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Introduction: Communities of bacteria collectively known as the vaginal
microbiota reside in the human vagina. Bacterial vaginosis (BV) describes an
imbalance of this microbiota, affecting more than 25% of women worldwide, and
is linked to health problems such as infertility, cervical cancer, and preterm birth.
Following antibiotic treatment, BV becomes recurrent in many individuals.
Lactobacillus crispatus is widely believed to contribute to a healthy vaginal
microbiome, and its therapeutic application has shown promise in early clinical
trials investigating adjunct therapies for lasting treatment of conditions such as
BV. There is a pressing need for therapeutic platforms that apply biologically
active agents such as probiotic bacteria, to the vagina with little user effort but
lasting effect.

Methods: Here, we use a mouse model to investigate the functional utility and
potential harms of soft, slow-dissolving fibers made by electrospinning
polyethylene oxide (PEO) and poly(lactic-co-glycolic acid) (PLGA). Blank
electrospun fibers that passed quality control checkpoints were administered
vaginally in a murine model and compared to animals receiving mock procedures.

Results: Fiber administration had no significant effects on mucus glycan markers,
vaginal epithelial exfoliation, keratinization, tissue edema or neutrophil
infiltration. L. crispatus-loaded fibers enabled L. crispatus colonization in most
animals for more than one week. Mice receiving L. crispatus-loaded fibers had
significantly higher measured concentrations of lactate in vaginal washes at 48
hrs compared to pre-colonization washes.
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Discussion: These data provide pre-clinical proof of concept that vaginal
administration of electrospun fibers can achieve viable delivery and vaginal
colonization by metabolically active L. crispatus, without eliciting inflammation

or injury.

KEYWORDS

bacterial vaginosis, Lactobacillus crispatus, electrospun fibers, vaginal colonization,
histopathology, lactate, vaginal microbiome, probiotics

Introduction

The microbiota of the human vagina has been linked with many
health complications. Lactobacillus species are associated with
better health outcomes when abundant in the vagina and produce
multiple types of antimicrobial molecules, including lactic acid. In
the condition bacterial vaginosis (BV), lactobacilli that typically act
to thwart potential pathogens are in short supply and diverse
potential pathogens can colonize the vagina. BV has been
associated with preterm birth and low birth weight (Svare et al,
2006; Ralph et al,, 1999), sexually transmitted infections
(Wiesenfeld et al., 2003; Brotman et al., 2010; Wijgert, 2017),
pelvic inflammatory disease (Ness et al, 2005), infertility
(Spandorfer et al., 2001), cervical cancer (Di Paola et al., 2017;
Brusselaers et al.,, 2019; Laniewski et al., 2018), and other health
complications. The health burden of BV and the substantial global
cost of treatment is compounded by the fact that BV recurs in most
individuals within months of standard antibiotic treatments such as
metronidazole. In one study of bacterial dynamics during and
following metronidazole treatment of BV, some bacterial taxa
were reduced below the threshold of detection. However, other
taxa implicated in BV were unstable, reduced only incrementally
with treatment, and rebounded after antibiotic cessation (Mayer
et al., 2015). In short, better treatment modalities are needed that
extend the release of active agents to tip the balance in favor
of lactobacilli.

In response to this need, probiotic Lactobacillus species have
been administered vaginally to treat BV and reduce its recurrence,
typically requiring many administrations and improving outcomes
only modestly (Pendharkar et al., 2015; Mastromarino et al., 2013;
Tomas et al., 2020; Mastromarino et al., 2009; Vivekanandan et al.,
2024). L. acidophilus is one of the first and best characterized
bacterial species used in fermented food products (Bull et al,
2013). In spite of its reputation as an intestinal species, L.
acidophilus has also been isolated from the human vagina and has
also been used in oral and vaginal administration in murine and
clinical studies intended to treat BV (Drago et al., 2007; Ya et al,
20105 Lin et al., 2021; Jang et al, 2017). Lactobacillus crispatus is a
more prevalent and abundant member of the human vaginal
microbiota and may be a more relevant choice compared to L.
acidophilus as a vaginal probiotic. When used aggressively following
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antibiotic treatment, individuals receiving vaginal L. crispatus after
antibiotic treatment had significantly lower recurrence rates of
recurrent BV and urinary tract infections (Stapleton et al., 2011;
Armstrong et al., 2022; Cohen et al., 2020; Qi et al., 2023).

