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ABSTRACT

The presence of pregnancy complications poses significant challenges for both
the mother and the developing fetus, as available treatment options are limited due to
safety and ethical considerations. Conditions like preeclampsia, fetal growth
restriction (FGR), and placenta accreta exemplify pregnancy-induced disorders that
lack effective remedies. As pregnancy progresses, these conditions worsen, leading to
adverse consequences on the health of both the mother and the fetus. Consequently,
emergency cesarean section delivery is often necessary, resulting in additional
complications associated with premature birth for the newborns. Addressing the
pressing need for enhanced maternal and fetal health during pregnancy, it is
imperative to develop therapeutic advancements that can effectively treat pregnancy-
related conditions while ensuring the well-being of the developing baby.

In recent years, significant progress has been made in engineering nanocarrier
systems for targeting various diseases, including cancers. The behavior of these
nanocarriers in the body following systemic delivery is known to depend on factors
such as size, shape, and surface chemistry. While researchers have harnessed this
knowledge to develop powerful systems for treating ailments like cervical cancer,
endometriosis, and HIV, the exploration of nanomedicine for pregnancy complications
remains limited. The unique state of pregnancy introduces additional variables that
influence NP distribution and design, including the dynamic physiology of the
maternal reproductive system, the transport of nutrients and drugs through the

placenta, and the development of the fetus. It is crucial to comprehend the impact of
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these factors on NP distribution to develop effective treatments that can support full-

term pregnancies and improve the health of both mother and fetus.

First, the biodistribution of gold-based nanoparticles (NPs) in pregnant mice
was investigated following systemic delivery. Two different sizes of NPs, namely 15
nm gold nanoparticles and 150 nm diameter silica core/gold nanoshells coated with
poly(ethylene) glycol (PEG), were intravenously administered to pregnant mice at
gestational days (E)9.5 or 14.5. After twenty-four hours, the distribution of NPs in
tissues was analyzed using inductively coupled plasma-mass spectrometry and silver
staining of histological samples. The findings revealed a higher accumulation of NPs
in the placentas compared to the embryos, with a greater delivery to these tissues
observed at E9.5 than E14.5. Additionally, no adverse effects on fetal or placental
weight were observed, indicating minimal short-term toxicity during early to mid-
stage pregnancy. These results underscore the potential of further developing NPs as
safe tools for targeted therapeutics delivery to reproductive tissues.

The following study delved into the distribution of PEG-coated poly(lactic-co-
glycolic) acid nanoparticles (PEG-PLGA NPs) in pregnant mice through vaginal
delivery, as well as their short-term toxicity. Two types of NPs were employed: DiD-
PEG-PLGA NPs loaded with fluorophores for cargo tracking, and Cy5-PEG-PLGA
NPs incorporating tagged polymer for distribution analysis. DiD-PEG-PLGA NPs
were administered on either gestational day (E)14.5 or 17.5, and after 24 hours, the

distribution of cargo was examined in excised tissues and histological sections using

XiX



fluorescence imaging. Interestingly, no variations in DiD distribution were found
between the gestational periods. Therefore, Cy5-PEG-PLGA NPs were exclusively
administered on E17.5 to assess polymer distribution in reproductive organs. The
results showed the presence of Cy5-PEG-PLGA NPs in the vagina, placentas, and
embryos, while DiD cargo was limited to the vagina. Furthermore, maternal, fetal, and
placental weights remained unaffected by the NPs, indicating no immediate adverse
effects on maternal or fetal growth. These findings suggest the potential of exploring
vaginally delivered NP therapies for managing vaginal conditions during pregnancy.
Lastly, the effectiveness of clindamycin-loaded PEG-PLGA nanoparticles
(CLN-PEG-PLGA NPs) with different L:G ratios (50:50, 75:25, and 85:15) in
inhibiting the growth of G. vaginalis, a pathogenic bacteria associated with bacterial
vaginosis (BV) infections, was examined. G. vaginalis was cultured in suspension and
on agar plates and treated with CLN-PEG-PLGA NPs of each L:G ratio. The growth
of G. vaginalis was monitored using spectrophotometry or imaging at regular intervals
over a 12-hour treatment period. The experiments demonstrated the effective
inhibition of G. vaginalis growth in both suspension and on surfaces by CLN-PEG-
PLGA NPs, irrespective of the L:G ratio. Interestingly, the bacterial growth inhibition
did not significantly differ among the three L:G ratios, indicating that the ratio had
minimal impact on short-term antibacterial treatment, likely due to similar total drug
release from each formulation within the 12-hour period. While freely delivered
clindamycin exhibited greater potency against G. vaginalis, it is important to note that

CLN-PEG-PLGA NPs were able to decrease G. vaginalis growth in vitro.
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The foundational knowledge provided in this thesis holds utmost importance
for the initial advancement of nanomedicines designed to address maternal-fetal health
conditions. By incorporating the additional experiments mentioned earlier, researchers
can assess the prolonged impacts of NP injections on pup development and growth.
This comprehensive understanding will guide researchers in optimizing NP delivery
and treatment efficacy while safeguarding the well-being of both the mother and the
fetus. Such insights can aid in determining the most suitable administration routes, be
it systemic or vaginal, to enhance NP delivery and promote successful treatment

outcomes without compromising maternal or fetal health.
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Chapter 1

INTRODUCTION

The field of nanomedicine is a rapidly growing area of research focused on the
development of nanoparticle-based systems for prophylactic, diagnostic, and
therapeutic applications. The prefix “nano” is derived from the Greek word “nanos,”
meaning extremely small, however the National Nanotechnology Initiative (NNI) in
the United States formally defines nanotechnology as “a science, engineering, and
technology conducted at the nanoscale (1 to 100 nm), where unique phenomena enable
novel applications in a wide range of fields, from chemistry, physics, and biology, to
medicine, engineering, and electronics™. Although the term “nanomedicine” only
started to appear in research publications at the start of this century, its roots can be
traced back to the use of colloidal gold in the late 1700s?. Metchnikov and Ehrlich, the
1908 winners of the Nobel Prize for Medicine, are publicly recognized as the pioneers
of nanomedicine for their works on phagocytosis and respiratory cell-specific
diagnostics and therapy?. Since then, the field of nanomedicine has flourished in
providing therapies for many applications, with the most popular being cancer,
cardiovascular diseases, and now the COVID-19 vaccines. In addition to providing a
treatment platform for a variety of diseases, there are additional medical applications
for NPs including magnetic resonance imaging (MRI), contrast agents, tissue
engineering, drug and gene delivery agents, and the separation of biological molecules
and cells. Today, there are many FDA approved nanomedicines that are on the market

or are currently in clinical trials.



While nanotherapeutics have been developed for many applications and
diseases, few researchers have investigated nanoparticle-based platforms for the
treatment of maternal-fetal conditions during pregnancy, which are in dire need of new
management and treatment strategies. In 2020, the maternal mortality rate was 23.8
deaths per 100,000 live births in the United States, compared to 20.1 in 20192,
Additionally, the maternal mortality rate for non-Hispanic Black women was 2.9 times
the rate of non-Hispanic White women, at 55.3 deaths per 100,00 live births®. The
most common causes of maternal mortality are pregnancy complications including
postpartum hemorrhage, eclampsia, obstructed labor, and sepsis; however, close
observation and medical attention can greatly improve the chance of survival®. Despite
the advancements in technology and medical care overall, the United States holds the
highest mortality rate of industrialized countries, nearly tripling the mortality rate of
the second highest country, France®. Considering the urgent need for maternal
treatment during pregnancy, this dissertation examines the use of nanoparticle-based
systems to manage and treat maternal-fetal health during pregnancy. The
administration methods and NP platforms investigated in this work provide
fundamental knowledge that is necessary for designing targeted nanoparticle- based
therapies that are safe and more efficient than traditional treatment strategies. In this
chapter, the maternal-fetal health conditions that could benefit from nanomedicine are
discussed along with the design criteria that are necessary when engineering a
nanomedicine for pregnancy-related applications. This chapter contains sections
adapted from: adapted from a manuscript published by Irvin-Choy NS, Nelson KM,
Dang MN, Gleghorn JP, Day ES.



1.1 Nanoparticle Design Characteristics Influence Function

The physical characteristics of nanoparticles (NPs), such as the size, shape, and
surface charge, can greatly influence its function and biological applications.
Together, these characteristics play a significant role in adsorption, cellular uptake,

biodistribution, and clearance mechanisms.

1.1.1 The Significance of Nanoparticle Size

A nanoparticle is a structure with at least one dimension in the range of 1-100
nm. Unlike bulk materials, nanoparticles have a high surface area to volume ratio®,
which impact their optical, electronic, magnetic, and mechanical properties’. One of
the properties impacted by NP size is the NP circulation time. Specifically, NPs that
are less than 200 nm improve the blood half-life due to their ability to evade spleen
and liver detection®. Another key benefit related to NP size is the improved solubility.
In traditional therapies, insoluble or poorly soluble drugs require the use of toxic
organic solvents in bulk materials or larger molecules. The use of small NPs allows for
previously insoluble drugs to be converted into soluble aqueous solutions without the

need of organic solvents, thus improving the bioavailability®°.

1.1.2 The Impact of Nanoparticle Shape

Another physical characteristic that can impact the performance of a NP is its
shape. NPs can be made into spheres, hemispheres, cylinders, rods, cones, and wires
and be hollow, porous, or solid®. NP geometry largely impacts its cellular uptake and
residence time inside the cell'®. Specifically, rods with a diameter of less than 100 nm
have displayed the highest uptake, followed by spheres, cylinders, and cubes?!.
Further, decreasing the aspect ratio of NPs (that are less than100 nm in diameter) has

been shown to decrease total cell uptake!?13, In terms of blood half-life, rod-shaped



micelles have displayed circulation times that are ten times longer than that of
spheres'®. NP shape can also determine the loading capacity, as hollow NPs are

typically used for drug carriers or image contrast agents®.

