
been used extensively to determine the molecular weight of
denatured polypeptides by polyacrylamide gel electrophoresis
(25, 43). Because of these properties, we hypothesized that
SDS would denature the capsid structures of nonenveloped
viruses.

MATERIALS AND METHODS

Chemicals. SDS was purchased from Bio-Rad (Richmond, Calif.), and filter-
sterilized solutions were prepared with phosphate-buffered saline (PBS). N-9 was
obtained from Rhone-Poulenc Rorer Pharmaceuticals Inc. (Collegeville, Pa.).
C31G was obtained from Biosyn, Inc. (Philadelphia, Pa.). All additional deter-
gents were purchased from Boehringer Mannheim (Indianapolis, Ind.).

HSV-2 inactivation assay. HSV-2 (strain 333) virus stocks were prepared at a
low multiplicity of infection with African Green monkey kidney (CV-1) cells, and
subsequently, cell-free supernatants were prepared from frozen and thawed
preparations of lytically infected cultures. Virus titers were determined by assay
in CV-1 cell monolayers as described previously (1). Virus stocks were main-
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tained in Dulbecco’s medium supplemented with antibiotics and 10% fetal calf
serum. The protein concentration of the virus stocks was increased by the cellular
proteins released by the freezing and thawing of the infected cells.

For inactivation of HSV-2, 39 ul of virus stock was mixed with 1 pl of a
40X-concentrated solution of detergent, and the mixture was then incubated at
37°C for 10 min. After inactivation, 40 wl of virus sample was diluted to 4 ml with
cell culture medium, and 1 ml of the virus was adsorbed onto CV-1 monolayers
for 1 h at 37°C. Following adsorption, monolayers were refed and incubated at
37°C in 5% CO,. At between 20 and 24 h postinfection, the monolayers were
fixed and stained with crystal violet and the plaques were counted with a dis-
secting microscope. Each datum in Table 1 represents an average for two plates.

HIV inactivation assay. One day prior to the assay, HeLa cells expressing CD4
on the surface and B-galactosidase (f-gal) under the control of the HIV-1 long
terminal repeat were seeded into 12-well culture dishes at a concentration of 8 X
10* cells per well. A high-titer (107-'7 50% tissue culture infective doses/ml) stock
of HIV-1 (strain IIIB; Advanced Biotechnologies, Inc., Columbia, Md.) was
diluted 1:10 with RPMI 1640 supplemented with 10% fetal bovine serum. To
assess viral inactivation by C31G or SDS, 78 pl of diluted virus were mixed with
2 pl of surfactant solution, and the mixture was incubated for 10 min at 37°C.
After the inactivation period, the virus and surfactant were diluted with 720 pl of
RPMI 1640 supplemented with 10% fetal bovine serum and supplemented with
DEAE dextran (final concentration, 20 wg/ml). Aliquots of treated virus (300 jl)
were then added to duplicate wells of HeLa cells, and the plates were incubated
at 37°C for 2 h. Following virus adsorption, 2 ml of fresh medium (Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum, 0.1 mg of
G418 per ml, and 0.05 mg of hygromycin B per ml) was added to each well. After
incubation at 37°C and 5% CO, for 48 h postinfection, the cells were fixed and
stained for B-galactosidase expression as described previously (13).

BPV-1 focus assay. Cell-free stocks of BPV type 1 (BPV-1) were prepared by
extraction (10% [wt/vol]) of epidermal bovine warts in PBS. In order to detect
the transforming ability of BPV-1, C127 mouse cells were seeded into T-25 flasks
(3 X 10° cells per flask). After 24 h of growth, subconfluent cells were infected
with BPV-1. For the positive controls, stock virus (20 pl) was diluted (1:1) with
PBS, incubated at 37°C for 10 min, diluted 1:1,000, and then added (100 pl) to
the 5 ml of cell culture medium present on the cells. The cells were refed at 24 h
and subsequently two times weekly. The presence of morphologically trans-
formed foci was counted after 2 weeks and then again at 3 weeks. This assay was
performed as described previously (5).

