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a b s t r a c t

Vaginal gels may act as physical barriers to HIV during sexual transmission. However, the extent and sig-
nificance of this effect are not well understood. During male-to-female sexual transmission of HIV, semen
containing infectious HIV is present within the lower female reproductive tract. In cases where a topical
gel has previously been applied to the vaginal epithelium, virions must move through gel layers before
reaching vulnerable tissue. This additional barrier could affect the functioning of anti-HIV microbicide
gels and placebos. To better understand HIV transport in gels, we: (1) quantified diffusion coefficients of
HIV virions within semi-solid delivery vehicles; and (2) tested the barrier functioning of thin gel layers
in a Transwell system. Two gels used as placebos in microbicides clinical trials, hydroxyethyl cellulose
(HEC) and methylcellulose (MC), were found to hinder HIV transport in vitro. The diffusion coefficients
for HIV virions in undiluted HEC and MC were 4 ± 2 × 10−12 and 7 ± 1 × 10−12 cm2/s, respectively. These
are almost 10,000 times lower than the diffusion coefficient for HIV in water. Substantial gel dilution
(80%:diluent/gel, v/v) was required before diffusion coefficients rose to even two orders of magnitude

lower than those in water. In the Transwell system, gel layers of approximately 150-�m thickness reduced
HIV transport. There was a log reduction in the amount of HIV that had breached the Transwell membrane
after 0-, 4-, and 8-h incubations. The ability of a gel to function as a physical barrier to HIV transport from
semen to tissue will also depend on its distribution over the epithelium and effects of dilution by vaginal
fluids or semen. Results here can serve as a baseline for future design of products that act as barriers to
HIV transmission. The potential barrier function of placebo gels should be considered in the design and

cides
interpretation of microbi

. Introduction

Vaginal gels may act as physical barriers to human immunode-
ciency virus (HIV) following semen deposition, but the extent and
ignificance of this effect are poorly understood. During male-to-
emale sexual transmission of HIV, semen containing infectious HIV
s distributed in the lower female reproductive tract. HIV must pen-
trate epithelial tissues to establish local infection of target immune
ells. Systemic infection occurs after viral dissemination from the

ucosal site of infection to lymphatic tissue (Haase, 2005).
In cases where a topical gel has been applied to the vaginal

pithelium, HIV must additionally move through gel layers before
eaching vulnerable tissue. Gels are used commonly for vaginal

∗ Corresponding author at: Department of Biomedical Engineering, Duke Univer-
ity, Box 90281, Durham, NC 27708, USA.
el.: +1 919 660 5452; fax: +1 919 684 4488.

E-mail address: dkatz@duke.edu (D.F. Katz).

166-3542/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2010.08.006
clinical trials.
© 2010 Elsevier B.V. All rights reserved.

drug delivery (das Neves and Bahia, 2006; Justin-Temu et al., 2004)
and have been used to formulate microbicides, agents applied top-
ically to prevent transmission of sexually transmitted infections
(Buckheit et al., 2010; Cutler and Justman, 2008; Ndesendo et al.,
2008; Rohan and Sassi, 2009). Previous studies in our lab have
found that vaginal gels are deployed in vivo in layers approximately
100–500 �m thick (Henderson et al., 2007; Henderson et al., 2005;
Mauck et al., 2008).

Several researchers have pointed to the importance of interven-
ing at early events in mucosal HIV transmission to prevent infection
(Johnston and Fauci, 2007; Miller et al., 2005; Trapp et al., 2006),
especially since infection and systemic dissemination can occur
within hours (Hu et al., 2000; Miller et al., 2005; Weiler et al., 2008).
In this regard, microbicides would be a valuable additional tool

in comprehensive HIV prevention programs. The biological signifi-
cance of hindering virion transport at mucosal surfaces, as it relates
to increasing microbicide effectiveness, is poorly understood.

There are several mechanisms by which vaginal gels, by hinder-
ing virion transport, could contribute to HIV prevention. Clinical

dx.doi.org/10.1016/j.antiviral.2010.08.006
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:dkatz@duke.edu
dx.doi.org/10.1016/j.antiviral.2010.08.006
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Fig. 1. Biological context of Transwell system used to evaluate barrier functioning
of thin gel layers. (A) Schematic of microbicide functioning in vivo. Microbicide gels
are applied topically prior to challenge by HIV. Gels form layers of approximately
100–500 �m thick on epithelial surfaces. HIV must traverse these gel layers to reach
44 B.E. Lai et al. / Antiviral

tudies have shown that likelihood of infection in male-to-female
exual HIV transmission is related to blood viral load (Gray et al.,
001; Quinn et al., 2000; Wawer et al., 2005), which is likely also
elated to the viral inoculum in semen (Kalichman et al., 2008).
indering virion transport at mucosal surfaces could reduce the
ffective viral inoculum that reaches target cells by trapping virions.
rapped virions could then be cleared from the lower reproductive
ract with other vaginal fluids. Furthermore, because HIV infectivity
ecreases over time in vitro, delaying viral contact may reduce the
otential of target cell infection. Hindering virion transport could
lso allow microbicide active agents or innate defense factors a
reater opportunity to neutralize virus. On the other hand, gels
hat trap HIV might potentially facilitate transmission by increas-
ng contact time of virus (or infected cells) with the mucosa. Further
tudies are needed to elucidate the viability of HIV within the lower
emale reproductive tract and the time required for HIV to traverse