1.1.3 Nanoparticle Surface Chemistry Impact on Delivery

The surface chemistry of NPs plays a significant role in determining the fate of
the NP. In nanoparticle systems where passive targeting is used, the NPs
nonspecifically accumulate in tissues or tumors. However, NP systems can be
designed to actively target specific cells. In these systems, targeting moieties, such as
antibodies and small molecules, are conjugated to the NP surface, which can alter the
NP surface charge. The surface charge of a NP system influences cellular interactions,
one of them being cellular uptake. Neutral or negatively charged nanoparticles exhibit
lower cellular uptake compared to positively charged NPs'°. It is believed that the
electrostatic interactions occurring between the slightly negatively charged cellular
membrane and the positively charged NP favors NP adhesion to the cell surface,
which leads to cellular uptake'?. The NP circulation time is also affected by the
surface charge. NP circulation is highest for neutral nanoparticles, whereas positively
charged nanoparticles are cleared the fastest and have been known to cause

complications such as hemolysis and platelet aggregation®.

1.2 Applications of Nanotechnology in Maternal/Fetal Health

Given the success of nanomedicine in various diseases and cancers, there are
many maternal and fetal conditions during pregnancy that could benefit from
nanotechnology, specifically nanoparticle-based treatment systems. For many

pregnancy-related conditions, there are minimal treatment strategies and management



methods available due to safety and ethical concerns regarding fetal development. Due
to these concerns, a cesarean section is often recommended if the condition poses
safety risks to either the mother or fetus during pregnancy. Additionally, people with
pre-existing conditions that are being managed or treated by a physician face
heightened risks at the onset of pregnancy. In these scenarios, patients are urged to end
their treatments, terminate their pregnancy, or are constantly observed during the
pregnancy term in the interest of their own health. The development of nanoparticle-
based treatment systems for maternal-fetal conditions would provide alternative
treatment strategies for various maternal and fetal conditions (Figure 1.1). In the
following sections, we describe how each condition impacts either the pregnant
mother or fetus and the current strategies that have been used to manage or treat each

condition.
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Figure 1.1: Maternal and fetal conditions that would benefit from nanomedicine
treatments. Pregnancy conditions that are exacerbated during pregnancy
or that are induced by pregnancy are indicated by *. Diabetes can be pre-
existing or induced by pregnancy is indicated by *. Parts of the figure
were created using modified graphics from BioRender.

1.2.1 Pregnancy Conditions that Primarily Impact the Fetus

1.2.1.1 Preeclampsia

The pregnancy condition, preeclampsia (PE), complicates 5-7% of all

pregnancies. It is the development of severe hypertension and proteinuria or other

maternal organ dysfunction as 20 weeks’ gestation'?,

This common condition can lead

to severe maternal and fetal consequences such as seizures and death of the parent and

fetus'41>, The etiology is PE is unknown, however it is thought to stem from a

dysfunctional placenta. Because there is limited knowledge regarding the exact cause



of PE, it is difficult to treat this condition and the symptoms are typically the focus for
management methods. However, recent studies have investigated a new potential
target, s-Flt-, for treating PE*6. Maynard et al. demonstrated increased levels of sFlt-1
are associated with decreased maternal free VEGF and placental growth factor (PIGF).
This discovery led to the hypothesis that the excess sFlt-1 could bind and sequester
free VGEF and PIGF in the maternal blood and consequently reduce the pro-
angiogenic function of these growth factors, leading to endothelial dysfunction,
hypertension, and proteinuria®. Following this study, many researchers have shown
the delivery of recombinant VEGF, or the VEGF gene can reduce symptoms of PE in
multiple rat and mouse models'’~2L. This effect could be a result of either the delivered
VEGF acting physiologically in its pro-angiogenic function or by the delivered VEGF
binding to excess sFlt-1, allowing endogenous VEGF to act on downstream targets.
Another recent study used an elastin like peptide (ELP)-VEGF conjugate to sequester
excess sFlt-1 from the maternal circulation while ensuring VEGF cannot cross the
placenta and potentially disrupt fetal development?? . The total sFlt-1 amount
increased in the presence of the ELG-VEGF conjugate, but the free sFlt-1 levels
decreased indicating the conjugate was able to successfully bind excess free sFlt-1 and
decreased maternal blood pressure and nitric oxide levels??. The study to follow
demonstrated that changing the molecular weight of the ELP can provide control over
the biodistribution and clearance times of the ELP conjugates?3. Further, increasing
ELP size increases organ deposition but yields slower plasma clearance??,

Other work regarding the expression of sFtl-1 in PE animal models
incorporated small interfering RNA (siRNA) in different delivery vehicles. One

delivery system used self-assembled poly(amidoamine) (PAMAM) dendrimers to



reduce hypertension, proteinuria, and circulating sFlt-1 in a tumor necrosis factor-oc
(TNF--)?* in an induced PE rat model?>. PAMAM dendrimers have been shown to be
biocompatible and have low transport rates across the placenta, making them
promising carriers for treating pregnancy complications?®. The siRNA delivery system
was able to increase fetal weight without any detected maternal tissue damage or fetal
resorptions?*. Another study used hydrophobically modified asymmetric siRNAs
conjugated to cholesterol (hiRNAS) to target specific isoforms of sFlt-1, specifically
sFIt1-i13 and sFlt-1e15a, which are expressed in mice and non-human primates
respectively. When delivered to healthy pregnant mice, hsiRNASFLT113 reduced mRNA
levels in the placenta by 40% but did not accumulate in maternal liver and kidney?’.
The treatment did not affect the number of pups or the weight of pups. In a baboon
uteroplacental ischemia (UP1) PE model, hsiRNASFLTLIL3/15a gy ceessfully reduced
serum sFIt-1 levels by 50% 2 weeks post UPI surgery and treatment. Further, the
treated animals had decreased blood pressure and proteinuria, and newborn weights
were not statistically significantly different between control groups and PE groups 2’
Lastly, placenta targeted lipid polymer nanoparticles carrying sFltl siRNA have been
used to decrease placental sFIt1 mRNA levels and circulating sFlt-1 levels in a healthy
pregnant mouse model. After NP treatment, it was determined maternal liver function,
fetal weight, and fetal number were unchanged??. In totality, these studies demonstrate

engineering nanocarriers could be used to treat PE.

1.2.1.2 Fetal Growth Restriction
Fetal growth restriction (FGR) is one of the most common fetal development
complications, effecting up to 15% of all pregnancies?®. This condition, which is

thought to be caused by a dysfunctional placenta, can negatively influence childhood



and adult life. In fact, adults who have experience FGR have a higher lifetime
incidence of hypertension, obesity, metabolic syndrome, and diabetes°. Further,
maternal disorders such as hypertension, diabetes, preeclampsia, inflammation,
thrombosis, and Lupus, increase the likelihood of FGR. When comparing placental
weight, it was determined placentas of FGR babies are approximately 24% lighter than
those of healthy babies, suggesting there is a lack of nutrients and oxygen necessary
for fetal growth.

Although the exact cause of FGR is not known, the growth of the placenta has
been compared to malignant cells, showing similar characteristics such as high cell
proliferation, migratory and invasive properties, and the ability to evade the immune
system?3!, Because of the similarities between the placenta and malignant cells,
targeting moieties, such as insulin growth factor-2 (IGF-2), have been shown to be an
important growth factor for placental development and growth and may be helpful for
treating FGR323, The targeting peptide, iRGD (CRGKGPDC), which has been shown
to target tumor vessels, was conjugated to liposomes loaded with IGF-2 and delivered
to healthy pregnant mice. In this placenta-specific 1gf-2 knockout mouse model,
researchers observed an increase in fetal weight and fetal weight distribution, but no
changes in litter size or number of resorptions following liposome delivery®* . IGF-1, a
related growth factor necessary for placental development, was used to treat FGR in
mice3®. In this study, a diblock-copolymer polyplex system and a placenta specific
promotor, PLAC1, was directly injected into the placenta of mice with FGR induced
by uterine artery branch ligation®. After treatment, it was determined the placenta

labyrinth thickness increased to baseline, indicating the IGF-1 assisted in placenta



development in this model. There were no differences in the litter size, but the pup
weight significantly increased after polyplex treatment,

Other peptides that are known to bind tumor associated vasculature and have
been used to target the placenta are CCGKRK and CNKGLRNK?3":38, CCGKRK-
miRNA inhibitor conjugates were synthesized against miRNAs known to be native
regulators of placental growth then delivered to healthy pregnant mice at three time
points during pregnancy®’. The miR-675 inhibitors significantly increased placental
weight compared to saline injected controls and the miR-145 inhibitors significantly
reduced the variability in placental weight. Both miRNA inhibitors increased fetal
weight without decreasing mean litter size or increasing number of resorptions. The
CNKGLRNK peptides were used to target the placenta in a liposome system loaded
with nitric oxide donor (SE175)%. In FGR, nitric oxide (NO) which is produced by
endothelial nitric oxide synthase (eNOS) are both upregulated®*4°, Therefore, it was
hypothesized that delivering a NO donor via the peptide target liposomes would
increase vasodilation in the placenta and reduce resistance®. The liposomes were
injected in a health and eNOS knockout pregnant mice as a FGR model and it was
determined the treatments did not alter litter size or number of resorptions in healthy
mice. However, the liposome treatment did increase fetal weight in eNOS knockout
mice and maintained placental weight similar to the control group. The treatment also
increased spiral artery diameter by 33%, indicating a physiological mechanism for
NO3, Collectively, these studies suggest engineered nanomedicines can be tailored to

treat FGR.
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1.2.1.3 Preterm Birth

Preterm Birth (PTB) is the most common pregnancy condition effecting
400,000 newborns in the United States annually #*. There are many underlying causes
of PTB that arise from other complications, such as PPROM (approximately 30% of
PTB cases), maternal or fetal infections, or other pregnancy conditions, but PTB can
also be a result of spontaneous preterm labor (approximately 45% of all cases),
multiple pregnancies and cervical incompetence. Additionally, there are many other
risk factors that include short cervical length, multiple births, and genetic
predisposition. While PTB is traditionally defined as a birth occurring before 37 weeks
of gestation, there are different levels of severity for preterm infants including
moderate prematurity (32-33 weeks), severe prematurity (28-31) and extreme
prematurity (less than 28 weeks) #2. The prematurity level often results in extensive
complications for the newborn and infants born extremely premature face a decreased
survival rate due to the underdevelopment of fetal lungs and cardiac system. Due to
the varied underlying causes and pregnancy complications that are often associated
with PTB, this condition is very difficult to treat, yet several researchers have begun to
develop drug delivery vehicles to reduce prostaglandin production and subsequently
delay the onset of labor.