Our long-term goal is to use electrospinning technology to create
soft, slowly dissolving platforms that release probiotic bacteria and
other active agents. This work builds on several prior studies
fabricating and testing electrospun fibers and other novel
modalities in vitro and in preclinical models, from our group and
others, for their abilities to incorporate and release antibiotics and
probiotics (Herold et al., 2023; Kyser et al., 2023, 2023, 2024; Minooei
et al, 2023, 2023). We have used initial formulations of rapidly
dissolving fibers made of polyethylene oxide (PEO) as a vehicle for
the vaginal administration of antibiotics and probiotics. These rapidly
dissolving electrospun fibers could capably deliver the antibiotic
metronidazole to the mouse vagina, discouraging Gardnerella
colonization (Minooei et al, 2023). Additional proof of concept
showed that these rapidly dissolving PEO electrospun fibers could
yield viable recovery of L. acidophilus from the mouse vagina for up
to 72 hours post-insertion (Minooei et al., 2023). In addition to the
hydrophilic PEO rapid release formulations, we have aimed to
develop more slowly dissolving platforms with hydrophobic
components such as poly(lactic-co-glycolic acid) (PLGA). For
example, we previously showed that ‘slow dissolve’ L. crispatus-
loaded fibers containing PLGA could be repeatedly cultured for up
to two weeks in vitro to yield robust numbers of metabolically active
L. crispatus. Our team has also characterized several formulations of
these fibers using in vitro assays that establish their abilities to encase
and release viable bacteria whose metabolic products can inhibit
Gardnerella without harming human cell monolayers (Minooei et al.,
2023, 2023; Mahmoud et al., 2023).

Here we used an estrogenized mouse model in which B-
estradiol-17-valerate induces a proestrus-like state known to
encourage colonization by human vaginal bacteria. Our goal was
to identify prototypes of PLGA-containing fibers to achieve
Lactobacillus vaginal colonization in vivo over an extended
period. Our preclinical studies investigated these novel vaginal
probiotic delivery modalities in a total of N=85 mice. The
potential harms of vaginal administration were examined,
including histological changes in the vagina and cervix. We also
measured the functional capacity of the fibers to deliver viable L.
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crispatus that can colonize the mouse vagina. Together, these
studies establish proof of concept for the use of electrospun fibers
to establish extended release of probiotic bacteria vaginally in vivo,
with minimal apparent harm.

Methods
Bacterial strains and culture conditions

Lactobacillus crispatus MV-1A-US was purchased from
American Type Culture Collection (ATCC). Mouse experiments
used a spontaneous streptomycin-resistant isolate of MV-1A-US.
Briefly, L. crispatus was cultured anaerobically overnight in deMan,
Rogosa, and Sharpe (MRS) broth (BDTM DifcoTM) at 37°C, then
plated on MRS agar with 1 mg/mL streptomycin sulfate to select for
spontaneous streptomycin-resistant colonies. Colonies were
cultured in MRS broth. Identity was confirmed by sequencing the
rpsL gene using primers Fsequence 5° TCAACCCAGCTC
CACAAATG 3’ and RevSequence 5 GTCCTTTACACGACC
ACCAC 3’. A missense mutation on the codon 175 of the rpsL
gene led to K-56 — R substitution. The L. crispatus, prepared for
fiber production, was grown using MRS (Sigma 69966) broth and
agar plates, supplemented with 0.1% Tween 80. Bacterial cultures
were initially prepared from frozen stocks using an inoculation loop
to streak culture on the agar plates. Inoculated plates and
maintained at 37°C under anaerobic conditions using 5%
hydrogen, 5% carbon dioxide, and balanced with nitrogen using a
Bactronez Anaerobic Workstation (Shel Lab). The incubation time
to observe growth of L. crispatus was 48 h. A single bacteria colony
was selected from the plate and cultured in 1 mL of MRS in a closed
microcentrifuge tube for 48 h at 37°C. Bacteria were subsequently
sub-cultured by diluting 200 pL of L. crispatus with 9.8 mL of MRS
broth (1:50 dilution) and grown for 24 h before harvest. The
method of determining the correlation between the ODgoo and
respective CFU counts was reported previously (Mahmoud et al.,
2023). One absorbance unit at 600nm for L. crispatus, was found to
be equivalent to 5.8 x 10’ CFU/mL.