Virus inactivations were carried out in vitro by the addition of concentrated
SDS solutions to the virus stocks (20 wl of virus plus 20 wl of detergent) and
subsequent incubation at 37°C for 10 or 30 min, as indicated. Following inacti-
vation, virus was diluted 1:1,000 to lower the detergent concentration, and the
preparations were immediately used for infection as described above.

Shope papilloma induction. Stocks of CRPV were prepared from papillomas
generated in wild cottontail rabbits as described previously (20). Virus stocks
were cell extracts (10% [wt/vol]) of papillomas in PBS. Shaved dorsal skin was
lightly scarified with a razor blade. Virus stocks were used to inoculate domestic
cottontail rabbits (Hazelton Research Products, Denver, Pa.); a 40-ul aliquot of
virus was dropped onto the surface of four locations on the dorsal skin and was
rubbed into the scarified skin with the tip of a 20-gauge needle. The two left sites
on each rabbit received untreated virus, and the two right sites received treated
virus. Inactivation of either a 10! or 102 solution of virus stock was accom-
plished by the addition of concentrated SDS solutions which were 40 times the
final indicated concentrations. SDS and virus were incubated at 37°C for 10 min
and were then used immediately for inoculation of rabbits. Virus was not further
diluted following inactivation; the concentration of SDS present during inacti-
vation and inoculation was 0.05%. Papillomas were first observed to develop in
control sites at about 2 weeks after inoculation. The geometric mean diameter
(GMD) of all visible lesions was measured and is equal to the cube root of the
length times the width times the height of the lesions, as measured in millimeters
with calipers.

Human papilloma induction. Stocks of experimentally generated infectious
HPV type 11 (HPV-11) were prepared as described previously (18, 19, 22) and
represented 10% (wt/vol) cell extracts of virus in PBS. Undiluted aliquots of virus
stocks (39 pl) were mixed with a 40X solution of SDS (1 pl), and the mixture was
incubated at 37°C for 10 min and was immediately used to infect split-thickness
grafts of newborn human foreskin epithelium. Virus was not subsequently di-
luted. Control grafts were infected with untreated virus stock. Virus adsorption
was for 1 h at 37°C. The concentration of SDS present during the inactivation
period and during virus adsorption was 0.05%. Grafts were then transplanted
beneath the renal capsule of athymic mice as described previously (21). The
animals were maintained in isolator bubbles in the animal colony of the Hershey
Medical Center. Three months following infection, the animals were killed, their
kidneys were removed, and the xenografts were grossly examined. None of the
remaining organs showed any abnormalities. Portions of each graft were imme-
diately fixed in 10% neutral-buffered formalin and were processed by standard
histology techniques for staining with hematoxylin and eosin.

A second set of control grafts was exposed only to identical concentrations of
SDS and no virus. These grafts were harvested on days 1, 5, 11, and 20 following
transplantation in order to follow the viability and growth of the grafts after
exposure to SDS.
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TABLE 1. Inactivation of HSV-2 infectivity by SDS

% SDS during

Final % SDS? No. of plaques/plate®

treatment
0 0 57, 73, 343, 145, 145
1x 107! 1x1073 0,0,0,0,0
5% 1072 5% 1074 0,0,0,0,0
2.5x1072 25 %1074 0,0,0,0,0
1.25 X 1072 1.25 x 1074 0,0,0,2, 81
25x1073 2.5 %1073 28, 54, 322, 145, 104

“ Sterile SDS stocks (40 times the treatment concentration) were added to
virus aliquots to achieve the treatment concentration. After mixing, the samples
were incubated at 37°C for 10 min.

b Following SDS treatment, virus stocks were diluted 100-fold and 1-ml ali-
quots were immediately adsorbed onto CV-1 cells. Plaques were counted after 20
to 24 h of infection. Each number represents an average for two plates.

¢ Data are values from five experiments.