Refuerzo et al. developed a liposomal drug delivery vehicle that was loaded
with indomethacin and decorated with oxytocin receptor antagonists (LIP-IND-ORA)
43, Indomethacin is a non-steroidal inflammatory drug that reduces prostaglandin
production by the uterus. However, due to the side effects of indomethacin, such as
premature closure of the ductus arteriosis and potential increase of intraventricular
hemorrhage, the use of free indomethacin is limited to protect the fetus. Using a

targeted drug carrier system to deliver indomethacin would allow for its use in treating
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PTB. ORA, an FDA approved receptor antagonist, was used to target the
overexpressed oxytocin receptors in the uterus to reduce uterine contractions during
preterm labor. In this study, the LIP-IND-ORA was administered daily via i.v.
injections to pregnant mice at E15 and evaluated for liposome distribution and effects
on PTB. LIP-IND-ORA displayed 3x higher accumulation in the uterus, liver,
placenta, and fetus compared to freely delivered ORA. In terms of PTB, the LIP-IND-
ORA prolonged pregnancy by 31% and decreased PTB cases (defined as delivery on
or before E19) by 15%. Interestingly, the LIP-IND, LIP-ORA, and LIP-IND-ORA
treatment systems all displayed statistically similar inhibition of murine uterine
contraction, indicating there is no synergistic effect of ORA and IND. Another study
confirmed the need of targeted drug loaded liposomes for reducing PTB rates by
comparing ORA-targeted liposomes to non-targeted liposomes #4. In this work, the
targeted liposomes reduced PTB rates more than the untargeted liposomes, confirming
the results from the previous study.

Researchers have explored other drug delivery vehicles to decrease PTB in
pregnant mice using the vaginal administration of a progesterone nanosuspension (NS)
45 In this work, RU486, a progesterone antagonist, was subcutaneously administered
to pregnant mice daily starting at E15 to induce PTB. The mice received daily doses of
either RU486 only, RU486 and vaginally administered progesterone gel (Crinone®) or
RU486 and vaginally administered progesterone NS. The biodistribution analyses
indicated the NS were retained in the uterus and cervix up to 6 h post-administration.
Additionally, the oxytocin receptor levels in the cervix were reduced in the mice
treated with NS or with progesterone gel. When comparing the delivery ages, it was

determined that 55% of the mice treated with NS reached full term (median parturition
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day 19.5), whereas 32% of mice treated with the progesterone gel reached full term
(median parturition day 16) . Overall, the results of this study concluded NS delivery
of progesterone is more effective in preventing PTB compared to progesterone gel.
The results of this work in combination with the studies previously described suggest

engineered drug delivery vehicles have the potential to be used to prevent PTB.

1.2.1.4 Preterm Premature Rupture of Membranes

Another pregnancy condition that could largely benefit from the use of
nanoparticle-based systems is Preterm Premature Rupture of Membranes (PPROM),
as it is responsible for approximately one-third of preterm births 6. PPROM occurs
when the amniotic sac is ruptured either through the vagina or amniocentesis (Figure
1.2). During this condition, bacteria enter the uterus and early labor is initiated. The
fetus is also exposed to bacteria, which initiates fetal inflammatory syndrome (FIRS).
Ureaplasma urealyticum, Ureaplasma parvum, and Mycoplasma homius are the
bacterial species that are mostly commonly present in amniotic infections that are
associated with 70% of PPROM cases “6-48. However, there are other behavioral
factors (e.g., smoking, poor nutrition), obstetric complications (e.g., multiple
pregnancies, incompetent cervix), and genetic predispositions that can increase the
risk of PPROM. Additionally, some cases of PPROM have been recently associated
with sterile inflammation, a condition that presents as an inflammatory response in the

absence of bacteria “6.
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Figure 1.2: The potential routes of bacterial infection in pregnant women with preterm
premature rupture of membranes (PPROM). Parts of the figure were
created using modified graphics from Servier Medical Art, provided by
Servier, licensed under a Creative Commons Attribution 3.0 Unported
License.

Due to the increased risk of FIRS for the fetus and sepsis for the pregnant
person, steroids or antibiotics are quickly administered either orally or intravenously
to decrease the bacterial infection. The most used antibiotics for this condition,
erythromycin, amoxicillin, and clavulanic acid, have been tested alone and in
combination in previous clinal trials. Despite their success in limiting bacterial
infection and delaying preterm labor, these treatment strategies have shown conflicting

data pertaining to fetal risk of cerebral palsy 464°,
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While there aren’t any studies that have used nanoparticle-based systems to
treat PPROM, one study evaluated the use of freely delivered azithromycin (AZ)
treatments during pregnancy. The goal of the study was to determine which delivery
route, intra-amniotic or intravenous, displayed the least undesirable fetal effects if
administered at the 2" trimester 47. To compare the delivery routes, pregnant sheep
were either given a single intra-amniotic (i.a.) dose of AZ or multiple intravenous
(i.v.) AZ doses every 12 h at the 80" gestation day (of 150 days). The sheep were
euthanized 120 h after the single i.a. dose or the initial i.v. and the drug distribution,
fetal weight, and development effects were evaluated 4. The drug distribution analysis
revealed AZ was present in the amniotic fluid and fetal lungs following the i.a.
administration method, but the i.v. administration method showed drug accumulated in
the fetal lung, liver, and plasma #’. There were no distinct toxic responses or exposure
to the fetus using either administration method, however the i.v. method was preferred
for the accumulation and administration ease. The knowledge obtained from this study
can be used to develop a targeted nanoparticle system loaded with antibiotics for the

treatment of PPROM in vivo.
1.2.2 Preexisting Maternal Health Conditions Exacerbated During Pregnancy

1.2.2.1 Endometriosis

Endometriosis is a gynecological disorder in which endometrial tissue and
stroma is present outside of the uterus °°-°2, This condition is prevalent in 5% and 10%
in premenopausal people and is a major cause of infertility 52, Patients diagnosed with
endometriosis often experience chronic pelvic pain and severely painful menstruation,

however endometriosis can often present without symptoms, resulting in frequently
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missed diagnoses. One of the main physical symptoms of endometrioses is the growth
of lesions in the pelvic region. While there are many hypotheses regarding the
pathogenesis of endometriosis, the theory that is most widely accepted suggests the
establishment of an early lesion in the uterus occurs during implantation and serves as
a nidus for endometrial tissue proliferation 2. It is believed the endometrial tissue
spreads to other pelvic regions through retrograde menstruation, a menstruation in
which blood flows backwards to the pelvis instead of the vagina *°. The spreading of
endometrial tissue then leads to the establishment of ectopic endometrial tissues and
lesions outside of the uterus. The growth of lesions and improper implantation often
results in increased infertility in women that are less than 35 years old 2. Additionally,
researchers observed an increase in macrophages and cytokines in the peritoneal fluid
in women with endometriosis compared to healthy women. Scientists have suggested
the high infertility rates in women with endometriosis are possibly due to the increased
presence of macrophages and scarring impacts sperm motility and ciliary function of
the fallopian tubes. Another possible explanation for high infertility rates with this
condition is that the development of adhesions could obstruct egg transport in the
fallopian tubes. Considering the impact of endometriosis on women’s fertility rates,
there is an urgent need for treatment methods for women with this condition.

To treat endometriosis, a vaginal ring system loaded with 1500 mg of danazol
was evaluated in 56 patients and observed for 7 months for changes in pain levels
during menstruation and infertility 3. In terms of menstruation pain, 88% of patients
experienced less pain within 2 months of the vaginal ring insertion. Within 1 month of
ring insertion, 4 patients achieved successful conception. As the study continued, more

patients achieved conception (2 patients within 3 months, 5 patients within 10
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months), indicating the danazol rings improved fertility. Endometriosis mass was also
compared using transvaginal ultrasonography to determine the infiltration depth of the
lesions. Here it was determined the endometriosis mass disappeared in 36 out of 42
patients and was reduced in 6 out of 42 patients with deeply infiltrating cases. From
this study, it was suggested the danazol was absorbed through the vaginal mucosa,
thus infiltrating the endometriosis via diffusion to successfully alleviate menstruation

pain 53,

1.2.2.2 Gestational Diabetes Mellitus

The hormonal changes that occur during pregnancy cause changes in pregnant
people’s insulin sensitivity®4. During the early stages of pregnancy, higher levels of
estrogen increase insulin sensitivity, whereas lactogen and progesterone production in
the placenta that occurs in later gestations of pregnancy decrease insulin sensitivity.
As a result of these physiologic changes, diabetes mellitus is a risk factor for
pregnancy complications, including fetal hyperinsulinemia which results in excess
fetal growth that can increase complications during delivery or cause late-term death
55, Pregnant patients with type 1 diabetes have increased rates of preeclampsia,
premature delivery, mortality, and birth of a child with congenital malformations® .
With the increasing rates of type 2 diabetic patients and risk factors, such as obesity,
there has been an increase in pregnancy induced diabetes, gestational diabetes mellitus
(GDM) . GDM effects 14% of pregnancies in the United States and is responsible for
nearly 90% of pregnancies complicated by diabetes®®. People with GDM are at an
increased risk of remaining diabetic after their pregnancy and being diagnosed with
type 2 diabetes in the future®. Further, their children have an increased risk of obesity

and impairs intellectual achievement®6?,
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GDM is currently managed in pregnant women with either diet changes or
medication. People with GDM that are a low risk for additional pregnancy
complications are advised to limit carbohydrate intake and increase aerobic exercise
62, However, GDM patients with high risk factors are given incremental oral
metformin or glyburide prescriptions, of increasing doses to combat rising blood
sugars®. Despite the lack of FDA approval of these hypoglycemic agents, there has
been minimal evidence of perinatal complications in comparison to insulin7:62.63,
Recent treatment advancements have explored the use of antioxidants, such as vitamin
D and E or zinc to alleviate oxidative stress caused by GDM. However, these studies
have no evaluated effects on fetal development and growth following treatment®7:4,

While few researchers have explored nanoparticle-based therapies for the
treatment of GDM, one study developed a nanoparticle-based treatment system of
cerium oxide NPs (nanoceria) for pregnant diabetic mice . The synthesis of
nanoceria formed a crystalline structure with antioxidant properties like vitamin E and
was shown to protect against reactive oxygen species (ROS) that cause oxidative
stress by shifting between oxidation states. Single doses of the nanoceria formulation
or vitamin E were administered to pregnant diabetic mice every day for 16 days and
the weight changes, blood glucose levels, ROS formation, and embryonic effects were
evaluated . In terms of embryonic effects, nanoceria increased embryonic weight and
decreased morphological embryonic. The nanoceria treatment also decreased ROS
formation and displayed a stronger antioxidant effect than the vitamin E treatment.
Despite the success in antioxidant effects, nanoceria did not significantly alter
maternal blood glucose levels as the authors expected. The goal of lowering blood

glucose levels was not achieved in this pregnancy model; however, glucose responsive
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insulin delivery systems have decreased glucose in non-pregnant animal models®6-6°,
Examples of these delivery systems that have been used to deliver insulin
subcutaneously or trans dermally in non-pregnant and swine models of diabetes®”:70-7?
include glucose-sensitive polymeric nanogels’, pH-sensitive polymeric and metal-
organic framework (MOF) NPs"®72 and charge-switchable polymer conjugates”. The
use of glucose-responsive delivery systems is especially attractive for maternal-fetal
health applications because they only release insulin when there is excess glucose and
reduce the risk of a common side effect, hypoglycemia, that is dangerous for the
fetus’®. These strategies should be explored in the future to include GDM as an

application.