ucosal barriers to reach targets for infection.
Understanding the physical barrier functioning of gels is also rel-

vant to the design of antiviral microbicides. Recently, the CAPRISA
04 clinical trial demonstrated that Tenofovir gel reduced HIV
cquisition by an estimated 39% overall and by 54% in women with
igh gel adherence (Karim et al., 2010). For products like these, the
ntiviral agent must be delivered with the proper dose and tim-
ng so that adequate concentrations are achieved locally, within
he tissue and luminal fluid, before the virus establishes itself at
arget sites. Our study here helps to quantify the window of time
rovided by the physical barrier functioning of typical vaginal gels,
uring which microbicides have the opportunity to deliver antiviral
gents to tissue prior to the arrival of virus. Thus, this quantitative
nformation contributes to the understanding of the pharamacoki-
etics and pharamacodynamics of microbicide gels. Transport of
IV virions from semen to vaginal epithelial surfaces is due, in gen-
ral, to two mechanisms—convection and diffusion. During coitus,
nitial gel coating of vaginal surfaces is smoothed (Barnhart et al.,
004; Lai et al., 2009a) and semen is distributed over that coating.
hese are both processes in which convection dominates diffusion.
ollowing coitus, convective motions in the vagina still exist (e.g.
ue to changes in posture and leakage of vaginal fluid from the

ntroitus) but diffusion likely becomes the persistent mechanism
f sustained HIV migration to vaginal epithelium. It is this latter
cenario that is addressed in the present study.

In the present study, we evaluated the physical barrier func-
ioning of two vaginal gels to HIV in vitro by: (1) quantifying
he diffusion coefficients of HIV virions within these gels; and
2) directly testing the barrier functioning of thin gel layers in a
ranswell system. The diffusion coefficient provides an objective
eans of comparing HIV transport in different materials. In Fickian

iffusion, the diffusion coefficient relates diffusive flux and con-
entration gradient for particles within a given medium (Truskey
t al., 2009). The purpose of measuring the diffusion coefficient
ere is to help quantify the transport of HIV virions in scenarios
elevant to HIV prevention. We hypothesized that the diffusion
oefficients of HIV virions in these semi-solid gels would be lower
han those in water. To investigate the effect of dilution on HIV
ransport, we also measured the diffusion coefficients of HIV virions
n biologically-relevant dilutions of these gels in PBS. We hypoth-
sized that diffusion coefficients of HIV would increase with level
f dilution.

We also evaluated the barrier functioning of vaginal gels in a
ranswell system that simulates the spatial geometry of HIV trans-
ission in vivo. Transwell systems are used commonly in drug
elivery research to assess the permeability of polarized cell mono-
ayers to drugs or nanoparticulate drug carriers (Balimane et al.,
000; Behrens et al., 2001, 2002; Cecchelli et al., 1999; Forbes and
hrhardt, 2005; Mathias et al., 1996; Pontier et al., 2001). Tran-
well systems have also been used in microbicide development to
vulnerable tissue. (B) Transwell system simulates HIV transmission in the presence
of vaginal gels. A thin gel layer is applied to the Transwell membrane. A suspension
of HIV is added to the top compartment. After incubation, levels of HIV in the bottom
compartment are quantified using the TZM-bl assay.

create models of HIV infection (Dezzutti et al., 2004; Guenthner
et al., 2005; Van Herrewege et al., 2007). Transwell plates have
an insert that forms upper and lower chambers separated by a
porous membrane (Fig. 1). In each Transwell, we applied a gel layer
of characterized thickness (100–300 �m) to the membrane or no
gel for the control condition. A solution of HIV was then added
to the top chamber. The insert was placed in the bottom plate,
which contained cell culture medium. The plate was incubated for
a given time, and then samples from the top and bottom cham-
bers were assayed for infectious HIV using the TZM-bl assay. We
hypothesized that gel layers would reduce levels of HIV in the bot-
tom compartment compared to controls where no gel had been
applied. A reduction in the number of infectious virions in the bot-
tom compartment of the Transwell was taken as an indicator of
viral restriction.

We tested two gels that are commonly used in vaginal drug
delivery and have been used as placebos in microbicides clinical
trials, hydroxyethyl cellulose (HEC) and methylcellulose (MC). As
placebos, these materials are presumed to have minimal effect on
virion transport. However, HIV transport through these gels has
not been previously quantified. Our results here contribute to the
quantitative understanding of the baseline barrier functioning of
typical vaginal gels. Furthermore, the results of this study may
help to understand the barrier functioning of placebo gels used in
microbicides clinical trials.

