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ARTICLE INFO ABSTRACT

Keywords: The secreted mucus layer in the vaginal epithelium presents a formidable barrier to the transport of active agents
Nanoparticles for the prevention and treatment of female reproductive tract (FRT) infections. Nanoparticle-mediated drug
Nanotherapy delivery has been proposed to help facilitate the transport and release of active agents through the cervi-
3D cell culture covaginal mucus (CVM) and underlying mucosa. However, both nanoparticles (NPs) and free active agents face a
Sexually transmitted infections (STIs) . .. . . . . .
Female reproductive tract (FRT) variety qf challenges, oft.en requl.rmg t.he administration of high localized doses to c1rcun}‘vent leeyl’kage and .p.oor
Intravaginal delivery penetration to targeted intravaginal tissue compartments. To address these challenges, “stealth” NP modifica-
Mathematical modeling tions have been investigated, due to their favorable mucus-penetrating properties, resulting in improved in-
Computational simulation travaginal active agent retention and transport. A number of other NP characteristics including size, surface
modification type, ligand density, and co-modification, as well as the complexity of the FRT tissue are involved
in obtaining adequate tissue penetration and, if needed, cell internalization. Studies that systematically in-
vestigate variations of these characteristics have yet to be conducted, with the goal to obtain a better under-
standing of what properties most impact prophylactic and therapeutic benefit. To complement the progress made
with experimental evaluation of active agent transport in in vitro and in vivo, mathematical modeling has recently
been applied to analyze the transport performance of agents and delivery vehicles in the FRT. Here, we build
upon this work to simulate NP transport through mucus gel, epithelial, and stromal compartments, with the goal
to provide a platform that can systematically evaluate transport based on NP and tissue characteristics. Model
parameters such as PEG density and NP release (decay) rate from mucus gel into the epithelium, are set from
previous in vitro and in vivo experimental work that assessed the transport of poly(lactic-co-glycolic acid (PLGA)
NPs. The modeling results show that while unmodified and 2% PEG-modified NPs were retained in mucus for
~1-4h, dependent upon decay constant values, and traverse to the epithelium, no NP penetration was observed
in the stroma. In contrast, NPs modified with 3% PEG, exhibited prolonged retention in each compartment,
remaining for ~4-6h. Moreover, a significant concentration of NPs is observed in the stroma, indicating a
transition in transport behavior. For NPs modified with 5, 8, or 25% PEG, steady retention profiles were noted,
which gradually decline over 24 h. To supplement this modeling study and to develop a more representative
experimental system that may be useful in future work, we report on the feasibility of constructing single and
multicellular layered (MCL) culture systems to represent the epithelial and stromal tissue of the FRT. We an-
ticipate that a combined mathematical/experimental approach may longer term enable prediction and custo-
mization of patient tissue-specific approaches to attain effective NP-mediated drug delivery and release for the
treatment of infectious disease.
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1. Introduction

Mucosal barriers have a crucial role in preventing and retarding
pathogen entry into the body. The effectiveness of the mucus layer in
deterring pathogen invasion paradoxically presents a major obstacle to
the delivery of therapeutic agents via oral (gastrointestinal tract), re-
spiratory (nasal cavity and lungs), or topical (cervicovaginal) applica-
tion [1-9]. In particular, the cervicovaginal mucosa (CVM) and un-
derlying mucosa present a complex multi-layered environment (Fig. 1),
with unique characteristics influencing the transport of therapeutic
agents. The secreted mucus layer, which is apically located, consists of
polymerized mucin fibers and globular secretions. Beneath this layer is
the stratified epithelium which is approximately 200-400 um thick,
while the lamina propria (or stroma) lies basally and is the thickest
layer (2.5-3 mm), containing immune (CD4+ ) and host (macrophage)
cells. A vast array of mucin fibers can also be found within the stroma
[1]. The arrangement of these fibers, as an aligned or randomized fiber
meshwork, is influenced by menstrual and ovulation cycles.

Various drug delivery platforms have been devised to maintain ac-
tive agent stability and intravaginally deliver effective doses, while
minimizing adverse effects. For delivery to the female reproductive
tract (FRT), a multitude of platforms have been developed to provide
sustained-release [9-16]. Yet mucin fibers in the apical and basal por-
tions of the CVM present a significant barrier to the diffusive transport
of active agents and drug delivery vehicles [4,17]. Depending on the
mucin fiber arrangement, pores of varying sizes may impede or facil-
itate agent or vehicle passage. Additionally, the affinity of delivery
platforms to reversibly bind to mucin fibers has proven to be a key
factor affecting diffusive transport. In addition to transport barriers,
vaginal retention and clearance rates impact delivery vehicle and active
agent localization. Vehicles that superficially bind to the luminal mucus
layers are rapidly cleared and thus unable to penetrate the underlying
adherent mucus and mucosal tissue layers [17,18]. However, molecules
that exhibit mucoadhesive properties or are able to rapidly penetrate
through the luminal mucus layer can improve retention [18].

