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Abstract

Vaginally applied microbicide products offer a female-controlled strategy for preventing sex-
ual transmission of HIV. Microbicide transport processes are central to their functioning, and
there is a clear need for a better understanding of them. To contribute to that end, we devel-
oped an assay to analyze mass transport rates of microbicide molecules within the epithelial
and stromal layers of polarized vaginal mucosal tissue during contact with a gel vehicle. The
assay utilizes a new diffusion chamber mounted in a custom instrument that combines con-
focal Raman spectroscopy and optical coherence tomography. This measures depth-
resolved microbicide concentration distributions within epithelium and stroma. Data for a
tenofovir gel were fitted with a compartmental diffusion model to obtain fundamental trans-
port properties: the molecular diffusion and partition coefficients in different compartments.
Diffusion coefficients in epithelium and stroma were computed to be 6.10 +2.12 x 10"8 and
4.52 +1.86 x 10”7 cm?/sec, respectively. The partition coefficients between epithelium

and gel and between stroma and epithelium were found to be 0.53 +0.15and 1.17 £ 0.16,
respectively. These drug transport parameters are salient in governing the drug delivery per-
formance of different drug and gel vehicle systems. They can be used to contrast drugs and
vehicles during product design, development and screening. They are critical inputs to
deterministic transport models that predict the gels’ pharmacokinetic performance, which
can guide improved design of products and optimization of their dosing regimens.
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Introduction

Microbicides are virus-neutralizing molecules used in biomedical products being developed
for women and men to protect themselves against sexual transmission of Human Immunode-
ficiency Virus (HIV) and other pathogens [1]. Development of antiretroviral microbicide
products, such as the tenofovir gel [2, 3] and dapivirine intravaginal ring (IVR) [4], has been a
key focus in the microbicide research field. A microbicide gel can coat the vaginal or rectal
walls, creating a thin protective layer that retards HIV virion migration from semen to mucosal
surfaces [5], and delivering an anti-HIV drug into the mucosal tissue layers to provide prophy-
lactic protection against HIV infection of host cells therein.

At present no microbicide gel has successfully demonstrated efficacy in sequential Phase III
clinical trials. Although 1% tenofovir gel effectively reduced HIV sexual transmission in
women by 39% in a first phase III study (CAPRISA 004) [2], it failed to demonstrate efficacy in
its second (VOICE, MTNO003) [6] and third efficacy trials (FACTS 001) [7]. The failures in
those latter two trials were associated with poor subject adherence [8, 9]. This may have been
due, in part, to the messiness of the relatively large applied gel volume (4 mL) and the demands
of its dosage regimen. If gel volume could be reduced, and a more user-friendly dosage regime
practiced, adherence to use could be improved. Improved understanding of mechanisms of
how gel volume and dosage regimen govern microbicide pharmacokinetics and consequent
pharmacodynamics will clearly contribute to this. The work here contributes to that
understanding.

In vivo, microbicide gel molecules migrate out from the gel and into/through adjoining vag-
inal fluids and mucosal tissue. The human vaginal mucosa has two layers: an upper stratified
squamous epithelium (about 100-200 pm thick); and a lower lamina propria (stroma), which
is about 3 mm thick and is composed largely of connective tissue. HIV-infectible host cells
reside primarily within the lamina propria, and both HIV virions and anti-retroviral drugs
must thus migrate some distance down from the lumen before attaining them. The mass trans-
port rates of molecules within and between the vaginal gel, epithelial and stromal layers are
biophysically coupled [10, 11].

In vitro assays seek to capture and characterize gel release and mucosal transport of micro-
bicide molecules in pharmacologically meaningful ways. A common configuration is embod-
ied in a Franz Cell apparatus [12]. It measures the cumulative amount of drug permeating
through tissue in a fluid receptor compartment vs. time [13, 14]. The drug concentration-ver-
sus-time curve is typically linearized to compute an effective permeability coefficient, P. For
steady state drug diffusion through a homogeneous tissue layer (thickness h), P = kD/h,
where k is the drug partition coefficient at the vehicle-tissue interface, and D is the drug dif-
fusion coefficient within the tissue layer. However, if the tissue contains layers with different
structures, then the diffusion coefficients of a molecule within each of those layers may be dif-
ferent. Thus, the permeability is a lumped parameter that does not reveal this distinction.
Moreover, if there are solubility differences between the drug in its vehicle and the underly-
ing tissue, then the partition coefficient k may not be unity, at the gel-epithelium interface
and/or at the interface between the epithelium and stroma. Consequences of these distinc-
tions have been elaborated in deterministic compartmental modeling of tenofovir transport
from a gel layer into vaginal mucosal tissue [11, 15, 16]. These modeling analyses have indi-
cated that differences in diffusion coefficients between the two mucosal layers, together with
the different thicknesses of those layers, lead to non-uniform drug distributions within and
between the layers.