RESULTS

Inactivation of infectivity of HSV-2 by SDS. Because it is
known that N-9 can effectively inactivate enveloped viruses
such as HSV-2, inactivation of this virus by SDS was tested. In
five separate experiments, treatment concentrations of SDS as
low as 0.0125 to 0.025% were effective in eliminating the ability
of the virus to induce plaques in a monolayer of monkey kidney
cells (Table 1). Total HSV-2 inactivation was achieved with
SDS concentrations of between 0.0125 and 0.025%. These
effective concentrations are similar to the concentrations of
N-9 needed for the destruction of HSV infectivity (data not
shown).

Inactivation of infectivity of HIV-1 by SDS and the ampho-
teric surfactant C31G. It is established that N-9 can also inac-
tivate HIV-1. We compared inactivation of HIV-1 by a second
surfactant, C31G (3, 4, 41), to that of SDS. High-titer stocks of
HIV-1 were incubated with either C31G or SDS and were then
assayed on indicator cells expressing CD4 on the surface and
B-gal under the control of the HIV-1 long terminal repeat.
After 48 h the cells were stained and the number of cells with
increased levels of B-gal expression was counted. Both of these
surfactants were highly effective in the inactivation of HIV-1
(Table 2). Total inactivation of HIV-1 was achieved with C31G
concentrations as low as 0.0125% and with SDS concentrations
as low as 0.025%.

Destruction of ability of BPV-1 to induce morphologically
transformed foci in monolayers of C127 mouse cells. Although
SDS could effectively reduce HSV-2 and HIV-1 infectivity, it
remained likely that this destruction was mediated by envelope
removal. Because PVs are nonenveloped, the possibility re-
mained that SDS would fail to inactivate these viruses. We used
BPV-1 as a prototype PV because of its ability to rapidly (within
2 weeks) form multilayered transformed foci in mouse fibroblasts
in an in vitro assay. Table 3 describes the results of two separate
experiments in which stocks of BPV-1 were incubated at 37°C
with various concentrations of SDS (5to 5 X 10 *%) for either 10
or 30 min, diluted in cell culture medium to lower the SDS
concentration (to avoid cell toxicity), and then used to infect C127
cells. Following incubation of control or infected cultures, foci
were counted at 14 and 17 days after infection. Results indicate
that SDS concentrations as low as 0.05 or 0.005% can totally
inactivate BPV-1 transforming ability after treatment of the virus
at 37°C for 10 or 30 min, respectively. Inactivation of BPV-1 by
the lower concentration of 0.005% after 30 min indicated that
inactivation is proportional to time as well as to surfactant con-
centration. Several other commercially available detergents were
tested for possible inactivation of BPV-1. These included N-9,
C31G, 3-[(3-choloamidopropyl)-dimethylammonio]-2-hydroxy-1-
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TABLE 2. Inactivation of HIV-1 by treatment with C31G and SDS

Microbicide and

. % Cells expressing No. of cells
eatment or il B-gal gene” counted
C31G
5 X 1072 (toxic) 0,0 >5 x 10*
25X 1072 0,0 >5 X 10*
1.25 X 1072 0,0 >5 x 10*
6.25 X 1073 19 +£6.1,19 = 6.4 1,080, 805
25 %X 1073 22 74,29 = 8.1 1,620, 1,820
SDS
5% 1072 0,0 >5 X 10*
2.5 X 1072 0,0 >5 x 10*
1.25 X 1072 24 £32,24 £ 10 2,810, 2,190
6.25 X 1073 10 = 1.7,15 = 2.1 2,390, 2,290
25X 1073 9 +£55 11 £35 1,940, 1,910
Mock infected cells 0,0 >5 x 10*
HIV-1-infected cells 17 = 48,24 £ 54 2,680, 1,480

“ Data are for duplicate wells. Five random fields of cells were counted in each
plate displaying blue cells. Duplicate plates were assayed for each sample; indi-
vidual numbers are plus or minus the standard deviation within five fields of one
plate.

propane sulfonate, N-dodecyl-N,N-dimethyl-3-ammonio-1-pro-
pane sulfonate, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
pane sulfonate, isotridecylpoly(ethylene-glycolether),,, octanoyl-
N-methyl-glucamide, Triton X-100, and Thesit. None of these
detergents (at a 1% final concentration) inactivated the morpho-
logic transforming properties of BPV-1 after 10 min of incubation
at 37°C.