1.2.2.3 Hypertension

A common disease effecting 5-10% of pregnant women in chronic
hypertension’. Pregnant patients with hypertension face increased risks such as
maternal pulmonary edema, acute renal failure, stillbirth, premature delivery, and
infants that are small for their gestational age’®. Another high-risk factor for chronic
hypertensive patients is preeclampsia, which is complicated by the potential effects of
a therapeutics on the fetus’®’”. Due to the risks associated with therapeutics on fetal
development, clinical management methods such as diet and lifestyle changes are
encouraged and most often implemented. However, in the case of high maternal blood
pressure levels, pharmacological treatments are needed. As a result of the limited
information and knowledge regarding fetal toxicity, patients undergoing hypertensive
therapies are carefully monitored.

To manage GDM through targeted nanomedicine-based systems, it is essential

we understand the pathology of hypertension and how it impacts the onset of
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additional pregnancy complications. While it is known that pre-existing hypertension
can cause a variety of different complications, the exact pathways in which
complications develop during pregnancy due to hypertension is unknown. Thus, a
BPH/5, mildly hypertensive mouse was used as a model of human pregnancy, as these
mice have fetal growth restriction, abnormal placentation, and defects in maternal
decidual arteries like humans’®7°, Consequently, these issues lead to inflammation and
activation of the complement pathway, which has been shown to be associated with
adverse pregnancy outcomes®®-82, In this work, a fusion protein (CR1-Crry) was
synthesized from a pan-C3 convertase inhibitor, Crry, and a targeting protein that
binds to C3 degradation products, CR2, to inhibit the complement pathway. The
delivery of CR1-Crry in the hypertensive mouse model increased placental weight,
normalized junctional zone and spiral artery morphology, increased placental vascular
endothelial growth factor (VEGF) concentration, and decreased neutrophil recruitment
to the placenta without altering the numbers of uterine natural Killer cells or
macrophages®. From this work, it is apparent the complement pathway plays a role in
the pathology of adverse outcomes during pregnancy due to hypertension. Considering
hypertension is a risk factor for preeclampsia, it is also suggested the complement
pathway is a part of this condition’s pathology®.:8284, In delivering CR2-Crry to a
CBA/J x DBA/2 mouse model of preeclampsia, it was determined the CR2-Crry
treatment prevented oxidative stress, lowered circulating soluble fms-like tyrosine
kinase-1 (SFIt-1) levels, reduced fetal resorption, and improved kidney function®. The
success of this fusion protein in both a hypertensive and preeclamptic mouse model
provides insight to the disease pathologies and gives promise to the use of target nano

therapies to treat either hypertension or preeclampsia.
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1.2.2.4 Bacterial VVaginosis

In bacterial vaginosis (BV), a common condition occurring in pregnant and
non-pregnant people, the vaginal microbiome is disrupted which poses several
challenges for the patient. In the healthy vaginal microbiome, the Lactobacillus
species secrete lactic acid and other anti-microbial molecules to maintain the vaginal
pH at 3.5-4.5 &, In BV conditions, the Lactobacillus species is decreased and replaced
by a variety of pathogenic bacteria, primarily Gardnerella vaginalis (Figure 1.3) ¥,
The most observed symptoms in BV are abnormal vaginal discharge, pain, infertility,
other infections such as HIV and urinary tract infections in non-pregnant patients®8°,
However, BV symptoms can be mild and undetected and only 37% of pregnant people
with BV are symptomatic and exhibit changes in vaginal discharge or odor . Due to
the limited symptom detection, pregnant patients with BV face additional risks, often
leading to spontaneous abortion, PTB, and PPROM?820.91 Although BV is not a life-
threatening condition, babies delivered by patients with BV have an increased risk of

assisted ventilation or respiratory distress at birth and sepsis®.

21



Healthy Bacterial Vaginosis

Lactobacillus | Lactobacillus
Speci -
Pec:es\, ¥ : Species
% « G. vaginalis
... G. vaginalis Mucus | N &/Mucus
Cilia ™ &3/ __ Cilia
‘ . * I I --.
Epithelial Epithelial
Cell\ | Cell
® @ @ |

Figure 1.3: The potential routes of bacterial infection in pregnant women with preterm
premature rupture of membranes (PPROM). Parts of the figure were
created using modified graphics from Servier Medical Art, provided by
Servier, licensed under a Creative Commons Attribution 3.0 Unported
License.

The most common treatments available for BV patients are non-specific
antibiotics that are delivered orally or in vaginal creams. Unfortunately, recurrence is
significant within 6 months of treatment °3 and 10-15% of patients do not improve
after the first course of antibiotics 8. One of the reasons why the recurrence of BV in
patients is so common is because the regrowth of the Lactobacilli is slowed following
antibiotic treatments. As a result of the diminished Lactobacilli, patients with BV also
face an increased risk of acquiring sexually transmitted diseases &’.

To combat BV in non-pregnant people researchers have developed a probiotic
treatment system which addresses the lack of Lactobacilli regrowth and inflammatory
responses in mice following BV infection ®4. In this study, estrogen-treated mice were

infected with E. coli for 5 days prior to treatment and a Clostridium butyricum was
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vaginally administered in either high or low doses once per day for 6 days. The
probiotic treatment, C. butyricum, was compared to an antibiotic treatment,
kanamycin. Of the treatment groups administered, the neutrophil presence and bacteria
count was the lowest for the high dose of C. butyricum and was the only treatment
group to restore lactobacillus growth . This work demonstrated E. coli growth is
inhibited in the presence of C. butyricum and promotes lactobacillus growth.

While few studies have investigated the use of nanoparticle-based systems for
the treatment of BV, nanocarrier systems have been developed for the treatment of
HIV. One study loaded a PLGA nanoparticle with an HIV antiviral drug and
embedded the particles in a dissolvable film made from polyvinyl alcohol PVC and
hydroxypropyl methyl (HPMC) cellulose . The drug release profiles in vitro data
revealed 80% drug release occurred within 5-10 mins and 90% release occurred within
the first 2h. The films were placed in the vagina once daily for 14 days in diestrus
phase mice and mice cytokine production, toxicity levels, and morphological changes
were evaluated. While there were no histological changes in the cervix or uterine
horns between the treatment groups, the mice treated with the vaginal films experience
a mild thinning of the vaginal epithelium and slightly raised IL-8 levels. Further,
minimal toxicity levels were observed in the film treatment group in vivo *. Overall,
this study suggests there is potential of nanoparticle-base therapies for treating vaginal

infections.

1.3 Biological Barriers to Targeting Reproductive Organs
The administration method used to deliver NPs to the female reproductive
organs is critical to determine the biological barriers the NPs will encounter.

Intravenous administration and vaginal administration are systemic and local delivery
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methods, respectively, that present different advantages and biological barriers when
targeting the reproductive organs. In each section below, we discuss the challenges
associated with each administration method and present maternal/fetal health

applications that have utilized each delivery route.

1.3.1 Challenges with Intravenous Delivery

The major challenge with intravenously delivering nanoparticles to the
reproductive organs is the removal of the nanoparticles from the bloodstream by the
mononuclear phagocytotic system (MPS). When nanoparticles are delivered
intravenously, they immediately enter the bloodstream and circulate throughout the
body. Once in the bloodstream, nanoparticles are opsonized, a process in which they
are coated in a protein corona. The protein corona is immediately recognized and
marked by macrophages circulating in the bloodstream (Figure 1.4) to be
phagocytosed later. The nanoparticles are then removed from the circulation and

accumulate in the liver.
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Figure 1.4: NPs that are delivered via intravenous injections enter the circulation and
and are immediately coated in protein corona. Coated NPs are marked by
macrophages for removal from the circulation and accumulate in the
liver. Parts of the figure were created using modified graphics from
Servier Medical Art, provided by Servier, licensed under a Creative
Commons Attribution 3.0 Unported License.

To bypass the MPS, nanoparticles are coated in a “stealthing” agent. One of
the most common stealthing agents is polyethylene glycol (PEG), which has been
extensively studied by researchers and has been a shown to increase circulation in vivo
% PEG also reduces particle aggregation by blocking interactions between
nanoparticle surfaces, thereby reducing cellular uptake®’. PEG surface coatings also
inhibit direct interactions between nanoparticles and proteins which decreases
opsonization. One factor that has been shown to increase the blood half-life is the
length of the PEG nanoparticle surface®. Researchers have suggested the longer PEG
lengths reduces protein adsorption and delays phagocytosis. The delay in phagocytosis
allows the nanoparticles to better evade macrophages in the bloodstream, which leads
to increased blood half-life.