Active agents encapsulated in nanoparticles (NPs) have been ex-
plored as a means to overcome intravaginal delivery barriers, in part
due to the simplicity with which their physicochemical properties can
be tuned to attain desired pharmacokinetic (PK) and pharmacodynamic
(PD) properties.[18-24] For topical intravaginal delivery, surface
modification via the addition of ligands can either enhance NP diffusion
through vaginal mucus and the mucosa [4,6,17,21,25] or impart mu-
coadhesive properties [26,27], thereby enhancing retention within the
FRT. In particular, Polymeric NPs have proven to be highly effective in
this regard [5,10,28], with in vitro and in vivo experiments providing
insight into how diffusive transport through cervicovaginal mucus is
dependent on ligand choice, surface density, and molecular weight.

However, the design of NPs and their modifications to effectively
penetrate and elicit prophylactic or therapeutic effect in the CVM is
nontrivial, primarily due to the multitude of NP characteristics and

Fig. 1. Schematic structure of the CVM showing the mucus gel (top), epithelium
(middle), and stromal layers (bottom).
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biological factors involved. As such, iterative testing of all potential NP
design and tissue conditions is infeasible. To complement the experi-
mental effort, mathematical modeling and computational simulation
have been recently applied to provide a more systematic evaluation of
efficacy, transport, and potential design tradeoffs for intravaginal de-
livery [1,9]. Mathematical modeling can provide insight into the PK
and PD properties of molecules and drug delivery platforms, especially
as a function of diffusion and distribution through physiological en-
vironments that are difficult to evaluate experimentally. This modeling
may serve as a tool to test variations of different system parameters, and
to identify molecule and drug delivery platform formulations that may
be efficacious in clinical application.

Previous modeling effort has primarily focused on studying the
diffusion of small molecules through the CVM and underlying mucosa
after release from a topically applied gel, intravaginal ring, or film
[1-9]. Yet there remains a critical need to evaluate NP-mediated agent
delivery to the FRT, as the impact of factors such as NP size, surface
modification type, ligand density, and co-modification on diffusive
transport, remain poorly understood. Although there are additional
mechanisms of molecule transport through the mucosa - such as re-
ceptor mediated transcytosis [29] — passive diffusion, both paracellular
and transcellular, prevails as the predominant transport mechanism
[30,31]. Accordingly, this study focuses on the diffusive flux of NPs, as
this has been modeled in both vaginal tissue and experimental systems
that recapitulate in vivo results. Furthermore, microbicide modeling
studies have shown that diffusive flux is the main mechanism used to
simulate transport of drug molecules in the FRT [1,32-34].

Building upon previous work modeling the transport of anti-
retroviral drugs in the FRT [1,9], here we develop a framework to si-
mulate NP performance in terms of diffusive transport and distribution
through the CVM. We describe a multi-compartmental model that in-
corporates first-order reaction rate constants and measurable para-
meters based on NP physicochemical properties that have been shown
to significantly impact diffusive transport. Some of the parameters of
interest include NP release rate from the mucus gel (decay rate) and
PEG modification density, as functions of tissue compartment (i.e.,
mucus gel, epithelium, or stroma) and time. As a first step, these
parameters are set from previous in vitro and in vivo experimental work
evaluating poly(lactic co-glycolic acid) (PLGA) NPs in monolayer cell
cultures and in murine models, respectively. By developing a mathe-
matical model that accurately predicts NP diffusion as a function of
these critical parameters, we aim to establish the feasibility of a fra-
mework to systematically assess variation in NP characteristics, in-
cluding different ligand types, densities, and co-modifications. Further,
to provide for a more detailed experimental evaluation of diffusive
transport and measurement of associated model parameters in the fu-
ture, we explore the feasibility of constructing single and multicellular
layered (MCL) cell culture systems to represent CVM tissue in vitro. With
further refinement, these culture systems may provide an experimental
set-up that helps to overcome the limitations of monolayer culture,
while avoiding the complications of in vivo systems. Longer term, the
determination of therapeutic parameters, including NP surface mod-
ifications, via a combined mathematical/experimental approach that is
customized to patient-specific FRT conditions, may achieve the goal of
effective active agent delivery through the CVM.

2. Methods
2.1. Mathematical model

Mathematical modeling has been previously applied in the field of
intravaginal and microbicide delivery to evaluate the PK and PD and
often cytotoxic behavior of various small molecules and therapeutic
agents. In particular, mass balance driven models have been developed
[1,2], with the CVM and mucosal layers represented as distinct com-
partments, thus providing for the capability to evaluate diffusive
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Fig. 2. Schematic representation of the va-
ginal epithelium dimensions used to model
nanoparticle release from mucus gel in the
CVM. (A) System cross-section. The model
simulates a single compartment of gel from
which nanoparticles diffuse, following the
model in [35]. The compartment re-
presenting the mucus gel is 0.5 cm thick and
has a radius of 0.5 cm. The radii of the epi-
thelial and stromal compartments are both

3 cm, while the thicknesses of the epithelium and stroma are 0.02 cm and 0.28 cm, respectively (shown to scale). (B) 3D representation of the modeled vaginal

epithelium.

transport through each layer. The models are comprised of partial dif-
ferential equations which account for the diffusive flux of small mole-
cules, as well as their clearance within each compartment [1,2].