Effect of SDS inactivation of CRPV on formation of Shope
papillomas in rabbits. To extend the observation of PV inac-
tivation by SDS to an in vivo animal model system, we used the
CRPV model system that is well established in our laborato-
ries. A standard CRPV stock known to form papillomas with
100% efficiency was used. The 50% infectious dose for the
virus stock corresponds to 50 wl of a 10~ dilution of the stock
virus. In our experiments, 40 pl of a 10~" dilution and subse-
quently 40 wl of a 102 dilution of the virus stock solution were
used. Both of these concentrations exceeded the 50% infec-
tious dose, by 100- and 10-fold, respectively. SDS was mixed
with virus to a final concentration of 0.05%, and the mixture

TABLE 3. Inhibition of BPV-1 morphologic transformation of
C127 cells by SDS treatment of virus

No. of foci/plate®

% SDS during Final %

treatment® SDS? Expt 1 Expt 2
(day 12) Day 14 Day 17
0 0 266 255 153
5 5%x1073 0 ND ND
5%x107! 5x 1074 0 ND ND
5% 1072 5%x10°° 0 0 0
5x 1073 5x10°° 0 271 150
25%x1073 25%x10°° ND 273 162
Sx 1074 5x 1077 ND 229 151

@ Sterile SDS stocks (40 times the treatment concentration) were added to
virus aliquots to achieve the treatment concentration.

b Following virus treatment, treated virus stocks were further diluted 1:1,000 in
order to dilute the detergent; the cells in all plates remained viable.

¢ In experiment 1, virus and SDS were mixed and incubated at 37°C for 30 min;
in experiment 2, virus and SDS were mixed and incubated at 37°C for 10 min.
ND, not done. In control plates without BPV-1, no foci appeared.
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FIG. 1. Inactivation of CRPV by SDS. Aliquots of CRPV (10~! dilution)
were mixed with concentrated SDS to a final concentration of 0.05% as described
in Materials and Methods. Untreated virus (O) or treated virus (@) was inocu-
lated at two sites each per animal, and papilloma production was measured as the
GMD of visible lesions on the indicated days. Data represent the average GMD
for six lesions resulting from treated virus or from untreated virus inoculation.

was subsequently incubated at 37°C for 10 min. Immediately
following incubation, virus was inoculated by scarification of
the skin on the backs of the rabbits. Inoculated sites contained
two untreated (left) and two treated (right) virus samples on
the same rabbit. Figure 1 demonstrates the average GMD for
six lesions inoculated with normal CRPV (10! dilution) and
six lesions inoculated with SDS-treated CRPV. GMDs were
measured and compared on postinoculation days 18, 21, 25, 32,
42, and 50. The results indicate that a 10~' dilution of virus
stock was substantially inactivated by a 10-min, 0.05% SDS
treatment at 37°C. It should be noted that the development of
papillomas was delayed at each of the six sites that received
SDS-treated preparations, indicating a substantial inactivation
of virus (data not shown). Once papillomas developed, how-
ever, the growth rate of the lesions appeared similar to the
ones that developed from the untreated inoculum.