Electrospun fiber design and fabrication

Methods for synthesis of probiotic-loaded fibers have been
previously described (Minooei et al., 2023, 2023). Briefly, PLGA
(50:50, 0.55-0.75 dL/g, 31-57 kDa MW) and PEO (600,000 MW)
were purchased from Lactel Absorbable Polymers (Cupertino, CA)
and Sigma Aldrich (St. Louis, MO), respectively. To fabricate blank
fibers, PLGA (15% w/w) and PEO (5% w/w) were dissolved in 3 mL
of hexafluoro-2-propanol (HFIP, Fisher Scientific, Waltham, MA,
USA) and MRS broth, respectively and were incubated at 37°C
overnight. For probiotic-containing formulations, 150 mg of PEO
w/w was added to 2.5 mL MRS broth and immediately before
electrospinning, 0.5 mL of MRS incorporating 5 x 10’ CFU L.
crispatus/mg PEO was added to the PEO solution. To minimize the
risk of fiber contamination, polymer solutions were passed through
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a 0.45 pm syringe filter (VWR, PA, USA) before probiotic
incorporation, and electrospinning box and all materials in
contact with fibers were sterilized prior to electrospinning. During
electrospinning, a positive voltage of 18 and 25 kV was applied at
the tip of a needle connected to two syringes containing PLGA and
PEO (for ‘slowdissolve ‘ formulation), respectively. The electrospun
fibers were collected on a rotating, 8 mm outer diameter stainless
steel mandrel, positioned 18 cm from the blunt needle tip of the
PLGA syringe and 15 cm from the needle tip of PEO syringe.
Syringe flow rates were maintained at 0.3 mL/h for both PLGA and
PEO to fabricate PLGA: PEO (1:1) fibers, while flow rates of 0.1 and
0.3 mL/h were used to fabricate PLGA: PEO (1:3) fibers. The
collector was placed between the PLGA and PEO syringes at a
distance of 18 and 15 cm, respectively, and fibers were collected
simultaneously on the collector.

Electrospun fibers quality control

Blank fibers were assessed for bacterial contamination by
incubating the fiber in Tryptic Soy Broth and Brain Heart
Infusion Broth (BD DifcoTM) for up to 5 days. Contamination of
L. crispatus-loaded fibers was assessed by chromogenic agar
(CHROMagarTM
contamination for both blank and loaded fibers was assessed by a

Orientation). Lipopolysaccharide (LPS)

chromogenic Limulus Amoebocyte Assay (LAL) (Associates of
Cape Cod, Inc.). All fibers used in this study had endotoxin levels
less than 5 EU/disk. A companion paper will be published to fully
describe our quality control pipeline.

Estrogenized mouse model

6-8-week-old conventional female C57Bl/6] mice (Jackson
Labs) were used for in vivo experiments in accordance with our
approved IACUC protocol (#520057) from the University of
California San Diego. Mice were rested for at least four days after
their arrival before experiments commenced. Vaginal washes from
mice carried out pre-infection did not reveal any streptomycin
resistance within the endogenous microbiota cultured on MRS agar
media with 1 mg/ml streptomycin. During the course of this
experiment, animals were housed using a 12:12 light:dark cycle in
disposable plastic cages with bed o’cobb bedding in a BSL-2-
approved room under negative pressure. The mice received two
0.1 cc intraperitoneal injections of 5 mg/mL B-estradiol-17-valerate
(Sigma-Aldrich®) diluted in National Formulary grade sesame oil
(Spectrum® Chemical). The first injection was delivered 2-3 days
prior to fiber insertion, while the second was delivered on the day

of insertion.
Mouse vaginal fiber insertion

Discs were inserted with metal forceps that were previously
baked at 200°C for 2 h and autoclaved at 121°C for 20 minutes
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(min). A sterile P200 pipette tip was used to push the disk closer to
the cervix. Mice undergoing the mock procedure were treated with
forceps inserted into the vagina for 20 seconds and a pipette tip
inserted for 10 seconds.

Vaginal lavage (wash)

Vaginal wash tubes were prepared by pipetting 70 pL of sterile
Dulbecco’s PBS (-Mg, -Cl) (GibcoTM) in a microcentrifuge tube in
anaerobic conditions. 50 L of PBS were pipetted into the mouse
vagina with a P200 pipette. The pipette tip was inserted 2-5 mm into
the mouse vagina. For probiotic fibers, washes were returned to the
anaerobic chamber and 10 pL were diluted into 90 L of dPBS. The
wash was serially diluted, and dilutions were spot plated on
Lactobacillus MRS agar with 1 mg/mL streptomycin sulfate. An
additional 10 L of undiluted wash were plated for 48 h and later
washes. Plates were incubated anaerobically at 37°C for 24
hours (h).

Fixation and histology

After the mice were euthanized, the vagina and cervix were
removed, placed in cassettes, and fixed in 10% formalin for 24 h.
After 24 h, the cassettes were transferred to 70% ethanol. The vagina
and cervix were paraffin-embedded, sectioned onto slides, and H&E
(hematoxylin and eosin) stained.

Histological scoring and analysis

A pathologist made observations about keratin, edema, and
polymorphonuclear cells (surface and stromal) for the vagina and
cervix using a Keyence microscope. The pathologist was blinded
from the individual groups’ treatments. Observations were ranked
from the most severe case to the least severe case and given a
numeric value in 1 point increments. Keratin was assessed by
presence and thickness on the epithelium on a scale of 0-2.
Edema was assessed by the presence and severity on a scale of 0-
2. Polymorphonuclear cells were assessed by the presence and
quantity on a scale of 0-4. Scoring system is described in Figure 1C.