2.1.1. Transport model

We build upon this previous work [1,2] to represent the complex
process of NP diffusion through the three main layers of the FRT
(Fig. 2), represented here in a layered concentric schematic as follows: a
0.5cm X 0.5 cm disk for the mucus gel (top), a 3cm X 0.02 cm disk for
the vaginal epithelium (middle), and a 3cm X 0.28 cm disk for the
vaginal stroma (bottom), respectively denoting disk radius x height.
The model implements three mass balance equations to account for the
NP transport through each of these layers, as follows:

Cp o
7at = D, V*Cp—(kyy + kg + kpa)Cri )
BCE

— = D V?Cyg—k, G

ot E E a“E (2)
aCs

T, = DSVZCS—(kb + kg + kpg)Cs 3)

These equations govern the mass transport of NPs through the se-
creted mucus gel (Eq. (1), the squamous epithelium (Eq. (2) and the
stroma (Eq. (3). Variable C represents the NP concentration within each
compartment: mucus gel (m); epithelium (E); and stroma (S). NP dif-
fusivity within each layer is represented by D. To account for physio-
logical and physicochemical factors affecting the PK/PD behavior of
surface-modified NPs, reaction rate parameters are defined as sum-
marized in Table 1.

Three parameters are defined to account for critical NP physico-
chemical parameters that may significantly affect diffusive transport. In
Eq. (1), k,, is a first-order reaction rate constant characterizing the
clearance of NPs from the mucus gel compartment due to vaginal fluid
and secretions, while k; in Eq. (3) is the first-order clearance term re-
presenting the loss of NPs to the vascular and lymphatic system below
the stromal layer. In both of these equations, the rate kpq characterizes
the affinity for NPs to reversibly bind to and unbind from the mucin
fibers, as the mucin fiber meshwork is only found within the secreted
mucus and stromal layers of the FRT. This reversible binding is de-
pendent on the NP surface properties, and has been shown to affect NP
diffusion due to transport hindrance via binding and obstruction by
mucus pores. In all equations, the rate constant k, characterizes the
probability of the NPs to self-aggregate. If the average diameter of this
aggregate exceeds that of the mucin fiber pore size or becomes too large
to transcytose through the epithelium, then the NP transport will be

Table 1
Mathematical model reaction rate parameters.
Parameter Definition References
km NP clearance due to vaginal fluid [21]
kpa NP reversible binding to mucin [6,10]
ka NP self-aggregation [6]
kp NP clearance to vascular and lymphatic systems [21]

hindered or halted [4,6,10,17].

2.1.2. Transport model initial conditions

At the initial time of treatment (t = 0) the NP concentration in the
mucus gel compartment is assumed equal to an initial concentration C,
(Eq. (4), while the concentrations in the epithelial and stromal com-
partments are null (Egs. (5) and (6). Steady-state conditions are as-
sumed at time equal to infinity (Eq. (7).

Cm = C(), t=0 (4)
Cy=0, t=0 5)
Cs=0, t=0 6)
dc

—_— = O, t=

dt ® @

2.1.3. Transport model boundary conditions

No flux boundary conditions are applied to the lumen/mucus gel
(Eq. (8) and to the stroma/vasculature (Eq. (9) interfaces. Since the
model domain represents a theoretical tissue cross-section, transfer
boundary conditions are assumed at the (lateral) sides of the geometry
(Egs. (10) and (11), with g denoting the transfer coefficient out of the
region (assumed to be equivalent to the lateral diffusion coefficient of
the NPs in the region that contains the boundary).

% =0, x = lumen/mucosal layer interface

ox ®
GCS .

— =0, x = stroma/vasculature layer interface

ox ©)]
aﬁ = qCp, x = lateral edge of epithelial region

ax =qCg, - g P g (1 0)
% = qCs, x = lateral edge of stromal region

. qCs, g s an

The release of NPs from the gel into the mucus compartment is
assumed to follow a simple decay function Coe %' The decay rate
constant B was varied over a 3-fold order of magnitude from 0.001 to 1,
with the latter case representing an upper bound on the same order as
that of drug molecules eluting from a fibrous mesh [35]. A re-
presentation of the overall system geometry and the associated
boundary conditions are depicted in Fig. 3.

2.1.4. Numerical solution

The MATLAB Partial Differential Equation Toolbox was used to
solve the system of differential equations (Mathworks. MATLAB. 7.11.0
ed. MathWorks Inc.: Natick, MA; 2010). The solution builds upon recent
work that simulated the transport of Tenofovir released from PLGA fi-
bers in the FRT [35]. The mesh for the domain consisted of approxi-
mately 48,000 triangular elements.