Another factor that should be considered when delivering nanoparticles to the

reproductive organs in females is the menstrual cycle. One study evaluated the impact
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of the menstrual cycle in mice, the estrus cycle, on nanoparticle biodistribution °.
Gold PEGylated nanoparticles (AuNPs) with sizes of 20 nm, 50 nm, 100 nm, and 200
nm were delivered to mice via IV injections at the estrus, proestrus, diestrus, and
metestrus phases of the estrus cycle. AUNPs of <100 nm accumulated in the ovaries at
each stage. However, the ovarian accumulation during the estrus phase was
significantly higher than the proestrus, metestrus, and diestrus phases. In the same
study, lipid nanoparticles of 80 nm were delivered intravenously to mice during either
the estrus or diestrus phases to mice with orthotopic triple negative breast (4T1)
tumors or epithelial cervical cancer. Here, it was determined nanoparticles delivered at
the estrus phase accumulated more in the reproductive organs. However, nanoparticles
delivered at the diestrus phase displayed more accumulation in the 4T1 tumors than in
the reproductive organs. From this work, it is evident the menstrual cycle plays a role
in nanoparticle accumulation in the reproductive organs following intravenous

delivery.

1.3.2 Barriers Associated with the Vaginal Delivery

While the intravenous delivery method is useful for specific targets, there are
many challenges with delivering nanoparticles to the reproductive organs. Local
delivery methods are alternative administration method that can be utilized to limit the
off-target effects that are often observed with IV delivery and increase nanoparticle
accumulation at the desired sites. For targeting the reproductive organs, vaginal
delivery is an attractive administration method because of its proximity to the
reproductive organs and elimination of MPS removal.

One of the main barriers to using vaginal administration for the delivery of

nanoparticles is cervicovaginal mucus (CVM). CVM is a gel-like fluid that lines the
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cervical and vaginal epithelium and serves as a protective barrier to prevent foreign
antigens and bacteria from entering the uterus %191, The structural unit of CVM are
glycoproteins, which are arranged in porous fibrous networks (Figure 1.5). These
fibrous networks help to remove pathogens by trapping the pathogens then clearing
them from the system in the form of discharge in both pregnant and non-pregnant
people 102194 The rheological properties of CVM are non-linear and dependent on the
length scale and shear stress. Under low shear stress and at the nanoscale, CVM acts
as a low-viscous fluid. However, under high shear stress conditions, CVM has a high
viscosity. Additionally, CVM viscosity changes can result from external chemical
signals, with gradual changes induced by estradiol (within days), immediate changes
induced by spermatozoa presence (within minutes) 19319, or with gestational age

during pregnancy (Figure 1.5).
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Figure 1.5: (A) Schematic of cervicovaginal mucus layer on epithelium and mucin
glycoprotein structure. Parts of the figure were created using modified
graphics from Servier Medical Art, provided by Servier, licensed under a
Creative Commons Attribution 3.0 Unported License. (B) Cervicovaginal
mucus at (i) 20" day of pregnancy (ii) 2.5 months of pregnancy and (iii)
last week of pregnancy. Figure Reproduced with permission from N.
Becher, et al. Acta Obstet Gynecol Scand. 2009; 88: 502-513 under a
Creative Commons Attribution License.
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In addition to the increased presence of CVM during pregnancy, the properties
of CVM change with the hormonal fluctuations that occur during pregnancy. After
conception, estradiol levels are low and CVM viscosity increases to discourage sperm
and bacteria transport to the uterus. As pregnancy progresses and the placenta
develops, estradiol levels increase, and mucin production is initiated. Next,
progesterone levels decrease to initiate epithelial proliferation and cervical
remodeling, resulting in increased CVM production and immune protection for the
fetus 1%, In the third trimester, estradiol and CVM production is increased and
maintained for the rest of the pregnancy. Immediately before labor, progesterone
levels decrease rapidly to end oxytocin production and initiate labor. The significant
drop in progesterone levels results in the release of the CMP from the uterus and the
onset of labor. The fluctuations in CVM viscosity that occur throughout pregnancy can
also serve as a barrier to targeting the female reproductive organs using the vaginal
delivery method.

Another biological barrier that is present during pregnancy is the cervical
mucus plug (CMP). The CMP is a collection of immune cells, shed cells, and
secretory that is formed in the cervical canal during the first trimester 106107, The
physical barrier structure of the CMP serves to prevent large foreign pathogens and
bacteria from entering the uterus (Figure 1.5B) 1%-108, The presence of the CMP is
critical for maintaining the safety of the fetus, as bacteria in the uterus can result in the
initiation of preterm labor and subsequent preterm birth. Like CVM, the viscosity of
the CMP depend on the shear stress conditions. Under low shear stress, the CMP acts

as an elastic solid but under high shear stress, the CMP experiences very little
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deformity. Understanding the properties of the CMP is necessary for designing

nanoparticles for the treatment of women’s health conditions during pregnancy.

1.3.3 Nanoparticle Design for Vaginal Delivery

To deliver targeted nanoparticles to effectively treat maternal/fetal health
conditions during pregnancy, it is necessary to understand how the design properties
of the nanoparticles can be affected by the biological barriers that accompany the use
of vaginal delivery. Previous literature regarding nanoparticle design has shown
nanoparticle size, shape, and surface charge effect the drug delivery properties and
must be tailored for the desired target . In terms of vaginal delivery, researchers have
determined specific guidelines for each nanoparticle design property that will be
discussed below.

Nanoparticle size plays a significant role in evading the CVM barrier for
vaginal administration methods. In previous work, PEG-coated polystyrene NPs of
100 nm, 200 nm, and 500 nm, were examined for their mean displacement values
(MSD) in ex vivo CVM samples of from non-pregnant patients 1%°. The MSD values
from this study determined 100 nm and 200 nm NPs diffused much faster in CVM
compared to 500 nm NPs. The measured diffusion rates of the NPs were estimated
using Amsden’s obstruction-scaling model to determine the approximate size of the
porous networks. Researchers determined the average diameter of CVM in non-
pregnant people was 340 nm+- 70 nm. From this data, researchers suggested smaller
NPs (100 nm and 200 nm) diffused faster through the CVM samples because they
were smaller than the average diameter of the pores within the fibrous networks of the

mucosal structurel®. Using the knowledge gained from these studies, it is essential
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that vaginally delivered NPs be less than 200 nm to minimize NPs entrapment in the
CVM barrier.

The NP surface charge should also be optimized to overcome the CVM barrier.
To determine the impact of NP surface charge on mucosal escape, PEG coated
polystyrene NPs and uncoated polystyrene were tested in non-pregnant ex vivo CVM
samples for their mean squared displacement values. The PEG-coated NPs
outperformed the uncoated NPs, with the PEG NPs displaying mucus penetration rates
400 to 6,000 fold faster than the bare NPs 1%, The authors attributed the PEG NPs
diffusivity success to the neutralized surface charge and suggested electrostatic
interactions between the NPs and CVM were minimized by the PEG coating. Further,
the PEG density was evaluated on polystyrene NPs to analyze how coating density
effect NP diffusion in ex vivo human CVM samples 1%, NPs coated with 5 kDa PEG,
10 kDa PEG, 20 kDa PEG and 40 kDa PEG were analyzed for their diffusivity in
undiluted human CVM. The results from this study revealed densely coated NPs
diffuse faster in mucus compared to less dense coatings.

Another avenue to enhance the nanoparticle mucus penetration is the use of
muco-inert biomaterials for nanoparticle synthesis. Khutoryanskiy evaluated muco-
inert biomaterials for the development of mucus-penetrating nanoparticles, including
poly (2-alkyl-2-oxazolines), polysarcosine and poly (vinyl alcohol) as an alternative to
PEGylation 1, The conclusions from these studies have highlighted and confirmed a
near-neutral surface charge from either “stealthing” agents or muco-inert biomaterials
is imperative for nanoparticle escape from the CVM barrier.

Taken together, NPs must be designed strategically to successfully overcome

the CVM barrier for vaginal administration methods. Smaller NPs and NPs with a
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near-neutral surface charge have shown great success in minimizing mucosal
interactions and NP entrapment in the CVM. In treating maternal/fetal conditions
during pregnancy, these NP design characteristics must be considered to maximize NP

delivery.

1.3.4 Physiologic Changes in Human Anatomy During Pregnancy

The female reproductive anatomy undergoes many changes over the course of
pregnancy. The reproductive organs that are primarily involved in pregnancy
complications are the cervix, uterus, and placenta, which all contribute to the growth
and development of the fetus (Figure 1.6). It is essential that engineered nanoparticle-
based systems for the treatment of pregnancy conditions consider the gestational
changes that occur during pregnancy when targeting the female reproductive organs.
Without proper consideration of the dynamic reproductive anatomy, the safety of the

parent and fetus could be at risk.
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Figure 1.6: The human reproductive anatomy experiences many changes throughout
pregnancy, including narrowing of the cervix to protect the fetus,
thickening of the uterine walls to prepare for delivery, and the
development of the placenta to provide nutrients to the fetus during the
second and third trimesters. Parts of the figure were created using
modified graphics from Servier Medical Art, provided by Servier,
licensed under a Creative Commons Attribution 3.0 Unported License.

The cervix is a narrow canal that connects the lumen on the vagina to the
uterine cavity. This structure is made of dense, connective tissue and is approximately
3cm long and 3.5 cm in diameter in non-pregnant people. However, during pregnancy,
the cervix remodels itself to prepare for delivery by shortening, softening, and dilating.
The remodeling of the cervical extracellular matrix (ECM) is induced by fetal growth
to decrease the cervical length and increase cervical tissue volume. During this
remodeling process, fibroblasts, smooth muscle cells, and collagen networks are

reorganized to decrease tensile strength, increase compliance, and expand the cervix.
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Additionally, the epithelial cells that line the cervix help to protect the fetus. These
epithelial cells secrete cytokines to activate immune cells and produce mucus to
eliminate foreign pathogens. Cervical remodeling plays a significant role in maintain
the health of the parent and fetus during pregnancy. If too little cervical remodeling
occurs, cervical incompetence can result, often leading to pregnancy loss. Conversely,
too much cervical shortening could lead to preterm birth.