2. Materials and methods

2.1. Gels tested

We tested two gels used as placebos in clinical trials, 2.7% (w/w)
hydroxyethyl cellulose (HEC) (Study No. C03-090, Batch 03724326,
CONRAD, Arlington, VA) (Tien et al., 2005) and 2.5% methylcellulose
(MC) (Batch 100306, Population Council, New York, NY) (Maguire
et al., 1998). Both HEC and MC are commonly used in the formu-
lation of vaginal gels (das Neves and Bahia, 2006; Justin-Temu et
al., 2004). HEC is the “universal placebo” for microbicide clinical
trials (Tien et al., 2005). The batch of HEC used in this study was
created for the Phase III clinical trial of Ushercell, or cellulose sul-
fate (Halpern et al., 2008; Tao et al., 2008; Van Damme et al., 2008).
Variations of HEC gels have also been used in other clinical tri-
als (Abdool Karim et al., 2009; Feldblum et al., 2008; Microbicide
Trials Network, 2009; Peterson et al., 2007). HEC is an uncharged
linear polymer that has been shown to lack anti-HIV activity in in
vitro assays and macaque models (Tien et al., 2005). HEC has also

been shown to be safe and acceptable to humans (Schwartz et al.,
2007). HEC has been presumed not to provide “the physical bar-
rier protection of high-yield strength gelling agents” (Tien et al.,
2005). However, the actual barrier functioning of HEC has not been
previously characterized. The formulation of MC used in this study
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as used as the placebo in clinical trials of the microbicide candi-
ate Carraguard (Skoler-Karpoff et al., 2008). MC has been shown
o lack anti-HIV activity in vitro (Phillips, 1996) and does not pro-
ect macaques from SHIV infection (Turville et al., 2008; Veazey et
l., 2003).

.2. Particle tracking of fluorescently-labeled HIV virions

.2.1. HIV-1 virions
HIV-1 virions fluorescently-labeled with Alexa Fluor 488

5 maleimide were provided by Dr. Jeffrey D. Lifson (HIV-1
AL/SUPT1-CCR5 CL.30 [Alexa 488 labeled/NEM Tx], Lot SP1551A,
IH, Frederick, MD). Treatment with the fluorophore, which is an
-ethylmaleimide (NEM) analog, eliminates infectivity of virions
y cross-linking zinc finger structures needed for viral replica-
ion (Morcock et al., 2005). Envelope glycoproteins are unaffected
y NEM treatment, retaining their structure and function. Virions
repared using these methods have been used previously in fluo-
escence correlation spectroscopy and microscopy studies of HIV
ransport in human cervical mucus (Boukari et al., 2009). Viri-
ns were stored at −80 ◦C and thawed immediately before use.
o validate that measured diffusion coefficients were reasonable,
e compared diffusion coefficients for HIV virions with those

f similarly sized fluorescently-labeled latex beads (F-8801, red
uorescent (580/605) 0.1 �m carboxylate-modified FluoSpheres®

eads, Invitrogen, Carlsbad, CA). We found that diffusion coeffi-
ients were not statistically significantly different (t-test, p < 0.05)
or all media tested except for 20% HEC (results not shown).

.2.2. Sample preparation and microscopy
Gels were evaluated undiluted (100%), diluted to 50%

gel/diluent, v/v) in 1× phosphate-buffered saline (PBS) (from
mniPur 10× PBS concentrate, EMD chemicals, Darmstadt, Ger-
any), or diluted to 20% (v/v) in PBS. Samples of virions and

els were prepared by combining 1 �l solution of HIV-1 virions
32.8 �g/ml p24, 0.239 mg/ml estimated total protein concentra-
ion) and 100 �l gel. Samples were mixed by pipetting. Slides were
repared by placing a Secure Seal Spacer (Electron Microscopy Sci-
nces, Hatfield, PA) on a glass slide, applying 11.1 �l of sample, and
ealing with a coverslip. The thickness of the sample was deter-
ined by the spacer, which is 120 �m thick.
Fluorescence microscopy (Zeiss Axio Observer with 100×/1.46

il Plan Apochromat DIC objective, QuantEM backthinned EM-CCD
amera) was used to image the position of diffusing particles over
ime. Images were acquired using MetaMorph 7.5 Stream Acqui-
ition. Images of HIV virions were acquired with exposure times
f 5 ms and 0.041 s between frames for 1000 frames. Typically,
pproximately 2–10 particles were observed in each stack. For each
ample, 10 image stacks were acquired from different regions. Care
as taken to ensure that the z-position during imaging was suffi-

iently above the coverslip, where particles may stick to the glass.
or each condition, independent experiments were performed on
different days using separate samples to obtain n = 3. All experi-
ents were performed at 37 ◦C.

.2.3. Analysis of particle tracking data to obtain diffusion
oefficients

We analyzed images to calculate the effective diffusion coef-
cients. We quantified the x and y positions over time for a
iven particle using the software Video Spot Tracker developed by
he Center for Computer Integrated Systems for Microscopy and
anipulation at the University of North Carolina, Chapel Hill. Image
tacks where directional drift of all particles was observed were
xcluded from analysis. This was determined visually by watching
he time-lapse images and noting when all particles in the field

oved in the same direction. Directional drift was likely caused by
rch 88 (2010) 143–151 145

convective flow in the sample or movement of the slide or micro-
scope.