In a subsequent experiment (Fig. 2a and b), a 10~ 2 dilu-
tion of CRPV virus stock was also incubated at 37°C for 10
min with either 0.05% SDS or 0.05% N-9. This dilution of
the stock virus not only contained less virus but also con-
tained a lower total protein concentration. Following incu-
bation, detergent-treated and control virus samples were
inoculated onto five rabbits for the N-9 samples and five
rabbits for the SDS-treated samples. Untreated virus sam-
ples were also inoculated onto the same rabbits at different
sites. This experiment was undertaken for two purposes: to
observe the inactivation of a smaller amount of CRPV by
SDS and to directly compare the inactivation achieved by
SDS treatment to that achieved by N-9 treatment. As in the
previous experiment, the left inoculation sites (two per an-
imal) received untreated virus and the right inoculation sites
(two per animal) received treated virus. Figure 2a shows the
GMD for 10 inoculation sites that received SDS-treated
virus compared to that for 10 inoculation sites that received
normal virus. GMDs were measured at 3, 4, 5, and 6 weeks
after virus inoculation. At 8 of 10 sites inoculated with
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FIG. 2. Inactivation of CRPV by SDS and comparison with inactivation by
N-9. Aliquots of CRPV (102 dilution) were mixed with concentrated SDS or
concentrated N-9 to a final concentration of 0.05% as described in Materials and
Methods. Untreated virus (O) or treated virus (®) was inoculated at two sites
each per animal, and papilloma production was measured as the GMD of visible
lesions on the indicated days. (a) Comparison of results for 10 SDS-treated and
10 untreated virus inoculation sites. (b) Comparison of 10 N-9-treated and 10
untreated virus inoculation sites. Papilloma production was measured as the
average GMD of visible lesions on the indicated days.

SDS-treated virus, papillomas failed to develop; at the re-
maining 2 sites very small papillomas developed 4 weeks
after inoculation. Although quantitative measurements were
not performed, the SDS-inoculated sites did not exhibit any
irritation during the experiment. Papillomas developed at
all 10 sites inoculated with normal CRPV within 2 weeks
after inoculation and grew progressively.

Figure 2b demonstrates the comparative growth of papil-
lomas at 10 sites that received normal CRPV compared to
that at 10 sites that received CRPV treated with N-9. The
GMD for each papilloma was measured at 3, 4, 5, and 6
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TABLE 4. Inhibition of HPV-11-induced papillomas in
experimental xenografts of human foreskin following SDS treatment

of virus
% SDS during . Total no. of No. of surviving grafts/
treatment” Final % SDS papillomas no. of transplanted grafts
0 0 14 17/17
0.025 0.025 0 13/16

@ Sterile SDS stocks (40 times the treatment concentration) were added to
virus aliquots to achieve the treatment concentration.

weeks after virus inoculation. There were no differences in
lesion growth after inoculation with these two virus prepa-
rations. In addition, the growth rates of control and exper-
imental papillomas for the N-9-treated animals did not dif-
fer from the growth rates of control lesions for the SDS-
treated animals (data not shown).

Effect of SDS inactivation on ability of HPV-11 to induce
experimental condylomata in human foreskin epithelial
xenografts. In order to extend the usefulness of SDS inac-
tivation to HPVs, we used a model system developed in our
laboratories for the infection and transformation of human
epithelial tissues with HPV-11. This system fully recapitu-
lates the life cycle of HPV-11 and produces infectious viri-
ons, and the papillomas that develop in the infected tissues
are identical in every observable way to the clinical papillo-
mas seen in patients. Prevention of HPV-11 infection of
human epithelium in this model system would be highly
predictive of prevention of natural HPV infection. Standard
stocks of HPV-11 were used as undiluted virus. These virus
stocks normally induce condylomata in 90 to 100% of in-
fected xenografts when the stocks are diluted 1:1,000. In this
experiment, 39 pl of undiluted HPV-11 stock was mixed
with 1 pl of SDS to a final concentration of 0.05% SDS, and
the mixture was then incubated at 37°C for 10 min. Infection
was then carried out for 1 h and the grafts were subsequently
transplanted in vivo. Eight animals (16 kidneys) received
grafts infected with SDS-treated virus, and nine animals (17
kidneys) received grafts infected with normal virus. Table 4
shows the results for the harvested grafts. In the animals
with untreated HPV-11 infections, 17 of 17 grafts survived,
and of these, 14 were transformed morphologically upon
histologic examination and had a typical papillomatous ap-
pearance. In animals receiving SDS-treated virus, 13 of 16
xenografts showed viable tissue at the time of harvest, and
histologic examination of the grafts revealed normal, viable,
differentiating human epithelium. We concluded that the
SDS had effectively prevented virus infection by inactivation
of the virus. The results for animals receiving SDS-treated
virus are compatible with our previous observations with
uninfected grafts in that normal grafts are occasionally
resorbed in the mice and do not survive for three months.
This conclusion is based on our observations of hundreds of
control foreskin grafts implanted in the renal capsules of
athymic mice over a period of more than 10 years. Further
studies to more carefully define the toxicity limits of SDS in
epithelial xenografts are in progress.