The non-uniform distributions in epithelium vs. stroma, and partitioning at interfaces,
limit interpretations of biopsies collected in in vivo pharmacokinetic (PK) studies. In clinical
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PK studies, biopsy specimens obtained after drug application are typically homogenized and
the weight-averaged tissue concentrations are obtained by traditional methods, e.g., liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) [2, 17, 18]. These stan-
dardized methods are highly sensitive, but they are sophisticated to conduct and provide only
mass- averaged tissue concentration vs. time data in the combined epithelial plus stromal tis-
sues. The deterministic PK models show that concentrations in vaginal biopsies overestimate
tenofovir concentrations in the vaginal stroma (location of HIV infectible cells) by as much as
one order of magnitude in an uncontrolled manner [10, 16]. Thus, measurements in biopsies
may not yield incisive understanding of how rapidly and completely the test drugs are trans-
ported into the target mucosal tissue, and of drug concentrations at the stromal sites where
they act.

Non-invasive methods are attractive as they offer rapid measurements with minimal sample
perturbation, and can help fill this critical gap in the microbicide field. Fluorescence micro-
copy and Fourier transform infrared (FTIR) spectroscopy have been used for non-invasive
diagnosis of biological samples and diseased tissues [19, 20]. However, intrinsic tissue fluores-
cence limits the use of fluorescence microscopy to detect target analytes within tissue. Since
water is a very strong IR absorber, FTIR is not appropriate for analysis of analytes in hydrated
or ex vivo tissue samples that contain water.

Confocal Raman spectroscopy (RS) is a chemically-specific optical method that can quan-
tify depth-dependent concentration distributions of target analytes in ex vivo tissue specimens
[21-24]. Tissue autofluorescence and photobleaching can be mitigated by utilizing a suitable
excitation source such as a near-infrared diode laser. The shifts in energy of Raman scattered
light relative to the incident light correspond to energy differences between the vibrational
states of a sample. Thus, these Raman shifts are characteristic of specific chemical bonds and
can be analyzed to determine the chemical composition of the material. Optical coherence
tomography (OCT) is a noninvasive imaging technique that detects depth-resolved reflections
of light to yield cross-sectional images of subsurface tissue microstructures on the micron scale
[25, 26]. As opposed to traditional invasive methods that employ histopathology, OCT non-
destructively provides an ‘optical biopsy’ that reveals details about tissue morphology in real
time without tissue removal [27].

Coherent RS has also been used to non-invasively evaluate drug delivery [28]. Although
coherent Raman techniques offer significant improvements in acquisition speed, the range
of wavenumber shifts and therefore the number of molecular vibrations that can be mea-
sured is typically less than that measured by spontaneous, confocal RS [29]. Because high
acquisition speeds were not required for our study, we chose to utilize spontaneous, confocal
RS. In our combined confocal RS and OCT instrument [24], confocal RS and OCT measure-
ments are co-registered. This enables drug concentrations to be quantified in different tissue
layers by using OCT to distinguish each layer and confocal RS to determine the drug concen-
tration within the layer. Here, the methodology was applied to measure the transport of teno-
fovir, a leading microbicide drug, from a microbicide gel into vaginal mucosal tissue. A
tenofovir microbicide gel was applied to tissue epithelial surfaces and measurements were
taken as the drug diffused into the epithelium and stroma of the polarized excised vaginal tis-
sue specimens contained within a new drug diffusion chamber. Concentration distributions
were fitted with a time-dependent, multi-compartmental diffusion model to derive the drug
partition and diffusion coefficients in epithelium and stroma. Collectively, this new assay
provides a tool for improving our understanding of anti-HIV drug delivery to mucosal
tissue.
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Materials and methods
Ethics statement

This study used excised porcine vaginal tissues. Porcine female reproductive tracts were har-
vested immediately after slaughter with permission from a local abattoir (Hatley Family Farm,
Hurdle Mills, NC) as in our previous studies [23].