Coordinates for x and y positions were used to calculate the
mean-square displacement (MSD),

〈
�r2(�)

〉
, as follows (Qian et

al., 1991; Saxton, 1997; Suh et al., 2005):
〈

�r2(�)
〉

=
〈

�x2 + �y2
〉

. (1)

Here � is the time interval, or time lag, over which the displace-
ment was calculated. See Supplementary Materials for detailed
methods of calculating MSD for different time lags. For two-
dimensional diffusion in a Newtonian fluid, the effective diffusion
coefficient (Deff) is related to the MSD as follows:
〈

�r2(�)
〉

= 4Deff �. (2)

Thus, we obtained the diffusion coefficients by plotting MSD
with respect to � and using a linear regression to find the slope,
which is equivalent to 4Deff. We fitted MSD values to a linear
regression in MATLAB using the linear least squares method (using
MATLAB function “fit” with method “LinearLeastSquares”). Values
were weighted using the inverse of the variance (Saxton, 1997). The
best-fit line was defined as the one that minimized the sum of the
square of the weighted residuals. We used the function for calculat-
ing the variance for successive determinations of MSD developed
by Qian et al. (Qian et al., 1991; Saxton, 1997).

Statistical analyses were performed using JMP 8 software (SAS,
Cary, NC). ANOVA was used to compare diffusion coefficients for
all conditions; post hoc t-tests were then used to make compar-
isons between different groups. Values for p < 0.05 were considered
statistically significant.

2.3. Transwell experiments for testing barrier functioning of thin
gel layers

2.3.1. Virus
We evaluated two CCR5-tropic, well-characterized, reference

strains of HIV-1 isolated from acute, sexually transmitted infec-
tions: HIV-1 DU156 (Clade C, 500 TCID50) and HIV-1 TRO (Clade
B, 1000 TCID50). Viruses were grown in peripheral blood mononu-
clear cells (PBMCs) so that virions had surface properties relevant
to sexually transmitted virus.

2.3.2. Transwell experiments
Thin gel layers (approximately 100–300 �m thick) were applied

to the membranes of 96-well Transwell plates (HTS Transwell®-
96 Well Plate, polycarbonate membrane, pore size = 5 �m Cat. No.
3388, Corning Incorporated, Corning, NY) using a custom applicator
(see Supplementary Materials for detailed methods). Each gel layer
was challenged by a solution of 75 �l of HIV-1 virions, added to
the top chamber. The bottom compartment of each Transwell con-
tained 235 �l of cell culture medium. Cell culture medium consisted
of D-MEM with 10% heat-inactivated fetal bovine serum (Cat. No.
SH30071.03, Hyclone, Logan, UT), 25 mM HEPES (Cat. No. 15630,
Gibco, Grand Island, NY), and 50 �g/ml gentamicin (Cat. No. G1272,
Sigma, St. Louis, MO). Transwell plates were incubated in a 37 ◦C,
5% CO2 incubator for 0, 4, 8, or 12 h.

After the specified incubation time, the Transwell plate was
removed from the incubator and samples of solutions from the top
and bottom chambers were removed for quantification of infec-
tious HIV using the TZM-bl assay (Hammonds et al., 2005; Mascola
et al., 2005; Montefiori, 2010).
2.3.3. TZM-bl assay
Samples from the top and bottom chambers of the Transwell

plate were incubated with TZM-bl cells to quantify levels of HIV
(Hammonds et al., 2005; Mascola et al., 2005; Montefiori, 2010). For



1 Research 88 (2010) 143–151

t
b
F
t
(
a
m
w
E
c
t
f
i

T
f
w
r
i
1

b
c
1
t
s
o
v
T
l
c
s

s
v
p
v
n
p
c
i
h
s

F
E
e
p
i

46 B.E. Lai et al. / Antiviral

he top compartment, 50-�l samples were transferred to the TZM-
l assay plate and mixed with 100 �l additional cell culture media.
or the bottom compartment, 150-�l samples were transferred
o the TZM-bl assay plate. Then, 100 �l of TZM-bl cell suspension
105 cells/ml in culture medium with 15 �g/ml DEAE dextran) was
dded to the assay plate. TZM-bl cells were suspended using treat-
ent with trypsin-EDTA (Cat. No. 25200-056, Invitrogen): Cells
ere incubated at room temperature with 2.5 ml 0.25% trypsin-

DTA for 30 s. The trypsin-EDTA solution was then removed and
ells were incubated for an additional 4 min at 37 ◦C. Cells were
hen suspended in 10 ml growth medium for counting. Cells were
urther diluted with growth medium to 105 cells/ml. Plates were
ncubated for 48 h at 37 ◦C, 5% CO2.

To read plates, we removed 150 �l medium from each well.
he remaining 100 �l was incubated with 100 �l luciferin substrate
or 2 min (Britelite Reagent, PerkinElmer, Waltham, MA). Samples
ere mixed by pipetting and transferred to 96-well black plates for

eading (Corning 3915, Corning, NY). Luminescence was quantified
n Relative Luminescence Units (RLUs) using a plate reader (Wallac
420 Victor3, PerkinElmer, Waltham, MA).