Effect of SDS exposure on viability of human foreskin xeno-
grafts. Because of concern about the potential for SDS to kill
human epithelium, control experiments were performed. In
those experiments split-thickness grafts of neonatal foreskin
were exposed to 0.05% SDS alone and were then subsequently
grafted. All conditions in this experiment were identical to
those used for the HPV-11 infections with treated virus, except
that virus was not present. SDS-exposed grafts (two animals at
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FIG. 3. Human foreskin epithelium xenografts grown in the renal capsule of athymic mice following in vitro exposure to SDS. Human foreskin xenografts were
exposed to SDS as described in the text. The day 0 graft was not transplanted; this tissue was fixed in 10% buffered formalin immediately following SDS exposure. All
other samples were grafted to the renal capsule of athymic mice immediately after exposure to detergent and were harvested on the following days: 0 (a), 5 (b), 11 (c),

and 20 (d). Hematoxylin and eosin stain was used. Magnification, X100.

each time) were harvested, fixed, and sectioned immediately
after exposure and on days 1, 5, 11, and 20 after treatment.
Examination of the tissues demonstrated fully viable epithe-
lium on all days and no apparent necrosis associated with
detergent exposure (Fig. 3). The original split-thickness grafts
were approximately 1 by 1 by 1 mm; in addition, they were

punctured many times with the tip of a needle in order to allow
entrance of the HPV-11 and/or the SDS into the epithelial
layers. These punctures can be seen in Fig. 3a. Although it is
possible that some epithelial cells may have been damaged or
killed during SDS exposure, damage was minimal and epithe-
lial growth in the grafts was normal.
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DISCUSSION

Several studies have reported that N-9 can inactivate HSV-2
and HIV-1 under defined conditions (8, 12, 30). However, an
inability to inactivate PVs makes N-9 an inadequate virucide
for the prevention of PV transmission. In addition, chronic use
of N-9 was recently associated with increased seroconversion
for positivity for HIV-1 antibodies in a group of prostitutes,
raising the possibility that N-9 may erode and therefore expose
vaginal epithelium (24). Frequent use of N-9 has been posi-

tively correlated with bacterial vaginosis (28), genital ulcers
and vulvitis (24), vaginal candidiasis (33), toxic shock syndrome
(34), and epithelial disruption of the cervix and vagina (29, 32).
A recent study indicated that the use of condoms containing
N-9 more than once per week increases a woman’s odds of a
urinary tract infection by more than threefold (6). However,
N-9 is the prevalent microbicide and spermicide in a large
number of commercially available products, and there is strong
experimental evidence of its virucidal activity in vitro against
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enveloped viruses. Weir and colleagues (44) reported that N-9
use was not associated with genital ulcers and may have been
protective against the formation of lesions. In this study the
frequency of administration or dose of N-9 may have been
below that which would have caused a risk of ulceration. Ex-
periments to identify additional microbicides were undertaken
in our laboratories with the specific goal of extending micro-
bicidal activity to the PV group.