2.2. In vitro systems

With the goal to obtain a more detailed measurement of NP
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Fig. 3. Representation of the system geometry in simulated tissue. No flux
boundary conditions were applied along edges E1, E2, and E3. The solution was
held to be zero at the bottom of the stroma, represented by edge E4. Transfer
boundary conditions were applied along edges E5 (flow out of the epithelium)
and edges E6 (flow out of the stroma). Units are in cm.

diffusive transport and associated model parameters via in vitro systems
in the future, we assessed the feasibility of constructing cellular models
that represent squamous and columnar epithelial tissue. These included
multicellular layers (MCL) with SiHa cervical cancer cells and single
cell layers with VK2/E6E7 vaginal epithelial cells.

2.2.1. Multicellular layer formation

The cervical carcinoma cell line SiHa was initially used to validate
the growth of stratified epithelium in vitro [36]. Prior to cell seeding,
transwell inserts were coated with 100 L of collagen (Type 1 from rat
tail, Sigma C3867) solution diluted in 70% EtOH to a final concentra-
tion of 800 ng/mL. Inserts were dried in a sterile cell culture hood for
6h prior to cell addition, to allow for EtOH evaporation. After the
drying period, SiHa cells that had reached 70% confluence were pas-
saged and seeded onto transwell inserts with a polyester membrane
(Corning 3472), at a density of 1 x 10° cells per well per 100 uL. Ad-
ditionally, 700 pL of culture medium was added to the basal well, en-
suring that the insert was fully submerged in a total volume of 800 pL.
The transwell plates were subsequently incubated in 37 °C, 5% CO, and
allowed to grow overnight (24 h). To enable viable expansion of these
multilayer cultures, 470 mL culture jars were sterilized and prepared
for subsequent incubation. After sterilization, 70 mL MEM (supple-
mented with 10% FBS and 1% P/S) media and a micro-stir bar were
added to each jar. Following the initial 24 h growth period, inserts were
removed from the plates and positioned in foam flotation cutouts to
allow inserts to freely float in the jars. The insert + flotation device was
carefully placed in the culture jar using sterile tweezers. Culture jars
containing cell inserts were placed on a stir plate set to approximately
200 rpm and allowed to grow for 7 days under normal cell culture
conditions.

2.2.2. Multicellular layer imaging

Following the 7 day growth period, inserts were removed from the
culture jars for processing. Briefly, the insert membrane containing the
MCL was carefully cut to avoid damage to the MCL, and completely
embedded in cryomolds containing Tissue-Tek® OCT compound. The
inserts were frozen using dry ice, and the MCL was subsequently
cryosectioned using a cryostat (LEICA CM1900) at a thickness of 20 um.
The sections were thaw-mounted onto Superfrost® Plus glass slides.
Prior to immunocytochemistry staining, slides were dried at RT over-
night and subsequently fixed with 300 pL of 4% paraformaldehyde for
10 min at RT. Following fixation, the MCL sections were stained with
Texas Red Phalloidin (actin detection, 1:40 stock dilution) and Hoechst
33,342 (nuclei detection, 1pg/mL) solutions. Lastly, slides were
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mounted with Vectashield hardening medium and stored at 4 °C prior to
fluorescence imaging.

2.2.3. Single cell layer formation

Cell layers representing the healthy vaginal epithelium were used as
an in vitro model [13,37,38] to assess NP transport. The vaginal cell line
VK2/E6E7 was maintained in keratinocyte serum free medium sup-
plemented with 0.1 ng/ml human recombinant epidermal growth
factor, 0.05mg/ml bovine pituitary extract, and additional calcium
chloride 44.1 mg/L (ATCC). Once cells reached 70-80% confluency,
they were seeded in 24-well cell culture inserts containing a poly-
carbonate membrane with a pore size of 5um (Corning 3421). Cells
were seeded at a density of 5 x 10 cells/200 uL. medium per insert,
with 700 pL. medium in the basal compartment of the well. Inserts
containing cells were grown for six days after seeding to allow for
cellular tight junction formation. Transepithelial electrical resistance
(TEER) was monitored every two days by a volt-ohm meter to assess
cell layer integrity and validate intercellular junction formation; values
were normalized to an untreated cell culture insert control. After six
days, cell layers were confirmed to have reached ~30Q*cm? in-
dicating the presence of an intact, confluent cell layer [36-38], subse-
quently used for the transport experiments.

2.3. Nanoparticle experiments

2.3.1. NP synthesis

Ultra-small PLGA NPs encapsulating the fluorophore Nile Red were
synthesized using an adapted oil-in-water (o/w) single emulsion tech-
nique, to enable visualization via fluorescence microscopy [39,40].
Ultra-small NPs (~70nm), versus the typically sized ~150 nm NPs,
were fabricated in these experiments due to the known transport de-
pendence on size. Carboxyl-terminated poly(lactic co-glycolic acid,
PLGA) (0.55-0.75 dL/g, LACTEL®) was used to synthesize 100-200 mg
NP batches. Nile red was dissolved in methylene chloride (DCM)
overnight at a concentration of 2 ug per mg of PLGA. The following day,
the PLGA/Nile Red/DCM solution was added dropwise to a 5% poly-
vinyl alcohol (PVA) solution of equal volume, vortexed and sonicated.
The resulting NPs were hardened in 0.3% PVA during solvent eva-
poration for 3h. The NP/PVA suspension was centrifuged at
13,000 rpm for 10 min, followed by subsequent centrifugation of the
supernatant at 100,000 X g to separate small (~ 150 nm NPs) from ultra-
small (~70nm) NPs.