Epithelial exfoliation

10 pL of vaginal wash were resuspended and placed on a
microscope slide, and a coverslip was added to make a wet mount
that was visualized via phase contrast microscopy (Leica). Under
100x magnification, five fields of view were photographed.
Epithelial cells were counted in each field of view, and the five
fields were averaged for each mouse. Although the numbers of shed
epithelial cells vary widely between animals, we calculated that we
had 90% power to detect a 2-fold difference between the mock and
treated groups (20 mice per group, alpha = 0.05). Previous
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experiments detected exfoliation in murine (Gilbert et al., 2013,
2019) and human (Amegashie et al., 2017) contexts.

Sialic acid quantification

25 uL of vaginal washes were used to quantify total sialic acid
(N-acetyl neuraminic acid) concentration using previously
published methods (Gilbert et al., 2013). Sialic acids from glycans
in vaginal washes were first released using 2M acetic acid for 3 h at
80°C. Hydrolyzed vaginal washes were DMB-derivatized for 2 h at
50°C. Derivatized vaginal washes were analyzed using HPLC with
fluorescence detection (excitation: 373 nm, detection: 448 nm)
using pure N-acetyl neuraminic acid as a standard.

Lactate quantification

10 pL of vaginal washes were used to quantify total lactate
concentration in mice that were administered the L. crispatus-
loaded fibers. Lactic acid was measured using a modified protocol
for the D-L-Lactic Acid Assay Kit (Megazyme). 10 pL of vaginal
wash were added to a master mix consisting of 20 uL of the
provided buffer, 8 uL of NAD+, 0.8 L of D-GPT, and 37.36 L
milliQ water in a half-area flat bottom UV-transparent plate
(Greiner). A standard curve was generated using D- and L- lactic
acid, ranging from 3.12 mM to 0.195 mM. Plates were read initially
at 340 nm for 2 minutes to establish stability. 0.8 uL of the provided
L-LDH and D-LDH suspensions were added to each well. Plates
were read at 340 nm for 20 minutes.

Statistics and data analysis

Data were processed using GraphPad Prism Version 10.2.3.
Histological scores, sialic acid concentration, and epithelial cell
shedding were analyzed using the Mann Whitney U-test. The
correlation analysis between L. crispatus titers and lactic acid
concentration used the Spearman correlation coefficient.
Friedman’s test was used to analyze matched pairs of the L.
crispatus titers over time, as well as the lactic acid concentration.
Fisher’s exact was used to analyze the changes in the number of
mice with detectable lactic acid. Each test is described in
figure legends.

Results

Pilot studies in mice to examine epithelial
and inflammatory potential of vaginally
administered electrospun fibers of different
composition

To investigate the utility of electrospun fibers in the vagina in
vivo, we used a murine model (Figure 1). Briefly, 6-8-week-old mice
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N=5/group

3:1 PEO:PLGA
interwoven

3:1 PEO:PLGA
layered

1:1 PEO:PLGA
interwoven

Tttt

PLGA: less hydrophilic

Layered:

Histology Quantitative Scoring
Metric Key

Keratin 0 - No Keratin
1 - Minimal
2 - Full Keratin

Edema .0 - No Edema
1 - Mild
2- Excessive Edema

PMNs 0 - No PMNS
1 - Rare
2 - Minimal
3 - Foci of PMNs

1.0 4 - Many Foci of PMNs

Histopathology of vaginal and cervical tissues, 24 h after insertion of electrospun fibers made of PEO-PLGA in B-estradiol-valerate-treated C57Bl/6J
mice, compared to a group that received the mock procedure. (A) Experimental schematic of the initial in vivo experiment. (B) Heat map depicting
average histological scores for each group of mice. Keratin and edema were scored on a scale of 0 to 2, where polymorphonuclear cells (PMNs)
were scored on a scale of 0 to 4. (C) Scoring method used to score histological samples. Observers were blinded to the experimental groups. These
experiments were only powered to observe phenotypes with a large effect size.