Controls were used to ensure the proper functioning of the TZM-
l assay for quantifying levels of infectious virus. Negative controls
onsisted of cells without virus: 150 �l cell culture medium and
00 �l of TZM-bl cells solution were mixed in the assay plate at
he time of sampling from the Transwell. Positive controls con-
isted of cells and virus solution applied to the top compartment
f the Transwell: Upon initiation of the Transwell assay, 50 �l of
irus solution was mixed with 100 �l cell culture medium in the
ZM-bl assay plate. These positive controls were incubated for the
ength of incubation of the Transwell plate, and 100 �l of TZM-bl
ells solution was added at the time of sampling from the Tran-
well.

We characterized the linear range of the assay for the two
trains of HIV-1 used, in which the total number of infectious
irions is directly proportional to the luminescence of the sam-
le (results not shown). In performing our experiments, all RLU
alues were within the linear range of the TZM-bl assay (results
ot shown). We also used the TZM-bl assay to confirm that the

lacebo gels tested, HEC and MC, do not neutralize virus at the
oncentrations used within the Transwell, and thus, reductions
n the levels of HIV in the bottom compartment were due to
indrance of transport and not viral neutralization (results not
hown).

ig. 3. Examples of plots for MSD vs. � for HIV in (A) HEC and (B) MC. Black curves formed
ach experiment consists of data aggregated from approximately 10 image stacks. For e
xperiments, generating three of these plots. For each experiment, the diffusion coeffi
reviously (Qian et al., 1991; Saxton, 1997). Diffusion coefficients from the three indepen

n Fig. 4.
Fig. 2. Examples of tracks obtained for fluorescently-labeled HIV virions in HEC and
MC, and for 100-nm bead dried to glass slide. Particles were tracked for 41 s.

2.3.4. Analysis of results
RLU levels varied from experiment to experiment and over time

due to the finite lifetime of HIV, so results were normalized to the
control, in which no gel was applied to the Transwell membrane:

% control = 100 × RLUbottom,experiment/RLUbottom,control. (3)

Statistical analyses were performed using JMP 8 software (SAS,
Cary, NC). ANOVA was used to compare results for all conditions;
post hoc Student’s t-tests were then used to make individual com-
parisons of means. Values for p < 0.05 were considered statistically
significant.

2.3.5. Characterization of thin gel layers
Gel layer thickness was characterized in independent experi-

ments from the Transwell experiments of HIV transport. Gels were
labeled with a fluorescent dye, fluorescein (Invitrogen, Carlsbad,
CA). A standard curve relating fluorescence to gel thickness was
generated by finding the fluorescence intensity of gel layers of
defined thickness, created by placing fluorescent gel in chambers
of defined height. Those chambers were created by stacking Secure
Seal Spacers (Electron Microscopy Sciences). The thicknesses of gel

layers applied to Transwell membranes were then quantified: A
fluorescent plate reader to was used to determine the fluorescence
intensity of gels applied to Transwell membranes, and the standard
curve to was used to relate intensity to thickness.

by data represent the trajectories of individual virions within single experiments.
ach condition (i.e., gel type and dilution), we then performed three independent

cient was calculated by fitting data to a weighted linear regression as described
dent experiments were averaged to obtain the mean diffusion coefficients shown
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all of the incubation times tested (Fig. 6). There was no statistically
ig. 4. Diffusion coefficients (mean ± SE, n = 3 independent experiments) obtained
sing particle tracking of fluorescently-labeled HIV in HEC and MC undiluted, diluted
o 50% (v/v) in PBS, and diluted to 20% (v/v) in PBS.

. Results

.1. Particle tracking of fluorescently-labeled HIV virions

Particle-tracking experiments measured the diffusion coeffi-
ients of fluorescently-labeled HIV virions in HEC and MC. To
xamine effects of dilution on diffusion coefficients, we also per-
ormed particle-tracking experiments using HEC and MC diluted
o 50% (v/v) gel in PBS, and diluted to 20% (v/v) gel in PBS. Fig. 2
hows examples of particle tracks obtained over the time of obser-
ation, approximately 41 s. Qualitatively, we observed that particle
otion increased with increased dilution by PBS. Undiluted HEC

nd MC appeared to trap HIV virions. Tracks for undiluted HEC and
C appeared similar to tracks for 100-nm beads dried to the glass

lide. These beads were completely immobilized, and any appar-
nt motion represented noise, or the lower limit of detection of the
ethod.
Tracks were processed to calculate mean-squared displace-

ents (MSD). Fig. 3 shows representative plots of MSD vs. timescale
�) from single experiments. These data were weighted by the
nverse of their variance and fitted to a linear regression. The dif-
usion coefficient was computed as one-fourth of the slope (cf. Eq.

2)).