The emulsion method was adapted to synthesize PEG-modified
(5000 Da, Nanocs Inc.) NPs as described previously [16,39,40], Briefly,
NPs were synthesized by adding an equal volume of avidin-palmitate
(1 mg/mL) to the 5% PVA solution to obtain a total amount of 5mg
avidin/100 mg NP. Surface-modified NPs were collected after the first
wash, and incubated for 30 min on a rotator with biotinylated ligands at
a molar ratio of 3:1 ligand:avidin in PBS. Following this conjugation,
PEG-modified NPs were washed and centrifuged at 100,000 X g as de-
scribed above.

2.3.2. NP transport

Confluent VK2 cell layers were used as vaginal tissue mimics to
evaluate NP diffusivity. Ultra-small PEG-modified and unmodified NPs
were administered at an initial concentration of 100 pg/mL. At speci-
fied time points post-administration (1, 2, 4, 6, 24, 48 h), media in the
basal compartment of the transwell system was collected and re-
plenished with fresh media. The concentration of NPs at each time was
determined using a fluorescence spectrophotometer with excitation/
emission wavelengths of 550/630nm, and compared to a known
standard. To account for steric hindrance of NP diffusion through the
insert membranes, the transport data were normalized to the quantity
of unimpeded NPs, when transport was assessed in inserts alone
without cells. NP transport was assessed in cell layers for both particle
groups (n = 3).
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VK2 layers were assessed (n = 3) for viability with TEER prior to NP
administration. Each NP control and experimental group was tested in
triplicate. An untreated cell layer was used as a control to continuously
monitor TEER values throughout the NP treatment, and to confirm no
loss in cell layer integrity. As noted above, VK2 layers were only used
after confirming that TEER values were a minimum of 28 Q * cm?.

3. Results
3.1. Calculation of model parameters

The mathematical model parameters (Table 1) were estimated from
previously reported values in the literature. Diffusivities D were ob-
tained from experimental data by Xu et al. [6] for NPs modified with
5kDa PEG at 0, 2, 3, 5, 8, 10 and 25% PEG densities. In that study, the
diffusivity of fluorescently-labeled PEG-modified NPs in fresh, un-
diluted human vaginal mucus was measured as a mean squared dis-
placement by single particle tracking. The average effective diffusivity
was used to derive the diffusivity D for each particle type in our model.
The rate of NP clearance k,, due to vaginal fluid leakage was estimated
from [21], where the nanoparticle leakage on absorbent paper was
measured 0.5 and 2h after intravaginal administration of 750 ug of
nanoparticles in a murine model. The leakage was measured in terms of
mass, and the value of k, was calculated by dividing the average NP
quantity recovered in ug over a period of 0.5 h and dividing by the total
mass of administered NPs. The rate of NP self-aggregation k, was ob-
tained from [6], for which the size distribution of (0, 2, 3, 5, 8, 10 and
25%) PEG-modified NPs was measured with respect to time in 10 mg/
mL mucin (here, non-dimensionalized by the NP diameter). The value
of k, was calculated by taking the average size distribution across all
incubation periods (ranging from 0 to 180 min) and dividing by the
individual particle diameter. The NP clearance to the vascular and
lymphatic systems k;, was set to 0 based on observations in [21]. The
reversible binding of NPs to mucin ks was calculated from [6], which
measured the amount of bound mucin per NP surface area (mg mucin/
m?) using isothermal titration calorimetry, and which was here non-
dimensionalized by NP surface area divided by the initial mass of
mucin. The mass was calculated by multiplying the concentration of
mucin (2.2 mg/mL) by the calorimetric cell volume (1.4 mL). A rate was
obtained by dividing the amount of bound mucin to NP surface area by
the 2h incubation period for the isothermal titration calorimetry
technique [10]. These experimentally-derived parameter values are
summarized in Table 2.

3.2. Simulation of NP diffusive transport

Next, the diffusive transport of NPs surface-modified with different
PEG densities was simulated (Fig. 4), where the decrease in NP con-
centration is representative of the diffusion of NPs out of each com-
partment, in addition to their loss from the compartment. The initial
mass of administered NPs was modeled using a value of 0.01 mg, to
match our experimental data in which 10 pg NPs were administered in a
volume of 100 pL. media (100 ug/mL). Similarly, an initial mass of
0.05mg in a volume of 5 uL (10 mg/mL), matching the murine data of

Table 2
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[6] was also evaluated, yielding essentially the same transport behavior
as the case with 0.01 mg, except that the corresponding magnitudes of
concentration were increased 5-fold (data not shown).

One of the parameters of interest in this study was the effect of NP
release rate from the mucus to surrounding tissue compartments. These
values can vary, as shown in [6,10,21], and are known to significantly
impact NP diffusion and distribution throughout the cervicovaginal
mucus and underlying mucosa. From our modeling results, we observed
that the maximum NP concentrations in each compartment increased as
the NP decay rate, or release of NPs from the mucus gel compartment,
decreased. Within the first hour after administration, the resulting
concentration of NPs varied across a wide range for decay rate con-
stants spanning three orders of magnitude (1-0.001 h™1), respectively
(Table 3).