The uterus is a hollow, muscular reproductive organ the protects the fetus
during development. After conception, the fertilized egg undergoes cell divisions to
form a zygote. The zygote undergoes additional cell division to form a blastocyst,
which implants on the uterine wall to initiate placental and fetal development.
Following implantation, VEGF and angiopoietins induce angiogenesis to facilitate
growth of the small uterine arteries during the first trimester. As pregnancy progresses,
these proteins support the remodeling of the uterine and placental vessels to increase
blood flow to the placenta and nutrient transport to the fetus. Hormones, specifically
estrogen and progesterone, also contribute to uterine blood vessel maturation through
cellular processes involving vascular contractility, growth, and matrix deposition,
although the specific mechanisms are unknown. As the placenta and fetus grow, the
uterus increases in size, by approximately 1 cm in diameter per week, and the uterine
wall thickens to provide structural support to the fetus. At the time of delivery, the
uterus artery diameter has doubled and blood flow to the uterus has increased
exponentially in that most of the blood flow (>90%) is directed to the placenta. If the
uterine vasculature is not adequately formed or remodeled, pregnancy complications
can occur, including preeclampsia and intrauterine growth restriction (IUGR).

Additionally, improper uterine formation during pregnancy increases the risk of
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fibroids, which are abnormal benign tumors. Fibroid overgrowth is often a result of the
increased estrogen levels that enhance the growth of fibroids that were present prior to
the onset of pregnancy. Ultimately, fibroid overgrowth can be painful and lead to
pregnancy loss in the second trimester.

The placenta is a new organ that develops as the interface between the parent
and fetus and its purpose is to facilitate nutrient transport and gas exchange during
pregnancy. The placenta is approximately 15-20 cm in diameter, 2-3 cm thick, and has
a surface area of almost 15 m? at 40 weeks gestation. The basic structural unit of the
placenta is the chorionic villus, which differentiates into several layers as pregnancy
progresses. The extravillous trophoblasts infiltrate the maternal spiral arteries during
the uterine remodeling processes in the first trimester. These cells essentially replace
smooth muscle cells to prevent arterial contraction in the uterus. Further, in the first
trimester, the extravillous trophoblasts plug the spiral arteries and prevent blood flow,
creating a hypoxic environment for the fetus. During this 12-week period, the fetus
receives nutrients from the uterine glands. Meanwhile, the villous trophoblasts
differentiate into synctiotrophoblasts, which create a tight barrier between the maternal
and fetal circulation and are in direct contact with the maternal blood. At the
beginning of the second trimester, the spiral arteries are remodeled and the
trophoblasts that initially plugged the spiral arteries are released, allowing maternal
blood to enter the placenta. The remodeling of the spiral arteries alters transport of
nutrients, cytokines, immune cells, and drugs from the maternal blood to enter the
placenta. Although transport of factors is not well understood, it is known that drug
concentration, molecular weight, and mechanism contribute to its transport across the

placenta.

35



1.4 Unanswered Questions for Nanomedicine in Maternal/Fetal Health
Researchers in the emerging field of women’s health are now investigating
new treatment strategies to treat pregnancy conditions. However, there are many
physiologic changes occurring during pregnancy, including changes in the uterine
anatomy, the growth of a new organ, the placenta, and fetal growth. Together, these
changes can impact nanoparticle delivery to the reproductive organs and drug efficacy
in treatment and management strategies for pregnancy-related conditions.
Nanoparticle distribution following intravenous administration is largely impacted by
the remodeling of the uterus and cervix and growth of the placenta. Considering the
gaps in knowledge of drug transport across the placenta, the potential effects of
nanoparticle-based therapies on fetal development is also a major ethical concern. In
Chapter 2, we synthesize gold nanoparticles and nanoshells and intravenously
administer them to pregnant mice at two gestational ages to evaluate nanoparticle
biodistribution to the reproductive organs as a function of gestational age and potential
short-term effects on fetal growth. To eliminate potential off-target effects from
systemic delivery methods, we analyze polymer-based nanoparticle distribution to the
maternal organs, placenta, and fetus following vaginal administration in Chapter 3 and
evaluate changes in maternal and fetal growth after nanoparticle delivery. In Chapter
4, we demonstrate nanomedicine-based therapies are useful for pregnancy related
conditions, specifically BV, by engineering a PLGA nanoparticle system to overcome
the CVM barrier and successfully eradicate the most prevalent bacteria in BV, G.
vaginalis. The work from this thesis will contribute to the field of nanomedicine by
providing a fundamental understanding of how to overcome biological barriers to

successfully deliver nanoparticles for treating maternal-fetal conditions. Chapter 6
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summarizes the implications of these findings and describes future directions to

continue the advancement of nanomedicine therapies in maternal-fetal applications.
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Chapter 2

GOLD NANOPARTICLE BIODISTRIBUTION IN PREGNANT MICE
FOLLOWING INTRAVENOUS ADMINISTRATION VARIES WITH
GESTATIONAL AGE

The work presented in this chapter is adapted from a manuscript published by
Irvin-Choy NS*, Nelson KM*, Gleghorn JP#, Day ES*. Delivery and short-term
maternal and fetal safety of vaginally administered PEG-PLGA nanoparticles. Drug

Delivery and Translational Research. 2023; https://doi.org/10.1007/s13346-023-

01369-w. *co-first authors; #co-corresponding authors.
2.1 Introduction

Pregnancy complications pose several challenges to the mother and developing
fetus as treatments are limited due to many safety and ethical concerns.
Preeclampsia'!?-114, fetal growth restriction (FGR)'*>1"and placenta accretal'®1° are
examples of pregnancy-induced conditions that have limited treatments. As pregnancy
progresses, symptoms of these diseases worsen leading to detrimental effects for
maternal and fetal health. As a result, mothers often need to undergo emergency
delivery via cesarean section and the newborns face additional morbidities related to
their resultant premature birth. These pregnancy-related conditions warrant a dire need
for therapeutic advances that can treat conditions that negatively affect maternal and

fetal health during pregnancy without harm to the developing baby.
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Over the last decade, various nanoparticle (NP)-based carrier systems have
been engineered to target a variety of diseases and cancers. It is well established that
the ultimate fate of nanocarriers in the body following systemic delivery varies as a
function of size, shape, and surface chemistry'%12°, While researchers have harnessed
this knowledge to create powerful systems for the treatment of diseases such as
cervical cancert?%122 endometriosis!?®124, and HIV1?51%6 few have explored the
potential of nanomedicine to treat pregnancy complications'?%1?7, The state of
pregnancy introduces additional factors that will influence NP distribution and hence,
NP design'?%1?7, These factors include the dynamic physiology of the maternal
reproductive system'%5128-130 the transport of nutrients and drugs through the
placenta®:132 and the development of the fetus!'®133, Understanding how these
variables impact NP distribution is necessary to develop effective treatments that can
extend pregnancies to term and advance maternal and fetal health.

To date, many studies examining the distribution of NPs in pregnant mice or
rats have utilized gold-based NPs as model carriers due to the ease of controlling their
size and surface chemistry, as well as the ability to quantify gold content in tissues
with high sensitivity using inductively coupled plasma mass spectrometry (ICP-MS).
These studies have indicated that gold NP accumulation in reproductive tissues is size-
dependent. For example, when gold nanoparticles (AuNPs) of varying sizes (1.5 nm —
70 nm) were intravenously delivered to pregnant mice, it was determined that only
particles less than 10 nm could readily cross the placental barrier and enter the fetal

circulation®®*. Another study evaluated AuNPs of 1.4 nm, 18 nm, and 80 nm diameter
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in pregnant rats and observed 1.4 nm and 18 nm AuNPs in embryos despite all sizes of
AUNPs being present in pooled tissues samples consisting of the placenta, umbilical
cord, and amniotic membranes'®. Together, these findings demonstrate that size plays
a critical role in NPs’ ability to reach placentas and fetuses following systemic
administration34-1%,

Given that maternal and fetal physiology undergo dynamic changes throughout
pregnancy, we wanted to determine whether the biodistribution of gold NPs in
pregnant mice is gestation dependent. To investigate this question, we intravenously
administered either 15 nm diameter spherical gold NPs (15 nm AuNPs) or 150 nm
diameter silica core/gold shell nanoshells (150 nm NSs) to pregnant mice at
gestational day (E) 9.5 or 14.5. These gestational ages were selected to represent
approximately the second and third trimesters of human pregnancies based on
placental development!®8, We did not choose to explore distribution at earlier
timepoints because many pregnancy complications are not detected prior to the end of
the first trimester, and consequently, nanomedicine-based treatment strategies would
likely not be administered until the second or third trimesters. Twenty-four hours after
the AUNPs or NSs were delivered via tail vein injections, mice were humanely
euthanized and the maternal reproductive and non-reproductive tissues collected for
both histological analysis and quantitative measurement of gold content by ICP-MS.
These assays revealed that the accumulation of both 15 nm AuNPs and 150 nm NSs in
placentas and embryos is gestation dependent, with more NPs found in these tissues at

E9.5 than E14.5. We also found that both 15 nm AuNPs and 150 nm NSs can
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accumulate in these reproductive tissues without altering fetal or placental weight, and
they also do not impact the histological appearance of maternal non-reproductive
organs. These findings indicate that 15 nm AuNPs and 150 nm NSs have minimal
short-term fetal or maternal toxicity, although the safety of these and other
nanocarriers should be fully vetted in future studies that include relevant therapeutic
cargo in the formulation. Overall, the results obtained from this fundamental study
will guide the development of new nanomedicines to improve the treatment of

pregnancy complications.

2.2 Materials and Methods

2.2.1 Synthesis of 15 nm Diameter Gold Nanoparticles

AUNPs of 15 nm diameter were synthesized using the Frens method as
previously described®3°. Briefly, gold chloride dissolved in deionized water was stirred
and heated until boiling. Sodium citrate was added, and the reaction observed for ~15
minutes until the solution became a deep red color. The resultant AUNPs were filtered
to remove aggregates then resuspended in water. The AuNPs were passivated by
adding 10 uM of 5 kDa methoxy-poly (ethylene glycol)-thiol (MPEG-SH) to the
AUNP solution while stirring. After stirring for 1 hour, the PEG-coated AuNPs were
purified by centrifuging (21,000g x 30 min) the sample to form a pellet and removing
unbound mPEG-SH with the supernatant. The purified PEGylated AuNPs were

dispersed in sterile phosphate buffered saline (PBS).
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2.2.2 Synthesis of 150 nm Diameter Nanoshells

Nanoshells with ~120 nm silica cores and ~15 nm thick gold shells were
synthesized by the Oldenburg method'#°. First, 3-4 nm diameter gold colloid formed
by the Duff method!#! were combined and reacted with aminated silica spheres
(Nanocomposix) and rocked for several days at room temperature to form “seed”.
Unreacted gold colloid was removed from the seed by centrifugation (2800 rpm, 25
min) and resuspended in water. The purified seed solution was then combined with a
solution of potassium carbonate containing HAuCls and formaldehyde to form
complete gold shells. The synthesized silica core/gold shell NSs were purified by
centrifugation (500g x 5 min, thrice) and resuspended in water, then 5 kDa mPEG-SH
was added to the samples at a final concentration of 10 pM. After reacting overnight at
4°C, the PEG-coated NSs were purified by centrifugation to remove unbound mPEG-

SH. Samples were diluted in PBS and stored at 4°C until use.