Tissue harvesting, storage and specimen preparation

Porcine vaginal tissue is used as a surrogate for human vaginal tissue. It has been shown to
demonstrate excellent correlation with human vaginal tissue in histology and structure, com-
position, as well as permeability characteristics towards water and hydrophilic molecules [30,
31]. Fresh porcine female reproductive tracts were harvested from domestic pigs and trans-
ferred to our laboratory immediately after sacrifice. The tracts were transported in ice-cold iso-
tonic, carbogen-gassed (5% CO, and 95% O,) Krebs-Ringer bicarbonate buffer (pH 7.2; Sigma
cat. # K4002: 0.49 mM MgCl,, 4.56 mM KCl, 119.8 mM NaCl, 0.70 mM Na,HPO,, 1.5 mM
NaH,PO,), supplemented with 15 mM NaHCOj3, and 9.99 mM glucose. Vaginal tissue was
excised and excessive connective tissue and fat were removed with surgical scissors. The tissue
was snap frozen in liquid nitrogen and stored at -80°C. Studies have shown that snap freezing
does not alter the histology and permeability characteristics of vaginal tissue towards different
molecules, both hydrophobic and hydrophilic, when used after a single freeze-thaw cycle [30,
32-34].

Test gel and tissue transport chamber

The test gel was a 2% tenofovir reduced glycerol (RG, 5% glycerol) gel (pH 4-5). Thus, the pH
of this gel was designed to simulate the ambient pH in the human vagina. This formulation
was a slightly modified version of the clinical 1% tenofovir RG gel [3, 14]. We doubled the
tenofovir concentration in the gel in order to increase its concentration in tissue, thereby
improving sensitivity of the measurements. A tissue sample chamber (cf. Fig 1) was con-
structed for standard preparations of in vitro diffusion experiments in polarized tissues. An
aluminum block was specifically designed and fabricated so that it contained two compart-
ments: a buffer compartment and a tissue compartment. The top piece was an aluminum

B
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L — Skin tape
Epithelium
{— Stroma

Diffusion chamber

T— Matrigel

Temperature-controlled motorized stage

™ Membrane
/\ Mesh
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Fig 1. Experimental setup of a transport assay for measurements of drug concentration distributions in tissue. (A) A
custom-made tissue chamber was placed on a heated motorized stage in order to maintain the diffusion experiment at 37°C.
Measurements were acquired using a water-immersion objective. (B) A schematic cross-sectional view of the sample chamber,
showing the components of the chamber.

https://doi.org/10.1371/journal.pone.0185633.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0185633 September 29, 2017 4/15


https://doi.org/10.1371/journal.pone.0185633.g001
https://doi.org/10.1371/journal.pone.0185633

@° PLOS | ONE

Label-free analysis of tenofovir delivery to vaginal tissue

clamp that was applied over the tissue surface to hold the tissue in place; a hole was cut in the
middle so that a gel could be loaded over the tissue surface. For a given experiment, an excised
tissue specimen (18 + 2-mm diameter) was fitted in the tissue compartment (4-mm thickness;
18-mm diameter); the tissue rested on a polyester membrane (3-um pore size, GE Healthcare
Bio-Sciences, Pittsburgh, PA) supported by a mesh. A bath of Krebs buffer supplemented with
glucose was loaded underneath in the buffer compartment to nourish the tissue. Before apply-
ing the test gel, tissue edges were carefully sealed with Matrigel (BD Biosciences, San Jose, CA)
and a waterproof hole-cut skin tape (Blenderm™, 3M) to prevent leakage of the gel formulation
along the specimen’s sides. The top aluminum piece with a hole cut (1-mm thickness; 14-mm
diameter) in the middle was then placed over the tissue surface. Gel was loaded onto the tissue
surface; timing of the experiment began at the onset of gel-tissue contact. A quartz coverslip
was inserted over the gel surface and fitted into the top aluminum clamp. The coverslip pre-
vented gel hydration and dilution by water droplets that were applied when using a water-
immersion objective lens. The chamber was then tightened with four screws to seal it. The
chamber preparation was placed on a temperature-controlled motorized stage to maintain the
tissue sample at 37 + 0.5°C during the period of measurement. Six experiments were per-
formed—each used an excised tissue specimen from a different pig. Porcine mucosal tissue has
been shown to be viable for up to 6 h following tenofovir gel treatment at 37°C [23]; therefore,
each experiment was run up to 6 h.