For each decay constant value, as the % PEG-modification in-
creased, the NP concentration in each compartment (mucus gel, epi-
thelium, stroma) was generally higher with respect to time. The most
prolonged NP retention was observed for the 0.001 decay constant,
after 24 h resulting in concentrations of 4.7 x 107>, 1.2 x 10> and
5.8 x 10~ ®pg/mL in the mucus, epithelium, and stroma, respectively.
Furthermore, NPs with 3% or less PEG-modification density, demon-
strated a sharp decline in concentration over the first 6 h, whereas NPs
modified with 5, 8, or 25% PEG, evinced more gradual decreases in NP
concentration. In all cases, the 5% PEG formulation maintained the
highest concentrations across compartments. The rapid penetration and
distribution of PLGA NPs into the vaginal tissue is consistent with
previous experimental results in vivo [20]. In particular, PEG-modified
PLGA NPs were readily detectable in mouse vaginal stroma 6h post
administration [21], with the NPs having at least an order-of-magni-
tude decrease in concentration over 24 h.

Overall, the simulations show that NP concentrations achieved in
the mucus gel, epithelium, and stroma were similar for NPs with greater
than 5% PEG modification, with all compartments retaining high con-
centrations of NPs, differing by an approximate order of magnitude, for
at least 6 h. In contrast, NPs with less PEG modification and the most
rapid decay constant of 1, demonstrated decreased NP concentration by
an order of magnitude in the mucus gel and epithelium within 2h.
Similar, but more elevated trends were observed for the lowest decay
constant 0.0001. In contrast in the stroma, unmodified or 2% PEG-
modified NPs resulted in no NP penetration regardless of decay con-
stant value. In these two NP groups, the decay constant had the
strongest impact, particularly in achieving distribution to the under-
lying epithelium. These results highlight the strong dependence that NP
retention and distribution have on surface modification, particularly at
low surface ligand density, with a lesser, but still significant depen-
dence on decay rate.

To quantify these observations, the AUC for each NP formulation
was calculated as a function of PEG density, shown in Fig. 5. The results
show that as the decay constant from the mucus gel to the epithelial
compartment decreases, the AUC in each compartment increases. The
5% PEG formulation achieved the highest AUC in each compartment,
followed by the 25% PEG-modified NPs. The values for the 10% PEG
modification were the same as for the 25%, as expected based on their
similar parameter values (Table 2), and are therefore not shown. To

Mathematical model parameters calculated for NPs modified with 5kDa PEG, at various PEG-modification densities.

% PEG density on NP surface D (um?/s) (from [6])

km (1/s) (from [21])

kq (1/s) (from [6]) kpq (1/s) (from [6]) kp (1/s) (from [10,21])

0 2.37 x 107° 73.33 x 107°
2 7.49 x 107° 18.5 x 107°
3 0.422 18.5 x 107°
5 0.237 18.5 x 10~°
8 0.562 18.5 x 10~°
10 0.422 18.5 x 107°
25 0.422 18.5 x 107°

2.22 x 1073 7.28 x 10718 0
2.19 x 1073 2.32 x 10718 0
6.53 x 1074 2.15 x 10718 0
2.83 x 107° 7.88 x 1071° 0
0 7.55 x 1071 0
0 7.68 x 10~ 0
0 291 x10°1° 0
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Fig. 4. Model-simulated penetration of PLGA NPs into the CVM, related as a function of NP concentration with respect to time, for various % PEG modifications, an
administered dose of 0.01 mg (100 ug/mL), and a range of decay values from the mucus gel to the epithelial compartment (B = 1 through B = 0.001).

further validate the dependence of NP retention and transport on PEG
modification density, the AUC value in each compartment for each %
PEG formulation, as a proportion of the total AUC for the three com-
partments modeled in the mucus gel, epithelium, and stroma, is pre-
sented in Fig. 6. For PEG modifications of 3% or higher, the respective
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AUCs remain similar in each compartment, whereas for lower % PEG
formulations, most of the NPs remained in the mucus gel, with negli-
gible quantities of NPs transported into the epithelium and none into
the stroma. The proportions transported were the same for all values of
NP decay rates from the mucus gel into the epithelium.
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Fig. 5. Area-under-the-curve (AUC, in units of pg/mL - Minute) calculated for each compartment for PLGA NPs with various % PEG modifications and with a range of
decay values (B =1 to B = 0.001) from the mucus gel to the epithelial compartment.