Fig. 4 summarizes diffusion coefficients obtained from three
ndependent experiments for particle tracking of HIV virions in HEC
nd MC, with and without dilution by PBS. Diffusion coefficients

Fig. 5. Examples of (A) HEC and (B) MC gel distributio
rch 88 (2010) 143–151 147

for HIV virions in undiluted HEC and MC were 4 ± 2 × 10−12 and
7 ± 1 × 10−12 cm2/s, respectively. These are approximately 10,000
times lower than the diffusion coefficient for HIV in water predicted
by the Stokes–Einstein equation, 3.6 × 10−8 cm2/s at 37 ◦C (Lai et al.,
2009a). Diffusion coefficients in HEC and MC were not significantly
different (t-test, p > 0.05).

Diffusion coefficients increased with increasing level of dilution
by PBS. However, HIV-virion diffusion was still hindered in diluted
gels when compared to water. Diffusion coefficients in 50% (v/v)
dilutions of HEC and MC were approximately 3 orders of magnitude
lower than those in water, whereas diffusion coefficients in 20%
(v/v) dilutions of gels were approximately 2 orders of magnitude
lower than those in water.

3.2. Transwell experiments for testing barrier functioning of thin
gel layers

HIV barrier functioning was evaluated for gel layers of thick-
nesses comparable to those measured for human vaginal coating in
vivo, in experiments that applied thin gel layers to the membranes
of Transwell inserts. Fig. 5 shows examples of distributions of gels
on membranes. We measured the thickness of gel layers by label-
ing gels with fluorescent dye and relating fluorescence intensity
to thickness. For each gel, we generated a standard curve relat-
ing fluorescence intensity to thickness. Levels of fluorescence were
linearly related to thickness for the range of thicknesses tested.
For comparing HEC and MC, we attempted to form gel layers of
approximately 150-�m thickness. Actual thicknesses were 185 ± 5
(n = 12) and 153 ± 4 �m (n = 6) for HEC and MC, respectively. These
gel layers were formed by applying either 6.3 �l of HEC or 8.4 �l of
MC to the applicator tip. Although gel layers were not entirely uni-
form, the entire surface of the membrane was always covered with
gel.

We tested the barrier functioning of these thin gel layers to HIV
by applying a solution of the virions to the top compartment of
the Transwell. After incubation for 0, 4, 8, or 12 h, samples from
the bottom compartment of the Transwell were tested for levels
of infectious HIV using the TZM-bl assay. RLU levels varied from
experiment to experiment and over time due to time dependent dif-
ferences in infectivity and variations in target cell number between
experiments, so results were normalized to the control, in which
no gel was applied to the Transwell membrane.

Results show that both HEC and MC reduced the amount of
infectious virus in the bottom compartment of the Transwell for
significant difference (p > 0.05) between the two strains of HIV-1,
so we grouped them for analysis. Levels of HIV in the bottom com-
partment were significantly different between control (no gel) and
gel experiments (p < 0.05). Notably, there was a log reduction the

ns applied to membranes in Transwell system.
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Fig. 6. Levels of HIV-1 in bottom compartment of Transwell for two semi-solid
gels, HEC and MC (n ≥ 4 independent experiments). Experimental results are nor-
malized to controls where no gel was applied to the membrane, such that %
control = RLU /RLU . Additional control experiments were
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These diffusion coefficients roughly correspond with the diffusion
bottom,experiment bottom,control

erformed in which an equivalent amount of gel was mixed in to solutions. For 0-,
-, and 8-h incubations, there was a log reduction in levels of HIV-1 in the bottom
ompartment.

mount of HIV in the bottom compartment for HEC and MC at 0, 4,
nd 8 h. In neutralization assays, log reductions in HIV are consid-
red biologically significant. When data were grouped by gel (over
ll incubation times), MC appeared to be a slightly superior bar-
ier to HEC, yielding approximately 20% lower levels of HIV in the
ottom compartment (p < 0.05).

We also performed control experiments in which gel was mixed
nto solution and incubated in the Transwell for 8 h. The volume of
el mixed into solution was equivalent to the volume of gel applied
o the Transwell membrane. We found that there was no significant
ifference in HIV levels in the bottom compartment for this “mixed”
ondition compared control (p > 0.05). However, there was a signif-
cant difference between the “mixed” control and the experiments

ith gel layers (p < 0.05). This indicated that reduction of HIV in
he bottom compartment was due to reduction of transport, not
eutralization by the placebo gels.

Levels of HIV in the bottom compartment for t = 0 h were sig-
ificantly different from control. If transport from the top to the
ottom compartment occurred due to diffusion alone, we would
ave observed no HIV in the bottom compartment for all conditions
t t = 0 h. The observed log reduction suggests that there was some
onvective transport from the top to bottom compartment, which
robably occurred due to hydrostatic pressure differences intro-
uced when the top insert was separated from the bottom plate at
he end of the incubation period. This effect may have lessened for
onger incubation times, as the gel became more dilute at the time
f separation of the top and bottom compartments. Levels of HIV in
he bottom compartment appeared to approach the no-gel control
s time increased.