Instrumentation

All data in this study were acquired with a locally-constructed confocal Raman spectroscopy
and optical coherence tomography instrument integrated with a custom brightfield micro-
scope [24]. The OCT subsystem (axial resolution of 8 um and a lateral resolution of 28 um)
was used to monitor tissue morphology and to measure the thicknesses of the gel and the epi-
thelial layers of the mucosal tissue. The confocal RS subsystem (axial resolution in air of 20 pm
and a lateral resolution of 5 um) utilizes a 785 nm laser diode (LD785-SH300, Thorlabs Inc.,
Newton, NJ) for excitation that delivers about 30 mW of power to the sample.

The detailed design and specifications of this multimodal instrument have been described
previously [24] with the exception of one modification that was recently introduced to
improve performance. The initial design used a long working distance, dry objective lens. This
lens induced spherical aberration in the system due to the relatively large refractive index mis-
match at the tissue surface. Ultimately, this degraded the resolution and penetration depth. In
order to reduce spherical aberration and mitigate the associated deleterious effects [35], the
lens was replaced with a water immersion objective lens (W Plan-Apochromat 40x/1.0, Carl
Zeiss Microscopy, LLC, Thornwood, NY). Two-layer tissue phantoms were then constructed
to characterize the axial resolution of the confocal RS subsystem as a function of penetration
depth, as well as the relationship between the stage position z,g. and the true sampling depth
z, as described previously [24]. The results of these measurements, which highlight the
improved performance of the instrument, are displayed in Fig 2. Significantly, the water
immersion objective lens provides an axial resolution of approximately 30-40 pm over the
entire practical depth range. The relationship between z and z,g. was found to be 1.18. Thus,
to calibrate all depths reported in this study, the nominal depth or z,, was multiplied by this
correction factor in order to obtain the true sampling depth within the tissue.

Preparation of a calibration standard of tenofovir in homogenized tissue

Porcine vaginal tissue was sliced with a Thomas Stadie-Riggs tissue slicer (Thomas Scientific,
Swedesboro, NJ) to remove excess stromal connective tissue and achieve approximately 500-
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Fig 2. Effects of scattering and spherical aberration on axial resolution and sampling depth. (A) Relationship between the
confocal RS true sampling depth, z, and the nominal depth or the stage position, Zsage. (B) Relationship between the axial resolution
(full-width at half-maximum, FWHM) of the confocal RS subsystem and z. The water immersion objective provided a significant
improvement in resolution compared to the dry objective lens [24] for measuring biological tissue. Least-squares fits (solid lines)
reveal that both relationships are approximately linear over this range. The dashed lines represent 95% confidence intervals for the
fits.

https://doi.org/10.1371/journal.pone.0185633.9002

pm thick sections of epithelial and upper stromal tissues. The sliced tissues were minced with
surgical scissors and loaded into centrifuge tubes preloaded with ceramic beads. The tissue
was homogenized using a tissue homogenizer (Bead Ruptor 12 Homogenizer, Omni Interna-
tional Inc., Kennesaw, GA) for 10 cycles of 30 seconds each. After each 30s of homogenization,
the tube was chilled on ice to prevent heat build-up in the sample during the bead rupture pro-
cess. The homogenized tissue was mixed with known amounts of tenofovir. Twelve tissue sam-
ples were prepared, each containing a different concentration of tenofovir, ranging from 0.00
to 1.44% w/w. Raman spectra were acquired for each sample and the ratio of the spectral con-
tribution of tenofovir to that of tissue was related to the known tenofovir concentration to gen-
erate a calibration curve. The limit of detection (LOD) of tenofovir in tissue was determined
from the root mean squared error of prediction (RMSEP), which has been shown to be a reli-
able estimate of the minimum detectable concentration [36]. The limit of quantification
(LOQ) was estimated based upon the variability in the responses of blank tissue specimens. It
was computed as mean blank value (n = 11) plus ten times the standard deviation [37].