With this in mind, we utilized previously published data from in
vitro and in vivo experiments [6,10,21] to estimate parameter values
and developed a model building upon previous work [1,2] to assess the
diffusive transport of NPs as a function of NP physicochemical prop-
erties (here, surface modification) and clearance rate from the apical
mucus layer (Fig. 2). Variations in PEG surface density were chosen as
PEG has proven to be the most effective “stealth” ligand to achieve
mucus penetration [5,6,8,17,25,39,46-49]. Hence, a higher density of
PEG modification was expected to increase mucus penetration, due in
part to the hydrophilicity of PEG, providing NPs with a diffusive flux in
mucus comparable to that of water. Furthermore, PEG modification
increases NP colloidal stability, which deters NP aggregation, thereby
increasing the ability to diffuse between mucin fibers
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[5,6,8,17,25,39,46-49]. Based on previous in vitro and in vivo studies, a
5kDa MW PEG molecule was modeled as it has demonstrated enhanced
NP diffusion, relative to surface modification with higher MW PEG.
Moreover, due to these favorable properties, to date, the most com-
monly studied NP modification in terms of transport has been PEG, with
studies demonstrating the impact of PEG density and MW on diffusion.
Given this, we selected PEG modification as the basis to build a model
that can validate and predict the impact of surface modifications. While
experimental studies have assessed these impacts, there are no pre-
dictive tools available to help non-iteratively refine the design of NP
modifications (PEG or other) to understand their impact on transport.
We anticipate that this model may be tailored in future work to not only
consider PEG, but also to estimate the transport properties of other
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Fig. 6. Area-under-the-curve (AUC) values in each compartment for each %
PEG formulation, as a proportion of the total AUC for the three compartments
modeled in the CVM. The proportions were the same for all values of decay rate
of NPs from the mucus gel into the epithelium.

Fig. 7. Multicellular layer of SiHa cervical cancer cells growing in 3D cell
culture in vitro. Staining is shown in red (Texas Red phalloidin) for actin fila-
ments and in blue (Hoechst) for cell nuclei.

VK2 Cell Layer NP Transport

««e+«Ultra Small Unmod
o= Ultra Small PEG
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Time [h]
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Fig. 8. Measurement of ultra-small unmodified and PEG-modified NP transport
through VK2/E6E7 cell layers.

surface-conjugated molecules and more complex co-modifications.

To evaluate the effect of NP properties on transport, reaction con-
stants that characterize the specific physicochemical properties of sur-
face-modified NPs were considered in the mathematical model. The
rate at which NPs self-aggregate and bind to mucin fibers is sensitive to
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NP surface properties and can thus be tailored using surface modifica-
tion. The addition of these NP parameters expands the model’s ability to
evaluate how transport might change as a function of NP surface
modification. This allows for a more descriptive platform to provide
insight into how NP surface modification can contribute and affect
diffusion in the cervical mucus and underlying mucosa.

The two main parameters assessed in this study were PEG mod-
ification density and the decay constant, representing NP release from
the mucus gel into the epithelium. For the set of parameter values used
here, the results show that unmodified and 2% PEG-modified NPs are
retained in mucus for ~1-4h, dependent upon decay constant and
traverse to the epithelium, but no NP diffusion is observed in the stroma
(Fig. 4). In comparison, NPs modified with 3% PEG, exhibit slightly
prolonged retention in each compartment (mucus gel, epithelium), re-
maining for ~4-6h, dependent upon decay constant. Moreover, a
significant concentration of NPs is observed in the stroma, indicating a
transition in transport behavior. Last, for NPs modified with 5, 8, or
25% PEG, steady retention profiles are noted, that gradually decline
over the course of 24 h, dependent in overall magnitude on the decay
constant. These results indicate that there may be a threshold value that
will increase retention in the mucus, and, indeed, studies have observed
that at a threshold density, PEG can enable mucoadhesive vs. mucoinert
properties [25,43,50]. However, for these higher % PEG modifications,
NPs penetrate the epithelium to reach the stroma in high concentration
(Fig. 5).

These model-based observations with the given set of parameter
values have important ramifications for NP design, in that if the de-
livery of an entry inhibitor is desired, versus a molecule that targets
infected epithelial or stromal cells, different modification densities may
impact efficacy more potently. In another sense, NP delivery as a pro-
phylactic is often viewed as a “race” to prevent virus infection. Hence
NP transport in the immediate time frame of the first few hours sur-
rounding infection is critical to ensure that active agent reaches the
target destination. These target destinations may vary, including the
mucus/epithelium for general entry inhibitors or HSV-2 inhibition, or
the epithelium and stroma for antiretroviral agents against HIV-1. The
results shown here reinforce the need to predict and validate NP
transport behaviors in the early time frames surrounding infection.

As compared with a simple in vitro test case run with unmodified
and PEG-modified NPs, we observed in the experiments that at later
time points the NPs continue to traverse cell layers, even in a simple
single layer system (Fig. 8). Single layer culture systems may be useful
to represent single columnar epithelial layers present in the endocervix,
while multicellular models may represent squamous cell layers in the
ectocervix and vagina. The continuation of NP release in our simple
single cell layer set-up indicates that the model may not fully capture
what is occurring at later time points. It should be noted, however, that
cellular assays that utilize transwell set-ups may be convenient for as-
sessing drug transport, but that limitations exist with NPs [37,51].