2.2.3 Nanoparticle Characterization

Transmission electron microscopy (TEM) was used to visualize both AuNPs
and NSs after synthesis. TEM samples were prepared by diluting AuUNPs or NSs in
water to an optical density (OD) of 0.3 or 1, respectively, at their peak plasmon
resonance (520 nm for AuNPs; 800 nm for NSs) and placing a drop of sample on
poly-I-lysine copper grids. Samples were imaged using a Zeiss Libra 120
Transmission Electron Microscope. The mean diameter of the AUNPs and NSs was

determined by measuring the diameter of 20 particles manually in ImageJ.
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The extinction spectra (and OD) of the NPs were recorded using a Cary60 UV-
visible spectrophotometer, using water as a baseline. For dynamic light scattering and
zeta potential measurements, the AuNPs were diluted in water to OD%2"™=(,3 and the
NSs were diluted in water to OD3°"™=1, Then, the samples were evaluated using an
AntonPaar LiteSizer500 instrument. The reported hydrodynamic diameter and zeta

potential are the mean and standard deviation of 20 sample measurements.

2.2.4 In Vivo Pregnancy Murine Model

All mice were maintained, bred, and used in accordance with Animal Use
Protocols approved by the Institutional Animal Care and Use Committee at the
University of Delaware (AUP #1320 and #1341). Timed-pregnant CD1 mice were
bred and separated 12 hours later denoted as E0.5. At E9.5 or E14.5 mice were
injected intravenously via the tail vein with 0.1 pg Au/g mouse of either AuNPs, NSs,
or the equivalent volume of saline. Three pregnant CD-1 mice were used for each
treatment group for each gestation, totaling 18 mice for this study. Twenty-four hours
post-injection, mice were humanely euthanized. This timepoint was selected for
analysis because 24 hours of development results in the transition to a new Theiler
Stage so it would be undesirable to examine distribution and effects on fetal growth at
circulation times longer than this; additionally, most AuNPs or NSs should have
reached their ultimate fate by twenty-four hours post injection. Maternal blood and

nonreproductive organs (liver, kidney, spleen, heart, and lung) and embryos and
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placentas were excised for each mouse and used for either histology or ICP-MS
(discussed below). For reproductive organ analyses, two embryos (one proximal and
distal to the maternal head) and their respective placentas were excised from each

mouse, totaling 36 embryos and 36 placentas.

2.2.5 Quantification of Gold Content in Tissues by ICP-MS

Excised organs were weighed then lyophilized overnight to remove water
content. Tissues were digested in 1 ml of 3% hydrochloric acid in nitric acid and
heated to 60°C for 30 minutes or until completely dissolved. The digested tissue
samples and standards of known gold concentration (prepared using TraceCERT®
gold standard) were then diluted in a matrix containing 2% nitric acid and 2%
hydrochloric acid. The gold content in each tissue sample and standard curve sample

was analyzed on an Agilent 7500c ICP-MS instrument.

2.2.6 Qualitative Evaluation of NP Presence in Tissues by Silver Staining

Whole embryos and placentas and sections of maternal liver, spleen, kidneys,
and lungs were excised from the pregnant mice at E10.5 or E15.5 and were fixed in
4% paraformaldehyde for 72 hours and washed in 70% ethanol twice prior to
overnight processing. Processed paraffin samples were embedded and sectioned into
5-micron slices. Silver staining, which amplifies the size of NPs via deposition of

silver on gold, was performed on embryos, placentas, livers and spleens to enable NP

44



visualization by optical microscopy. Briefly, the tissue sections were deparaffinized in
xylene (10 min) and hydrated through a series of ethanol (100%, 90%, 70%) and
water. Silver stain (Cytodiagnostics Silver Enhancer Kit) was incubated on the slides
at room temperature for 10 minutes. The samples were then rinsed and counterstained
with Hematoxylin and Eosin. Finally, samples were dehydrated and mounted with
xylene based mounting media and imaged using a Zeiss Axioobserver microscope.
Maternal kidneys and lung sections were only stained with Hematoxylin and Eosin to

examine general morphology.

2.3 Results

2.3.1 Nanoparticle Characterization

AUNPs (15 nm diameter) and NSs (150 nm diameter) passivated with 5 kDa
MPEG-SH as described in the Methods were characterized for their hydrodynamic
diameter, zeta potential, and morphology using UV-visible spectrophotometry,
dynamic light scattering (DLS), and transmission electron microscopy (TEM).
Spectrophotometry revealed that the AUNPs had a peak plasmon resonance at ~520
nm (not shown), consistent with the extinction properties of 15 nm diameter
AUNPs!#2, Similarly, the NSs had peak plasmon resonance at ~800 nm (not shown),
consistent with the extinction features of NSs with 120 nm diameter silica cores and
15 nm thick gold shells'*3. DLS measurements indicated that uncoated AuNPs had a

hydrodynamic diameter of 23 + 8 nm and a zeta potential of —23 £5 mV (Figure
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2.1A, B). Following PEGylation, the AuNPs’ hydrodynamic diameter increased to

40 = 7 nm and their zeta potential increased to —4.5 + 3 mV. Since hydrodynamic

diameters measured by DLS are typically larger than physical nanoparticle
dimensions, the PEGylated AuNPs were further examined by TEM, which indicated
the mean particle diameter was 14 £ 1 nm (Figure 2.1C). NSs were characterized
similarly and found to have a hydrodynamic diameter of 150 + 2 nm before PEG
addition and 176 £ 4 nm after PEG addition (Figure 2.1D). The NSs’ zeta potential
was —40 + 0.4 mV and -3 + 2 mV before and after PEGylation, respectively (Figure
2.1E), and TEM measurements showed the PEG-coated NSs had a mean diameter of

151 £ 13 nm (Figure 2.1F)
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Figure 2.1: Nanoparticle characterization. (A) Hydrodynamic diameter and (B) zeta
potential of AuNPs before and after PEGylation. (C) Electron micrograph
of AuNPs. (D) Hydrodynamic diameter and (E) zeta potential of NSs
before and after PEGylation. (F) Electron micrograph of NSs. Data in
(A,B,D,E) are mean +/- standard deviation.

2.3.2 PEG-Coated 15 nm AuNPs 150 nm NSs Exhibit More Accumulation in

Placentas and Embryos When Administered at E9.5 than at E14.5

After characterizing the NPs, we sought to examine the gestational differences
in their distribution to placentas and embryos following intravenous delivery. We
injected 15 nm PEG-coated AuNPs, 150 nm PEG-coated NSs, or saline at doses of 0.1
pg Au/g mouse into pregnant CD1 mice at E9.5 or E14.5 via the tail vein. Twenty-
four hours later, the reproductive and major non-reproductive tissues of the mothers
were excised and processed for either histological examination or quantification of
gold content by ICP-MS. The ICP-MS data showed that both 15 nm AuNPs and 150
nm NSs coated in PEG accumulate to a greater extent in placentas than embryos at
both E9.5 and E14.5 (Figure 2.2A, B). There is a notable decrease in the number of
nanoparticles in the tissues at E14.5 relative to E9.5, indicating that particle

distribution to reproductive organs is gestation-dependent (Figure 2.2A, B).
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Figure 2.2: Nanoparticle distribution to placentas and embryos determined by ICP-
MS. Analysis of gold content in placentas and embryos of dams that
received intravenous injections of (A) 15 nm diameter AuNPs or (B) 150
nm diameter NSs on E9.5 or E14.5. Gold content in tissues was measured
one day post-NP administration.

The gold content in the placentas and embryos was further evaluated by

histological examination of silver-stained tissue sections to corroborate the ICP-MS

results. Silver stain nucleates on the surface of gold-based NPs to enable their

visualization by light microscopy. Both 15 nm AuNPs and 150 nm NSs were observed

in E9.5 placentas, but fewer AuUNPs and NSs were observed in placentas at E14.5

(Figure 2.3A, Figure 2.4A, particle location indicated by white arrows). These

data confirm the quantitative ICP-MS results (Figure 2.2) that indicated NP

accumulation in placentas is gestation dependent. Within embryos, neither AUNP nor

NS presence was distinct in the silver-stained tissue sections at either gestation

(Figure 2.3B, Figure 2.4B), in agreement with the ICP-MS results that showed both

types of particles accumulate to a lesser degree in embryos than placentas. The
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increased sensitivity of ICP-MS relative to silver staining likely explains why we

could identify particles in the embryos by ICP-MS but not by silver staining.
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dNny

Figure 2.3: Histological examination of NP distribution to placentas and embryos one
day post administration to dams at E9.5 or E14.5. Tissues were silver
stained to enable visualization of AuNPs and NSs. (A) Images of
placentas from dams treated with saline, AUNPSs, or NSs. White arrows
indicate representative NPs along the maternal or fetal sides of the
placenta. Scale bars = 20 um. (B) Images of embryos from dams treated
with saline or NPs at E9.5 or E14.5. Insets depict lower abdomen area.
Scale bars = 20 um.
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Figure 2.4: Nanoparticle biodistribution to maternal non-reproductive organs. (A,B)
Number of NPs in non-reproductive organs of pregnant mice that were
injected with AuUNPs (A) or NSs (B) at E9.5 or E14.5, based on ICP-MS
analysis of gold content measured one-day post intravenous
administration of the NPs. Graphs in (A) and (B) are mean +/- standard
error, with individual data points shown as circles. (C) Silver stained
sections of liver and spleen from dams treated with saline, AUNPs, or
NSs. White arrows point to representative NP locations. Scale bars = 20

pm.