We found that SDS is a potent virucide with activity against
the PVs as well as against HSV-2 and HIV-1. In the experi-
ments presented in this paper, very low concentrations of SDS
completely inactivated HSV-2 and HIV-1, as well as three
separate PV types, after brief exposures to surfactant at phys-
iologic temperatures. In all cases, 0.1% concentrations were
well above those exhibiting complete inactivation of all the
microbes tested. Further formulation studies are needed to
determine the effective concentrations of SDS for topical ap-
plication in humans. Studies are in progress to examine the
ability of SDS to inactivate additional agents, including those
causing other genital infections.

Early studies of the interactions of detergents and animal
viruses were directed to the preparation of tissue- or allantoic
fluid-derived suspensions of virus for possible use as vaccine
preparations. Several commercial anionic and cationic deter-
gents, as well as soaps, could inactivate the enveloped influenza
virus (2, 14, 15, 39). Inactivation was dependent on the deter-
gent used and the ratio of virus to detergent. Influenza virus
that had been purified by ultracentrifugation was also inacti-
vated (17). Vaccinia virus, an enveloped pox virus, was also
inactivated by SDS and other detergents (15, 36), and the
electrophoretic mobility of the elementary bodies of vaccinia
virus was altered after exposure to Duponol, a mixture of
homologues of SDS (36). Detergents have also been shown to
inactivate lymphocytic choriomeningitis virus of mice, an en-
veloped arenavirus (38).

Disruption of the envelope of the viruses described above
via the surfactant properties of SDS would be sufficient to
destroy their infectivity. In our experiments, the PVs represent
a group of nonenveloped viruses that are not destroyed by a
wide range of surfactants that are capable of destroying the
infectivity of enveloped viruses. We attribute the effectiveness
of SDS to its denaturing capability and recognize that when
enveloped viruses are inactivated with SDS, both envelope
disruption and denaturation of virus structural proteins are
occurring simultaneously.

SDS is of low intrinsic toxicity both to skin and to mucous
membranes. Preparations such as shampoos and detergents
that contact both skin and mucous membranes contain dodecyl
sulfate derivatives (sodium or ammonium dodecyl sulfate) at
concentrations exceeding 10%. In addition, products that are
routinely used in the oral cavity, such as toothpaste, have very
high (5 to 8%) concentrations of these compounds and appar-
ently are not acutely toxic to the oral mucosa.

Walker and colleagues (42) examined the low order of tox-
icity of SDS in a study comparing detergent alcohols derived
from natural sources with alcohol-derived synthetic surfac-
tants. Acute oral toxicity studies were performed with groups
of five male and five female rats (weight range, 150 to 250 g).
Animals that were fasted overnight received a single intragas-
tric dose of SDS and were subsequently fed and watered ad
libitum for a 10-day observation period. The acute oral 50%
lethal dose was 1,288 mg/kg of body weight (95% confidence
limits), a dose corresponding to 0.1288% of total body weight.
Thirteen-week feeding studies were also performed. Groups of
12 male and 12 female, individually caged rats (age, 5 weeks)
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were fed dietary levels of SDS ranging from 40 to 5,000 ppm of
active material. The health, behavior, body weight, and food
intake, as well as hematological (hemoglobin and packed cell
volume) and urinary findings, for animals with SDS-supple-
mented diets remained unchanged over the course of 13 weeks.
SDS did not affect the organ weights of male animals in any of
the groups of animals, while a slight increase in liver weight
was observed in female animals with the highest dose (5,000
ppm). This absolute organ weight increase was statistically
significant (P < 0.05), but corresponding increases in relative
organ weights were not statistically significant due to a nonsig-
nificant increase in body weights. Additionally, at autopsy, no
SDS-associated pathological changes were observed.

In our studies, effective concentrations of SDS were non-
toxic to rabbit skin and human newborn foreskin. Further
studies, however, are in progress to examine the interaction of
SDS with dissociated and intact vaginal epithelium. Models for
examination of potential toxicity for both the rabbit and the
human vagina exist in our laboratories.

We propose that SDS is now a candidate microbicide for
formulation and testing with humans. Because cervical cancer
is the number one cause of cancer-related mortality in women
in developing countries, effective prevention of HPV transmis-
sion should have a significant impact on world health.
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