were estrogenized with long-acting [3-estradiol-17-valerate prior to
vaginal inoculation with bacteria. Pilot studies in a total of n=35
estrogenized mice were performed to investigate epithelial changes
that may indicate an adverse response to fibers. A variety of initial
prototype designs were tested, and these individuals were compared
to animals that received a mock procedure in parallel. Initial studies
used n=5 mice, distributed amongst seven experimental groups to
look for large effect sizes. Fibers were created by electrospinning
hydrophilic PEO with varying the rate of poly(lactic-co-glycolic
acid) (PLGA) incorporation (1:3 or 1:1). Fiber architectures were
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also varied by spinning the two components simultaneously or,
alternately, by creating interwoven or layered fibers respectively
(Figures 1A-C). In the first experiments, histopathological features
were scored 24 h after insertion. This approach was intended to
identify and exclude prototypes with potentially large effect sizes
that skewed away from the normal phenotypes. Among the 35 mice
initially examined, several groups of mice were tested with each
electrospun fiber prototype and compared to mock procedures. The
goal was to select a fiber composition whose in vivo effects most
resembled mice receiving mock procedures.
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In general, the insertion of electrospun fibers did not appear to
have major effects on the tissues. In all of the mice, the appearance
of vaginal epithelial keratinization remained uniform. In contrast to
the vaginal epithelium, epithelial cells of the ectocervix were
somewhat less keratinized in experimental groups in which fibers
were placed (Figure 1B, compared to mock procedure).
Enumeration of epithelial cells present in vaginal washes due to
exfoliation did not reveal a difference between mock and fiber-
exposed groups. There was little if any vaginal edema in mice
receiving devices or mock procedures. Polymorphonuclear cells
(PMNs) were evident at low levels in tissues of the vagina and
uterine cervix in the control mice. Although our pilot studies were
not powered to detect small differences in individual designs, initial

A

Mock

31 peo:PLa  6-8 WK
¥, C57BI/6

&)
Exfoliation
B (washes)
600+
= o)
[0} (o]
§ 400 o
8 % 8
— oL
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® 2004
£
&
L
0_

EF Mock

FIGURE 2
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testing in n=25 mice led us to choose the PEO: PLGA (3:1) fiber
composition with a woven architecture as likely to be the most
biocompatible. Higher levels of PLGA, as in the PEO: PLGA (1:1)
fiber, resulted in fewer immune cells than in the normal control
mice (Figure 1B). While such an effect could theoretically contribute
to benefiting some clinical settings, the goal was to select the most
inert formulation that best represented the control group. Edema
was comparable in the 3:1 group and the mock group, while the
other fibers were more likely to result in moderate to severe cervical
edema (Figure 1B). Thus, the 3:1 PEO: PLGA woven fiber was
chosen for the next iteration of experiments, designed with larger
sample sizes that are better powered to detect epithelial or
inflammatory changes.

17-B-estradiol valerate Epithelial and
EF/Mock mucus analysis
administration B
IEI (Blank) | Histological
l .
| | l | ;I Scoring
— 10 HRE |
3d 24 A48 72 staining |
0 —

Intact mucus

washes
D ( )
80 -
5 60" 8
8 %3 o
L 404
O
2}
204
UL
0- o7

EF Mock

Epithelial exfoliation and mucus sialic acid content were indistinguishable in mice receiving vaginal electrospun fibers. (A) Experimental schematic for
data in Figures 2-4. (B) Vaginal epithelial cells were enumerated in 72 h vaginal washes using phase contrast microscopy of mouse vaginal washes.
An average of 5 fields was used for each data point. (C) Representative images of two mouse vaginal washes under phase contrast. (D) Sialic acid (N-
acetylneuraminic acid) concentrations, a proxy for intact mucosal secretions in mouse vaginal washes, were determined by high performance liquid
chromatography as described in the methods. Sialic acid concentrations are measured in picomoles per 10 L of vaginal wash. The Mann Whitney
U-test did not detect statistically significant differences in epithelial exfoliation or mucus sialic acid content between animals receiving mock-

administrations versus electrospun fibers.
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KERATIN

EDEMA

NEUTROPHILS

FIGURE 3

Scoring of histological images of the vaginal epithelium. Representative images of scores are shown for each histological metric as defined in
Figure 1C. Keratin and edema scale bars represent 200 um, while neutrophil scale bars represent 100 um. Black arrows indicate presence of keratin,
green arrows indicate presence of edema, and red arrows indicate presence of polymorphonuclear cells (PMNs).

3:1 PEO: PLGA interwoven fibers did not
trigger histological changes in the vagina
or cervix in a mouse model

Next, we tested the PEO: PLGA (3:1) blank fibers selected from
our early experiments, in a larger number of animals, comparing
blank fibers to mock procedures and looking at a relatively longer
post insertion endpoint of 72 h. Fibers were inserted into the
vaginas of female C57Bl/6] mice, according to the schematic in
Figure 2A. Electrospun fibers with high levels of lipopolysaccharide
(< 2.0 Endotoxin Units, see methods) were excluded from in vivo
experiments. Animals were compared to a mock group where
forceps were inserted without a fiber using the same maneuver
(n=40 total using n=10 per group in two independent experiments).
At 72 h post insertion of the fibers, each mouse underwent vaginal
washing for enumeration of exfoliated epithelial cells and changes
in mucus characteristics (Figures 2B-D). Mice were then
euthanized, followed by removal of the vagina and cervix and
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fixation of tissues in buffered formalin. The tissues were paraffin-
embedded, sectioned, and stained with hematoxylin and eosin
(H&E). Observers blinded to the experimental groups provided
scores for several structured metrics, such as presence of keratinized
epithelial layers and edema (Figures 3, 4A).