Data analysis and derivation of the transport parameters

Raman spectra were processed with custom software written in MATLAB (R2014b, Math-
Works, Natick, MA), as previously described in [24]. The MATLAB codes are freely available
by contacting the authors. The measured spectra were analyzed by classical least squares [38]
by fitting with a library of pure spectral components including spectra of tenofovir, placebo
gel, and porcine vaginal tissue in order to determine the underlying spectral contribution of
each component (Fig 3). The ratio of the spectral contribution of tenofovir to that of tissue was
converted to concentration values, using the established calibration curve. This quantitative
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Fig 3. Representative least-squares fit of a Raman spectrum of tenofovir -gel treated tissue from a
typical experiment. The tissue was incubated under tenofovir gel in the transport chamber. The spectrum
was decomposed by ordinary least squares fitting with basis spectra of tenofovir, gel, and tissue in order to
yield the underlying spectral contribution of each component.

https://doi.org/10.1371/journal.pone.0185633.g003

approach of determining drug concentration in tissue was previously validated by our group
[24].

Tenofovir concentration data in tissue over time and space were fitted with a diffusion
model with three compartments (Fig 4) using MATLAB. The model was previously described
in [10]. Briefly, the partial differential equations (PDEs) were first converted to a system of
ordinary differential equations (ODEs) using the forward difference method. The set of ODEs
was then solved by a built-in Matlab function, odel5s. Fitting was performed to optimize the
transport parameters via nonlinear curve fitting, utilizing a built-in MATLAB toolbox function,
Isqnonlin in MATLAB Version R2014b. The function employs a trust-region-reflective least
squares algorithm to minimize the sum of squared residuals between the real data and pre-
dicted concentration values based on the model.

The four parameters of interest were the diffusion coefficients in epithelium (Dgp) and
stroma (Dgr), as well as the partition coefficients at the interface between epithelium and gel
(Pgp/c) and between stroma and epithelium (@gr/gp). Other inputs to the model were: the dif-
fusion coefficient in the gel (Dg), which we measured previously [39], the initial drug concen-
tration (C,), as well as the thicknesses of the gel layer (hg), epithelium (hgp), and stroma (hgr).
hg and hgp were measured using the OCT subsystem. Since the thickness of the stroma
exceeded the penetration depth of the OCT subsystem, hgr was measured using a micrometer.

Results
Confocal Raman spectral analysis and measurement sensitivity in tissue

A strong linear concentration response (R2 > 0.99) was observed between the Raman mea-
surements of tenofovir in tissue and the corresponding absolute concentrations (Fig 5) as
expected for spontaneous Raman scattering. This relationship was used to create a standard
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Fig 4. Schematic of drug transport model for tissue transport assay. Dgp, Dst, Pep/g and Ogy/ep were
derived from fitting experimental data with the model.

https://doi.org/10.1371/journal.pone.0185633.9004

curve relating the Raman scattered intensity to the absolute concentration and produced a
root mean square error of prediction and limit of detection of 0.036% w/w in the tissue. The
limit of quantification was estimated to be 0.095% w/w.

Co-registered confocal RS and OCT measurements

An example of co-registered OCT and confocal RS z-scan measurements of a tissue specimen
incubated under a layer of the test gel is shown in Fig 6. A well-defined epithelium is seen with
OCT, supported by the stroma. The confocal Raman spectra show spectral contributions from
tenofovir (e.g., adenine ring mode near 725 cm™* [23], 1), which had diffused from the gel
down into the tissue. The peak intensities of tenofovir decreased with depth into the tissue,
while the tissue peak intensities (e.g., CH, deformation bands near 1440-1450 cm™ [40])
remained relatively unchanged. This suggests a decrease of tenofovir concentrations into the
tissue.

Confocal RS reveals spectral differences between epithelium and stroma and the spectro-
scopic transition corresponds to the epithelial thickness measured with OCT. The spectral dif-
ference due to varying amount of collagen content between epithelium and stroma is apparent
in the amide-3 mode region at approximately 1200-1400 cm™ (II) [41]. The Raman vibrations
at 1246 cm™ and 1271 cm™ correspond to collagen fibrils [42] that are present abundantly in
the basement membrane and the stroma.