. Discussion

Following ejaculation, HIV is believed to remain infectious in
emen for a period of hours, although the precise range of the
nterval is not known. During this time, diffusion is likely to be

principal mechanism of HIV transport from semen to vaginal

pithelial surfaces. Our in vitro experiments found that common
aginal gels, if undiluted, can hinder transport of HIV, reducing dif-
usion coefficients by a factor of almost 104 vs. diffusion in water.
uch a phenomenon may, therefore, also occur in vivo. Within the
rch 88 (2010) 143–151

vagina, gels contact ambient fluids (vaginal transudate, mucus) as
well as semen. Typical microbicide gel applied volumes are around
3–4 ml, the volume of the human ejaculate ranges 2–5 ml (Owen
and Katz, 2005), and the volume of ambient fluid in the vagina is
about 0.5–0.75 ml (Owen and Katz, 1999). Thus on average, a gel
could be diluted with vaginal fluid to about 75% gel-to-fluid (v:v),
but dilution could be higher in localized regions where gel coating
thickness is small (Henderson et al., 2007). Dilution with semen
would triple this typical dilution. Our results indicate that only
when gel dilution is extremely high (e.g. 20% gel:PBS, v:v) do virion
diffusion coefficients increase to a level even two orders of mag-
nitude lower than those in water. This suggests that where there
is local gel coating of the vaginal epithelium, HIV transport is sig-
nificantly slowed. Such retardation of viral transport was analyzed
quantitatively in our recent compartmental model of HIV diffusion
to vaginal epithelial surfaces (Lai et al., 2009a): The model exam-
ined tradeoffs amongst extent and thickness of vaginal coating,
and HIV diffusion coefficient, on HIV transport rates to the vagi-
nal epithelium. We have input the present results for HIV diffusion
coefficients into that modeling framework (Fig. 7). Here, there was
uniform 150-�m thick epithelial coating by gel. As seen in Fig. 7,
undiluted HEC and MC presented a robust barrier to HIV—over 48 h
were required for virions to reach the tissue surface. Even with 50%
(v/v) dilution of the gel, fewer than 1% of virions reached the tissue
surface within 48 h. In contrast, nearly all of the virions reached tis-
sue when migrating with the diffusion coefficient for HIV in water,
as predicted by the Stokes–Einstein equation. Diffusion coefficients
for 20% (v/v) gel in PBS produced intermediate results: For 20% (v/v)
HEC, 0.7% of virions reached tissue within 48 h, and for 20% (v/v) MC,
8% of virions reached tissue within 48 h. According to this mathe-
matical model, log reductions in diffusion coefficients are necessary
to achieve a significant effect on HIV diffusion through a gel layer of
typical thickness found in vivo. Diffusion coefficients 1000–10,000
times lower than diffusion coefficients in water are needed for a gel
layer to function as a barrier to HIV diffusion over the time period
of 48 h.

The diffusion coefficients measured here for HIV in placebo gels
are similar to prior results for HIV virions in human cervicovagi-
nal mucus. Cervical mucus likely evolved to function, in part, as a
physicochemical barrier to pathogens (Cone, 2009). A recent study
using particle tracking of HIV virus-like particles (VLPs) found that
diffusion coefficients of HIV VLPs in fresh, human cervicovaginal
mucus (from six different donors) were less than 10−11 cm2/s (Lai
et al., 2009b). Another study, using time-resolved confocal micro-
scopic particle tracking and fluorescence correlation spectroscopy
to examine movement of fluorescently-labeled HIV virions, found
a more modest effect: Virions were slowed by approximately 200
times in mucus compared to water (Boukari et al., 2009). Differ-
ences in results of the two studies may be attributed to differences
in mucus collection methods and sample preparation. Thus, the dif-
fusion coefficients measured here for HEC and MC were similar or
lower than those previously measured for human cervicovaginal
mucus, a natural physical barrier to HIV.

Diffusion coefficients measured here were also similar to those
for HIV virions in a reversibly crosslinked hydrogel engineered
to hinder HIV transport (Jay et al., 2009). That gel was designed
using phenylboronic acid (PBA) and salicylhydroxamic acid (SHA)
crosslinks that respond to changes in pH, hindering virion diffusion
at vaginal pH. Diffusion coefficients from particle-tracking experi-
ments of fluorescently-labeled HIV-1 virions in the hydrogel ranged
from 6 × 10−10 cm2/s at pH 4.3 to below 2 × 10−12 cm2/s at pH 4.8.
coefficients measured in this study for HIV in 20% (v/v) HEC in PBS
and undiluted HEC, respectively.

Results from our Transwell system also indicated that the vagi-
nal gels presented physical barriers HIV transport. There was a log
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Fig. 7. Interpretation of experimentally-measured diffusion coefficients using mathematical model of diffusion of HIV virions from semen, through microbicide layer, to
tissue compartment. Measured values input to the model for diffusion coefficient of HIV in gel were the following: 20% (v/v) HEC in PBS, D = 1.6 × 10−10 cm2/s; 50% (v/v) HEC
in PBS, D = 1.6 × 10−11 cm2/s; undiluted HEC, D = 4 × 10−12 cm2/s; 20% (v/v) MC in PBS, D = 4.9 × 10−10 cm2/s; 50% (v/v) MC in PBS, D = 4.8 × 10−11 cm2/s; undiluted MC in PBS,
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= 7 × 10−12 cm2/s. For the diffusion coefficient of HIV in semen, we used the theoret
A) Schematic of mathematical model. Plots show percent of virions in the tissue com
or 20% HEC, 50% HEC, and undiluted HEC appear superimposed. In (C), curves for 5