Administration of the blank devices did not result in significant
vaginal epithelial changes (Figures 2B, C) or mucus sialic acid content
(Figure 2D). Likewise, vaginal administration of blank fibers did not
result in statistically significant changes in epithelial keratinization
(Figure 4B), the severity of tissue edema (Figure 4A, C) or neutrophil
presence at the epithelial surface or in the stroma (Figures 4D, E) in
this model.

Between the mock and fiber (EF) groups, there was no
significant change in epithelial keratinization in the vagina or
cervix (Figures 4A, B). There was also no significant difference in
inflammatory phenotypes such as edema (Figures 4A, C). H&E-
stained samples were also assessed for neutrophil recruitment on
the surface and in the stroma of the vagina and cervix. There was no
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Vaginal and cervical histopathology in mock- and electrospun fiber-treated mice. (A) Images of vaginal tissue from mice from the mock group and
electrospun fiber group. Both show similar levels of keratinization, edema, and neutrophil infiltration. (B, C, E, F) Blinded scoring of histology metrics
was performed based on the rubric described in Figure 1C. The Mann Whitney U-test showedno significant differences between experimental
groups for the vaginal or cervical tissues. Less keratinization of the cervix was more likely in the electrospun fiber group, but not statistically
significant(p=0.0534 using nonparametric Mann-Whitney analysis). These data represent a total of n=40 mice, with n=10 per group in two

independent experiments.

significant difference between the number of surface neutrophils
(Figures 4A, D) nor stromal neutrophils (Figures 4A, E) in mock

versus fiber-administered mice.
Dissolving fibers established vaginal
colonization by L. crispatus in mice

Having established that the PEO: PLGA (3:1) fiber design had

little negative impact on its own in the mouse vaginal model, we set
out to incorporate L. crispatus into the new design of a less

Frontiers in Bacteriology

hydrophilic fiber. To test if PEO-PLGA enable the successful
colonization by L. crispatus, fibers containing a probiotic load of
10°-10° colony forming units (CFU) of streptomycin-resistant L.
crispatus strain MV-1A-US were administered to mice (total of
n=20). Viable L. crispatus were recovered from all of the animals at
24 h post infection, reaching a median of approximately 10° cfu/mL.
At the seven-day timepoint, 55% of the animals remained colonized
(Figure 5A). To establish if the lactobacilli are metabolically active,
we measured lactate in the vaginal washes. Not all vaginal washes
contained detectable levels of lactate. However, there was
significantly higher lactate concentrations in vaginal washes two
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FIGURE 5

L. crispatus-loaded PEO: PLGA fibers initiate colonization of the mouse vagina. (A) Vaginal wash titers of streptomycin-resistant L. crispatus strain
MV-1A-US over the course of 7 days from mice treated with L. crispatus-loaded PEO: PLGA fibers (10°-10° CFU/fiber). Statistical analysis assumed
nonparametric data and matched data (Friedman'’s test) reflecting the same subjects over time with Dunns post-hoc test to enable multiple
comparisons. (B) Lactic acid concentration in mouse vaginal washes before and after treatment with PEO: PLGA fibers. The Friedman test was used
to compare each timepoint to a control timepoint (T0), comparing them as matched pairs from each individual animal (C) Categorical analysis
comparing the proportion of animals at each time point with undetectable versus measurable levels of lactate in vaginal washes, according to data
in panel (B) Results of the Fisher's Exact test are shown. (D) Correlation between lactate concentration and Lactobacillus crispatus titers in vaginal
washes for all data points collected (n=100 paired datapoints, including TO). There was a weak correlation between L. crispatus titers and lactate
concentration (p=0.0103, r=.2693) using Spearman correlation coefficient. DPI, Days Post Inoculation *P<0.05 **P<0.01***P<0.001.

days after fiber insertion compared to vaginal washes taken prior to
fiber insertion (p=0.0145) (Figure 5B). Moreover, there were a
higher number of individuals with detectable lactate at 24 h and
48 h compared to pre-washes (0 h) (Figure 5C). When the bacterial
colonization began to wane by about 100-fold from initial
colonization (~10°cfu/mL) by 72 h, there were correspondingly
lower lactate concentrations and significantly fewer animals had
detectable lactate. There was a weak but positive correlation
between L. crispatus titers and lactic acid concentration in the
vaginal washes recovered from mice (Pearson r=0.2615; P=0.0191)
(Figure 5C). In conclusion, viable and metabolically active L.
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crispatus released from 3:1 PEO: PLGA was able to successfully
colonize the mouse vagina leading to detectable levels of lactic acid.