Tenofovir transport properties in epithelium versus stroma

Tenofovir concentration distributions varied with time and depth and were different between
epithelium and stroma. Fig 7 shows an example of such differences. The concentrations
decreased with depth from the epithelium into the stroma. The overall drug diffusion profile
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Fig 5. A calibration curve of tenofovir in homogenized tissue for determination of absolute tenofovir
concentration. Each data point represents mean + SE of 5 measurements, except for the control (0%) and
0.45% data points, which represent means of 4 and 6 measurements, respectively (complete data are
available in the S1 Table). Error bars are invisible when smaller than the symbols. We observed a strong
linear dilution response (R2 > 0.99, P <0.0001) for concentrations of tenofovir in the tissue. The root mean
squared error of prediction (RMSEP) represents the limit of detection (i.e., the prediction accuracy of tenofovir
concentration in tissue).

https://doi.org/10.1371/journal.pone.0185633.9005

tended to be steeper in epithelium than that in stroma (Fig 7A), suggesting a higher transport

rate in the stromal compartment. Tenofovir concentration distributions were fitted with a dif-
fusion model of drug transport in order to derive the transport parameters (Fig 7B); these val-
ues are summarized in Table 1 (the complete data set is available in the S2 Table).

Discussion

We have developed and applied an optical assay based on the integrated performance of confo-
cal Raman spectroscopy and optical coherence tomography to analyze microbicide transport
from gel vehicles into and through tissue specimens. In our previous studies, we measured
drug transport in tissue which was incubated under a gel delivery layer in a Transwell configu-
ration, removing the gel delivery layer, and then using confocal RS to quantify the drug con-
centration versus depth in each tissue specimen [23, 24]. Each sample was measured at a single
time point rather than monitoring changes in the concentration profiles over time. Measure-
ments from multiple specimens (each incubated for a different time) were then combined to
generate an average time-dependent concentration profile. We noted the limitations of this
approach related to inter-tissue sample variability as well as drug diffusion during the data
acquisition period.
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Fig 6. Co-registered confocal RS and OCT measurements of a tenofovir gel—Treated tissue specimen in a diffusion
chamber. (A) Spectra are normalized by the mean intensity across all wavenumbers. Tenofovir peak intensities (1) decreased with
depth into the tissue, while the tissue band intensities (e.g., at 1440-1450 cm™' —representing CH, band of lipid and protein [40])
remained relatively constant. The spectral changes due to varying amount of collagen content between epithelium and stroma
appeared in the amide-3 band region (1200-1400 cm™, Il). Spectra are offset for clarity of presentation. (B) A well-defined epithelial
layer was observed, supported by the stroma. The gel was transparent and did not exhibit scattering; thus it appeared dark in the
OCT image. The Raman spectral changes observed at a depth of approximately 100 microns are consistent with the location of the
basement membrane identified by OCT.

https://doi.org/10.1371/journal.pone.0185633.9006

Here we present an enhanced methodology that offers two substantial improvements: (1)
data are acquired at successive times in each tissue sample while that specimen is maintained
under a layer of gel; and (2) the time- and space- dependent concentration data are processed
to deduce fundamental drug transport properties for both epithelial and stromal tissue layers.
This capability can extend to analysis of other molecules migrating into a range of tissues. The
assay provides minimally invasive, comprehensive analysis by optical sectioning within a bio-
logically and pharmacologically relevant matrix. Thus it improves the fidelity of measuring and
characterizing drug transport in tissue. This approach to characterizing drug transport is more
informative than traditional permeability assays because it quantifies the time and space-
dependent drug concentration distribution within the tissue during permeation, and it deduces
fundamental layer-specific mass transport parameters, the diffusion and partition coefficients.