In this work, we utilized ultra-small NPs (~70nm) to achieve dif-
fusion through both single cell layers and empty transwell control
membranes. In initial experiments utilizing typically sized PLGA NPs
(~150nm), very low penetration through the transwell inserts alone
(both polyester and polycarbonate) resulted. This indicates that re-
gardless of culture system on the membranes, size and hydrophobic
interactions with the membrane may confound the experiment, as also
observed in [37,51].

Additionally, some of the in vitro methods used to obtain empirical
NP transport data obtained, either from the cell layer models described
here or from other studies [6], may not accurately recapitulate the
complex physiology of the FRT, and thus could impact the transport
parameter values estimated in the model. The in vitro methods used
here must be validated with results from in vivo or ex vivo studies, while
in parallel exploring other cell culture models to obtain more re-
producible, multilayered systems. Moreover, we recognize that mucus
is not integrated in our in vitro cell culture, hence an additional barrier
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layer is not present. This difference may partially account for the ability
of NPs to continue penetrating the cell culture layer, while the simu-
lations predict declining concentrations, regardless of parameter set-
tings. These more complex multi-layered systems will be evaluated in
future work. Last, the in vitro model was validated with NPs modified
with only one density of surface ligand. In future work, we plan to
expand upon this experimental work to assess and confirm the impact
of different densities and ligand types on diffusion.

In addition to the mathematical model observations based on PEG
density, the release of NPs from the mucus layer, as represented by the
decay constant, had a major impact on NP distribution and con-
centration. Overall, as the decay rate constant decreased, NP con-
centration increased by an approximate order of magnitude in each
compartment, for each modification type (Fig. 4). Despite null con-
centrations of NPs in the stroma for the unmodified and 2% PEG-
modified NP formulations, this trend was generally observed regardless
of modification density. The correlation observed between decay con-
stant and initial/final concentrations in the various compartments over
24 h represents an important consideration for NP delivery, and is
consistent with experimental data [7,18,24].

One of the primary challenges with NP delivery is the propensity for
leakage from the mucus [21], as leakage from the FRT is dependent on
the type of dosage form and the associated surface properties. This has
been assessed using a variety of NP formulations, and rapid clearance
from the superficial mucus layers remains a consistently encountered
limitation [18,22]. This suggests the importance of better under-
standing the kinetics of mucoadhesive systems, and if this “decay rate”
may be tailored, via surface modification or other methods (e.g. os-
molarity of solution [15,52]), significant increases in delivery might be
obtained. Moreover, variation of this decay constant offers insight into
the impact that NP retention has in distribution in the mucus, and
ubiquitously across compartments, and how important it is to keep NPs
in the mucus during the first few hours surrounding delivery. Moreover,
this parameter can be used in future work to estimate the impact of
more adhesive (PEG can also be mucoadhesive) or charged ligands that
are retained in mucus longer. Conversely, there may be a threshold at
which the decay constant has a deleterious effect, inducing NP reten-
tion in the mucus, but restricted transport to other compartments.

In addition to the ability to vary ligand modification density and
mucus removal rate, some of the modeling features that would be
beneficial to build into this platform include the effects of non-stealth
(non-PEG), receptor targeted, and cell penetrating NPs.
Correspondingly, the effect of different modification densities of this
variety of ligands on transport would be interesting to compare across
different ligand types. Additionally, many studies have assessed mul-
tifunctional NPs that are co-modified with 2 or more ligands
[39,40,53-59]. However, these NPs are often iteratively designed,
making it challenging to assess more than a few logical variants of
modification combinations and densities. Having the ability to better
understand the molecular impact of co-modified NPs and even NP co-
treatment groups [39,40], would provide some perspective as to how
useful these co-modifications truly are, and how they can be designed to
maximize efficacy. Moreover, for other molecules that enable cell tar-
geting or penetration, the ability to tailor the model to incorporate the
effects of ligand MW, and calibrating with in vitro or in vivo experiments
would offer opportunities to understand how these platforms may
perform in vivo. In addition, obtaining a better understanding of how
changes in NP dose affect accumulation, clearance, and transport would
be sound to relate to safety studies. In particular, having the ability to
ascertain if there is benefit attained from the administration of a higher
dose to increase localized concentration would provide much needed
information for pre-clinical safety and efficacy studies. Lastly, the
ability to incorporate other parameters, such as osmolarity of the ad-
ministration solution could be highly impactful, as administration
conditions have been shown to markedly affect intravaginal distribu-
tion [15,52].
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In conclusion, a tool to systematically evaluate how NP surface
modifications might significantly affect diffusion through mucus and
tissue barriers may be beneficial when designing NP formulations for
intravaginal delivery. The model presented here is offered as a first step
for a better understanding of how changing the surface properties of
NPs can either increase or retard diffusion and transport through the
CVM, epithelial, and stromal compartments. When rationally designing
NP delivery platforms, the goal for this model will be to both predict
and understand how surface modifications can be used to tailor the
pharmacokinetic and pharmacodynamics behavior of NPs to attain ei-
ther mucoadhesive or mucus penetrating platforms, with the goal to
overcome transport barriers and achieve efficacious drug-based pre-
vention and treatment of infections in the FRT.
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