eduction in levels of HIV after 0-, 4-, and 8-h incubation where gel
ayers of approximately 150 �m had been applied to the Transwell

embrane. In HIV neutralization assays, log reductions are typi-
ally considered biologically significant. Transwell results suggest
hat MC is a slightly superior barrier to HEC. This was unexpected
iven the higher diffusion coefficients measured for HIV virions in
C compared to HEC. Further, the thicknesses of MC layers were

ess than those of HEC layers. The result may be explained by dif-
erent reactions of the gels to the dilution process. Perhaps MC is
ess prone to dilution when placed in contact with tissue culture

edium. In HIV neutralization assays, log reductions are typi-
ally considered biologically significant, so the small differences
etween HEC and MC observed here are probably not biologically
ignificant.

Strictly speaking, levels of HIV in the bottom compartment of
he Transwell were higher than those predicted using the mathe-

atical model of HIV diffusion with diffusion coefficients measured
or HEC and MC. This can be attributed to: (1) convection from the
op compartment to the bottom compartment during separation of
he Transwell insert and bottom plate; and (2) dilution of gel lay-
rs reducing the level of viral hindrance by the gel. The former was
ikely created, in part, by hydrostatic pressure differences between
he top and bottom fluid compartments of the small Transwells.
n addition, dilution of the gel within the Tranwell system likely
ncreased the effective diffusion coefficient of HIV within the gel.
he volume ratio of gel to culture medium in the Transwell was
pproximately 2%. Levels of dilution of the thin gel layer within the
ranswell system were greater than levels of dilution observed in
ivo. However, even with these high levels, our results do indicate
hat there was a barrier effect of the thin gel layers compared to
ranswells where no gel had been applied.

Our findings for HEC and MC, combined with our recent com-
artmental modeling (Lai et al., 2009a) suggest that gels used as
lacebos in microbicide clinical trials may function as physical
arriers to HIV. Retarded HIV transport and actual trapping could
rovide increased time for lumenally active factors – microbicide

ngredients, host defense molecules – to contact and neutralize
irus. However, to the extent that those factors do not succeed
n viral neutralization, viral trapping in a gel coating layer might
rolong the infectious lifetime of the virions.
The success of the recent CAPRISA 004 study has buoyed the
icrobicides field, providing the first proof of principle that vaginal
icrobicide gels can successfully function, in a clinical trial setting,

o reduce the rate of HIV transmission. This was a gel placebo-
lue predicted by the Stokes-Einstein equation for HIV in water, D = 3.6 × 10−8 cm2/s.
ent, as a function of time, for various dilutions of (B) HEC and (C) MC. In (B), curves
and undiluted MC appear superimposed.

controlled trial. The possible prophylactic activity of placebo gels
in clinical trials is recognized as a deficiency of blinded, placebo-
controlled clinical trial designs for microbicides, since it could
reduce the estimated effectiveness of the test gels from its actual
value (Kilmarx and Paxton, 2003; Lagakos and Gable, 2008). How-
ever this effect, while unknown, is likely low. For example, while it
is difficult to accurately quantify the efficacy of the HEC placebo in
the HPTN trial, it is likely to be less than 10% (Masse et al., 2009).
Results of the present study suggest that such a low placebo efficacy
could be due, at least in part, to incomplete deployment of the gel
in vivo. That is, vaginal coating may have been incomplete, leaving
bare spots of epithelium exposed to the viral inoculum in semen.

Gels remain primary vehicles, together with intravaginal rings,
for delivery of microbicides against HIV and other sexually trans-
mitted pathogens. Their active pharmaceutical ingredients may act
against HIV within the fluids of the lumen (e.g. entry inhibitors), or
within the vaginal epithelium and stroma (e.g. reverse transcrip-
tase inhibitors, as in the CAPRISA 004 trial). The potential barrier
functioning of a gel could influence its biological functioning in both
cases. For the former, there is a clear benefit to slowing viral transit
to epithelial surfaces. An initial compartmental model developed
in our lab illustrated this for the candidate microbicide Cyanovirin-
N (Geonnotti and Katz, 2006). At present there are a number of
antiretroviral drugs being tested as microbicides; these would act
within the tissue. The mission of their vehicles would be to cre-
ate and sustain a reservoir of prophylactic concentrations of drug
throughout the epithelium exposed to invading HIV virions. Hin-
drance of virion diffusion would extend the safe time, after product
insertion, for delivery of agents prior to the arrival of virions at the
tissue surface.

The quantitative methods presented here can contribute to our
understanding of the functioning of microbicide gels. Their results
can help in the interpretation of information on microbicide phar-
macokinetics. The time to gel effectiveness after application is
governed by how rapidly microbicide ingredients are delivered by
gel in relation to the time course of sexual activity, deposition of
semen, HIV transport, and the initial interactions of virions with
host cells. Thus, the methods here are also informative with respect
to the pharmacodynamics of HIV neutralization itself.
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