Discussion

New modalities for delivering active therapies to the vagina are
needed. Therapeutic delivery platforms must be administered
without causing injury, swelling, immune cell infiltration,
infection or other adverse tissue reactions. Previously, we have
shown that dissolvable electrospun fibers, formulated from PEO
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and PLGA, did not cause cytotoxic effects on vaginal epithelial cells
in vitro (Minooei et al., 2023). In this study, we expanded testing to
a mouse model. This was achieved by testing fibers in a mouse
model of vaginal administration. The experimental model in
(C57Bl/6]) mice is a strength as it allows the investigation of
prototypes in living animals capable of mounting responses to
externally administered agents. A small animal model affords a
larger number of individuals that can be studied compared to larger
mammals such as rabbits or sheep. Another strength of the study
was a blinded design for histological scoring, based on systematic
histological observations. Some previous reports have used
preclinical models from rabbits to pigs to macaques to examine
the impact of devices relevant to gynecological applications,
employing histological changes and PMN recruitment into the
analysis (Moss et al., 2014; D’Cruz and Uckun, 2007). Here we
adapted methods for the mouse model, including blinded scoring
for presence and severity of PMN recruitment, the amount of fluid
in the tissue (edema), and the extent of keratinization of epithelial
surfaces in the vagina and cervix. Using the scoring system, the
experiments show that the administration of blank 3:1 PEO: PLGA
woven fibers did not cause evident damage or increased edema in
the vaginal or cervical tissues. Likewise, fibers did not influence
epithelial shedding evident in vaginal washes, mucus production
measured in the form of sialic acid content, or neutrophil
recruitment in this model. Together the data indicate that
electrospun fibers composed of 3:1 PEO and PLGA are retained
and appear to be well-tolerated in the mouse vaginal model.

Microbes and the content of the microbiota can be consequential
for mouse models of infection and colonization (Mejia et al., 2023;
Mercado-Evans et al., 2024; Patras et al., 2015; Vrbanac et al., 2018;
Gilbert et al., 2022; Lewis and Gilbert, 2020; Morrill et al., 2020;
Agarwal et al.,, 2020; Gilbert et al., 2021; Gilbert and Lewis, 2019;
Gilbert et al., 2017) However, robust germ-free/gnotobiotic mouse
models that represent the human vaginal microbiome research are
still in their infancy (Mejia et al., 2023). The model described here
used commercially raised mice (Jackson Labs) and conventional
housing conditions as detailed in the methods.

Most of the phenotypes that we investigated were unaffected by
the administration of blank electrospun fibers. In the cervix, fiber
administration may lead to a reduction in cervical keratinization
(P=0.0534). In this model, B-estradiol-17-valerate treatment leads
to a proestrus-like state in which a keratinized stratified squamous
epithelium predominates. It has been observed that keratinized
mucosal epithelial cells can become less keratinized and more
cornified during hormonal or mechanical stimulation (Bragulla
and Homberger, 2009). A closer look at the two independent
experiments revealed that two cages of mice in the first
experiment had more animals with low cervical keratinization
than the second set of cages in the second experiment. This could
be an effect of the cervix responding to a mechanical stimulus
caused by our (initially) less experienced insertion practices. Future
studies should keep this in mind.