Our confocal Raman results showed that tenofovir concentrations in the mucosal tissue
were not uniform with depth, not simply because the diffusional concentration profiles had
inherent spatial gradients but, also, because tissue structure was not uniform. The results indi-
cate that the epithelium presents a rate limiting barrier for tenofovir transport through vaginal
mucosal tissue. Consequences of the tenfold differences in diffusion coefficients for epithelium
vs. stroma (Table 1) can be appreciated using the simple formula for the root mean square dif-
fusion distance L = v/2Dt where D is the diffusion coefficient and ¢ is time [43]. This shows
that for a given time, a tenfold difference in diffusion coefficient results in a threefold differ-
ence in distance diffused. Considered another way, the diffusion time ¢ for distance L is
inversely proportional to the diffusion coefficient and thus increases tenfold as the diffusion
coefficient decreases by one order of magnitude. Such predicted and measured (in vitro) dis-
crepancies are likely to manifest in biopsies collected in in vivo PK studies (simulated in our
modeling studies [10, 11]).
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Fig 7. A representative spatiotemporal concentration profile of tenofovir in tissue. The thicknesses of the epithelium
(hep), the stroma (hst), and the gel overlayer (hg) were 104 um, 3387 um, and 1078 pum, respectively. (A) Tenofovir
concentration distributions obtained from multiple depth scans. Each data point represents a measurement at a different time
and depth. (B) Tenofovir concentration distributions fitted with a drug diffusion model to derive fundamental transport
parameters. Best fit parameters were: Dgp = 5.04 x 1078 cm?/s, Dgr = 4.14 x 1077 cm?/s, ®gp,g = 0.57, and Pgrep = 1.01. Data
are displayed in two different viewing angles with the best-fit surface that describes tenofovir concentration distributions in the
tissue.

https://doi.org/10.1371/journal.pone.0185633.9007

Table 1. Transport parameters derived from six independent tissue diffusion experiments—Each experiment used a different tissue sample
(n=6).

Parameter Mean * SD Range Median
Dep (cm?/s) 6.10£2.12x107® [2.71x1078,8.56 x 1078 6.11x107®
Dgst (cm?/s) 452+1.86x1077 [1.22x1077,6.57x107"] 4.62x1077
Pepra 0.53+0.15 [0.38, 0.81] 0.50
Dsr/ep 1.17+0.16 [1.01,1.41] 1.11
R2 0.83+0.07 [0.76,0.93] 0.83

https://doi.org/10.1371/journal.pone.0185633.t001
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Difference in structural properties between epithelium and stroma likely contributes to the
difference in diffusion coefficients between vaginal epithelium and stroma. The porcine and
human vaginal epithelia are stratified squamous, containing a much higher density of large
cells than the stroma. Tenofovir partitions into these cells, where it is phosphorylated into its
bioactive form, tenofovir diphosphate. However, the hydrophilic nature of tenofovir reduces
its ability to readily cross the lipid-rich cell membranes, thus slowing down the overall diffu-
sion rate of tenofovir in the epithelium. In contrast, the stroma has a much lower cell density
and possesses hydrophilic pathways within its collagen matrix. Thence, the stromal environ-
ment overall is more hydrophilic than the epithelium and offers less resistance to the transport
of hydrophilic molecules such as tenofovir. However, this could hinder transport of lipophilic
microbicide drugs (e.g., dapivirine).

Although this study was conducted on normal, non-inflamed tissue, it should be noted that
inflammation could alter mucosal composition, structure, and function, and thus the transport
rates of tissue. The tissue may experience swelling and its epithelial structural integrity could
be compromised [44]. Additional studies could explore the consequences of tissue inflamma-
tion on drug transport properties.

The methodology here for measuring and characterizing drug delivery into tissue could
potentially be implemented on commercial confocal RS instruments without integrated OCT
subsystems. Epithelial and stromal tissues have unique Raman spectral features (Fig 6A) that
can be used to determine the thicknesses of the layers on those instruments. By scanning in
depth through the sample and applying an appropriate correction factor (e.g., Fig 2A, see the
Instrumentation section), the spectroscopic transition could be observed and a rough estimate
of the epithelial thickness could be determined. With this approach, care would need to be
exercised to apply an appropriate correction factor, because this factor is dependent upon the
optical elements in the system and the optical properties of the tissue, which vary significantly
over different tissue types [45, 46].

Results here enable determination of key information about the drug delivery performance
of a microbicide gel product. The derived transport parameters can be used to compare drug
and vehicle systems, contributing to improved product performance evaluation and pre-clini-
cal development. These parameters are important inputs to deterministic computational
microbicide PK models [10, 15, 16]. Such models relate product properties of the vehicle and
drug, details of the dosage regimen, and properties of the host environment, to spatiotemporal
drug concentration distributions in target compartments. This is valuable information in
understanding the determinants of product prophylactic functionality, and in using that
knowledge to improve product and dosage regimen design.

Supporting information
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