One potential limitation to the P-estradiol-17-valerate treated
mouse model is that it may impact the nature of proinflammatory
responses. Prior studies show that conditional ablation of estrogen
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receptor alpha in vaginal epithelial cells led to higher levels of the
neutrophil chemoattractant, IL-8, and unregulated immune cell
infiltration into vaginal tissues (at all stages of the estrus cycle),
supporting a role for epithelial estrogen responsiveness in regulating
access of immune cells to the vaginal lumen in cycling mice (Collins
et al,, 2022; Li et al,, 2018). Estrogenized mice have been used to
model vaginal colonization using bacterial and fungal isolates from
humans, starting with Neisseria gonorrhoeae (Jerse, 1999) and more
recently including multiple types of Streptococcus, Gardnerella,
Prevotella, Fusobacterium, and Candida (Yano and Fidel, 2011;
Watson et al., 2013; Patras and Doran, 2016; Morrill et al., 2022).
It has been postulated that the success of bacterial colonization in
some of these mouse models is owed to the limitation of PMN influx
that normally occurs in mice during diestrus. However, estrogen does
not render mice incapable of mounting PMN recruitment responses
to pathogens. For example, estrogenized mice infected with N.
gonorrhoeae developed significant PMN responses (Soler-Garcia
and Jerse, 2007), similar to the infection in humans (Rest and
Shafer, 1989). Streptococcus pyogenes, a common cause of
vulvovaginitis in prepubescent girls (Jones, 1996), was also shown
to provoke dose-dependent leukocyte responses evident in vaginal
fluids (Watson et al., 2013). In contrast, vaginal administration with
Gardnerella and/or Prevotella in estrogenized mice did not provoke
the accumulation of neutrophils, natural killer cells, or macrophages
in vaginal tissues compared to uninfected mice (Gilbert et al., 2019).
This is consistent with the abundance of Gardnerella and Prevotella in
BV, a condition characterized by a lack of PMN recruitment or other
hallmarks of gross inflammation (Roselletti et al.,, 2020). Together the
data suggest that estrogenized mouse models can yield PMN
responses that are context-specific and may reflect host-microbe
relationships in the human vagina. Nevertheless, we acknowledge
that electrospun fibers could have different effects in mice treated with
medroxyprogesterone acetate or at other stages of the mouse
estrus cycle.

In BV, the epithelium is believed to host an unhealthy bacterial
biofilm. One of the clinical diagnostic features (Amsel criteria) is the
presence of a high number (>20%) of exfoliated epithelial cells with
damaged-looking surfaces in wet mount (Amsel et al, 1983).
Previously, we found that vaginal inoculation of estrogenized
mice with Gardnerella led to higher numbers of exfoliated
epithelial cells in mouse vaginal washes and other qualitative
features of BV, such as the presence of clue-like cells and the
appearance of Gardnerella adhering to epithelium (Gilbert et al.,
2013, 2019). In mice that received bladder inoculations of
Gardnerella, we previously observed that damage to the
epithelium was accompanied by cleavage of caspase-3, the so-
called executioner caspase that controls apoptosis (Gilbert et al,
2017; Gilbert and Lewis, 2019; O’Brien et al., 2020). Studies
comparing human vaginal specimens suggest that outermost
vaginal epithelial cells in BV are likewise undergoing caspase-3-
dependent apoptosis, a noninflammatory form of cell death
(Roselletti et al.,, 2020). In the current study, vaginal application
of electrospun-fibers did not lead to higher numbers of exfoliated
epithelial cells compared to mock-treated mice. These data suggest
that 3:1 PEO: PLGA electrospun fibers will have a low risk of further
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contributing to the epithelial exfoliation responses already seen in
the setting of BV.

One of the major objectives of this study was to develop an inert
probiotic vaginal delivery platform incorporating PLGA to enable
probiotic colonization of the vagina. Here, we show that mouse
vaginal colonization is possible with a human isolate of L. crispatus.
Despite only being able to detect lactic acid levels in 60% of the
mice, there was a significant increase in lactic acid production 48 h
post inoculation. While the increase upon inoculation and
correlation between L. crispatus titers and lactate levels is
consistent with a Lactobacillus source, other sources are possible.

Other investigators used a different mouse model to examine
the relationship of L. crispatus colonization in the mouse, ultimately
concluding that they could not distinguish differences between
groups in lactate levels. However, the control group did not
receive Lactobacillus or estradiol treatment, and there was no
prewash timepoint to compare to for each individual (Muench
et al, 2009). Thus, compared to the prior data, the current
experiments may be better controlled and better powered to
detect differences. Unfortunately, lactate did not achieve
concentrations relevant to human vaginal specimens or L.
crispatus cultured in vitro. As the number of animals colonized
by L. crispatus decreased over time, so did the lactate
concentrations. By 72 hrs the lactate levels were below our
detection threshold. Future experiments will need to optimize
conditions to achieve better L. crispatus colonization in mice. We
expect that higher lactic acid concentrations may be required to
achieve antimicrobial properties. Ingredients that promotes the
growth of beneficial bacteria (prebiotics) or non-living byproducts
of probiotic bacteria (postbiotics), or combinations of different
species of lactobacilli may be worthwhile areas of investigation.
The experiments show, in principle, that electrospun fibers with L.
crispatus can achieve colonization of the mouse vagina with
detectable lactate levels in most mice by 24-48 h.

Many additional questions can be asked based on the model
developed here. For example, future studies could examine changes
in the endogenous mouse vaginal microbiome as a result of
administering the L. crispatus-loaded electrospun fibers. Whether
L. crispatus administration enables knock-down of potential
pathogens or a BV-like consortia introduced into the mouse
vagina is another area of research worth pursuing.
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