We also investigated if AUNP or NS accumulation in embryos is a function of
embryo location in the uterus. Murine ovarian and uterine arteries supply blood and
nutrients to placentas, and therefore, embryos at different positions in the uterus
(Figure 2.5A). To investigate whether spatial differences exist in NP accumulation in
embryos, we excised embryos and their respective placentas from the proximal
(closest to ovary) or distal (closest to cervix) ends of the uterine horn and analyzed
gold content in these tissues separately by ICP-MS. These two embryo positions were
chosen as they represent both extremes of blood supply to the uterus; the ovarian
artery supplies blood to the proximal embryos first, while the uterine artery supplies
blood to the distal arteries first!44. There was no significant difference in gold content
between proximal and distal placentas or embryos at either gestational age for either
NP type (Figure 2.5B, C). This result is different than originally expected as a
previous study in which researchers clamped the uterine or ovarian arteries in mice to
reduce perfusion to the gravid uterus showed that the uterine arteries appeared to be
more important for survival of embryos than the ovarian arteries'4®. Therefore, we

expected distal embryos and placentas would have more gold content than proximal
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embryos and placentas. However, multiple studies have shown that the middle
embryos are supplied with the least oxygen rich blood'#6-4¢ compared to the distal and
proximal embryos. Accordingly, while the distal and proximal embryos and placentas
may have the same gold content due to their location at the blood supply entry points,
as we have shown, the middle embryos may have less gold content. Future work

should sample the proximal, distal, and middle embryos and placentas to test this

hypothesis.
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Figure 2.5: NP distribution to placentas and embryos by location in uterus. (A)
Schematic of pregnant mouse uterus. Image reproduced with permission
from Raz T, et al. PLoS ONE. 2012; 7(12): €52273 under a Creative
Commons Attribution License. Number of (B) 15 nm AuNPs and (C)
150 nm NSs in proximal and distal embryos and placentas at E9.5 and
E14.5 as determined by ICP-MS analysis of gold content in tissues.
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2.3.3 15 nm AuNPs and 150 NSs Both Have Minimal Effect on Fetal Growth

To determine whether the intravenously administered AuNPs or NSs impacted
fetal growth in pregnant mice, we compared the weight of embryos and placentas that
were excised from pregnant mice 24 hours post-NP administration to those obtained
from pregnant mice treated with saline. A 24-hour time point was chosen to ensure
embryo development was not altered as 24 hours of development results in the
transition into a new Theiler Stage. The embryo to placenta weight ratio (E:P), a
measurement of placental efficiency, was calculated for each treatment group. An E:P
ratio greater than 1, especially at late gestation, indicates efficient placental function
leading to adequate fetal growth!4814%, Embryos from dams treated with 15 nm PEG-
coated AuNPs did not display any significant changes in E:P or mean weight when
compared to saline at either gestational age (Figure 2.6A, B). Likewise, 150 nm PEG-
coated NSs did not alter E:P or embryo weight at E9.5 compared to dams treated with
saline, and there was no difference in E:P at E14.5 for dams treated with NSs or saline
(Figure 2.6C, D). At E14.5, the embryo weights from dams treated with NSs were
significantly higher than those treated with saline (Figure 2.6D). We attribute this
difference to physiologic variability as the E:P ratio for NSs at E14.5 is greater than 1,
indicating adequate fetal growth, and is not significantly different from that of the
saline control. In aggregate, these results indicate that neither PEG-coated AuNPs nor

NSs disrupt fetal growth within 24 hours of administration to pregnant mice.
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Figure 2.6: Analysis of embryo and placenta weight as a measure of NP safety. (A)
Ratio of embryo weight to placenta weight in dams administered 15 nm
AUNPs. (B) Embryo weights 24 hours post 15 nm AuNP injection in
pregnant mice. (C) Ratio of embryo weight to placenta weight in dams
one day after 150 nm NS administration. (D) Embryo weights in NS-
treated mice 24 hours post injection. Data are mean +/- standard
deviation. No significant differences were found between saline or NP-
treated mice when analyzing E:P ratio or embryo weight by t-test.

2.4 Nanoparticle Distribution to Maternal Non-Reproductive Organs in Not
Gestation Dependent
Given our finding that AUNP and NS accumulation in placentas and embryos is

gestation dependent, we wanted to examine if their accumulation in maternal non-
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reproductive organs is also gestation dependent. Therefore, we excised maternal
organs (lungs, liver, kidney, spleen, heart, and blood) 24 hours post-intravenous
delivery of the AuNPs or NSs for analysis of gold content by ICP-MS. Analysis
revealed that 15 nm AuNPs exhibit the highest accumulation in liver and spleen of
pregnant mice, with no significant difference in accumulation observed for any organ
tested between E9.5 and E14.5 (Figure 2.7A). Tissues excised from the dams treated
with 150 nm NSs displayed similar findings, with most NSs found in the liver and
spleen, and no differences in accumulation identified as a function of gestation
(Figure 2.7B). These data indicate that, independent of NP size or maternal gestation,
most AuNPs and NSs are filtered by the liver and spleen. The liver functions to
metabolize material in blood so it is not surprising that a large portion of the NPs
accumulate there. Silver staining of histological sections of the liver and spleen
corroborated the ICP-MS results. Both 15 nm AuNPs and 150 nm NSs were observed
in the maternal liver and spleen at both gestations while tissue morphology appeared
similar to that of the saline-treated mice (Figure 2.7C, Figure 2.8, representative
NPs indicated by white arrows). It should be noted that maternal blood volume
increases at later gestations, so although the density of AuNPs or NSs in blood is
similar between E9.5 and E14.5 mice, the total amount of NPs in blood is likely
greater at E14.5; future work should confirm this experimentally by measuring total
blood volume and gold content at each gestation.

Our data show that PEG-coated AuNPs and NSs intravenously administered at

E9.5 and E14.5 accumulate primarily in the liver and spleen at both gestational ages.
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These results agree with other studies that have assessed NP distribution to major non-
reproductive organs at different stages of pregnancy (E5.5-13.5). For example, one
study found that there were no differences in the distribution of gold NPs ranging from
1.5 nm to 70 nm in diameter to major organs (liver, spleen, kidney, lung and heart) in
pregnant (E9.5) and non-pregnant mice*34. In this study, the lung was found to be a
site of high accumulation, while specific biodistribution data for the spleen was not
included®®*. This data, coupled with our results, indicates that NP accumulation in

non-reproductive organs is not gestation dependent.
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Figure 2.7: Nanoparticle biodistribution to maternal non-reproductive organs. (A,B)
Number of NPs in non-reproductive organs of pregnant mice that were
injected with AuNPs (A) or NSs (B) at E9.5 or E14.5, based on ICP-MS
analysis of gold content measured one-day post intravenous
administration of the NPs. Graphs in (A) and (B) are mean +/- standard
error, with individual data points shown as circles. (C) Silver stained
sections of liver and spleen from dams treated with saline, AUNPs, or
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pm.
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E9.5

E14.5

Figure 2.8: Silver-stained sections of livers and spleens from pregnant mice treated
with AuNPs or NSs. White boxes indicate area of interest that is shown
in magnified view to the right. White arrows point to representative
AUNPs or NSs. These images provide additional fields of view and
magnifications to supplement the data presented in Figure 5. Scale bar =
20 pum.

2.5 Discussion

The results of this study show that intravenously administered AuNPs and NSs
can minimally accumulate in the placenta and embryo during murine pregnancy, with

greater amounts of NPs distributing to the maternal liver and spleen. At both E9.5 and
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E14.5, more AuNPs and NSs were found in the placenta than in the embryo, and the
levels of gold in these tissues decreased at E14.5 compared to E9.5, indicating that NP
distribution to placentas and embryos is gestation dependent. The apparent decrease in
the number of NPs/g of wet tissue at E14.5 compared to E9.5 may be attributed in part
to increases in placenta and embryo weight at later gestations, as well as to altered
transport mechanisms as discussed below. Importantly, the presence of the AUNPs or
NSs in the body did not impact fetal development based on analysis of placental
weight and embryo weight. This suggests that intravenously administered
nanomedicines may be a viable treatment option for pregnancy complications in the
future.

The finding that both 15 nm AuNPs and 150 nm NSs coated with PEG
accumulate in the placenta and fetus to a greater extent at E9.5 than at E14.5 aligns
with prior work that evaluated the distribution of 13 nm AuNPs coated with PEG five
hours post-intravenous delivery to pregnant mice at different gestations (E5.5-
E15.5)%%0, This study showed that PEG-coated AuNPs accumulated in fetal tissues, but
fetal gold concentration decreased significantly after E11.5'%, Our study corroborates
this result and shows that a similar trend exists for larger PEG-coated NSs. We suspect
dynamic changes in transplacental transport mechanisms are responsible for
gestational differences in NP accumulation in placentas and fetuses. Transplacental
transport can occur by active and passive mechanisms, with NPs trafficking through or
between the cells that comprise the barrier. In vitro transport studies have shown that

NPs may be taken up by placental synctiotrophoblasts through phagocytosis, clatherin-
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mediated endocytosis, cavaeolae-mediated endocytosis, or macropinocytosis>-1%,
After uptake, NPs typically exploit vesicular transport to transcytose across
trophoblasts, although some cationic NPs may fuse directly with the basal membrane
to escape the cell'>11%, After crossing the trophoblast layer, NPs must diffuse through
the villous stroma and pass-through endothelial cell walls (again, by passive or active
mechanisms) to enter fetal circulation®. We hypothesize that these transport
mechanisms may be differentially regulated throughout gestation. Indeed, several cell
membrane nutrient transporters such as cholesterol transporter SR-B17 and glucose
transporter GLUT4%8 have been noted previously to be differentially expressed over
gestation. Therefore, it is reasonable to surmise that endocytosis mechanisms change
with advancing gestation as well. In addition, placental architecture and development
dramatically change over gestation and as such, the trophoblast tissue layer may have
increased permeability between cells at earlier rather than at later stages. Overall,
transplacental transport and the mechanisms involved with that process are complex,
metabolite/item specific, and not well understood over different phases of placental
development. Further study into the mechanism behind AuNP and NS gestational
dependent transplacental transport properties are needed.

To bypass high amounts of hepatic clearance, local delivery routes (i.e.,
vaginal administration) should be investigated in the future to increase NP
accumulation in reproductive organs. These studies should also be performed at
various gestational ages since the properties of cervicovaginal mucus, a major barrier

to vaginal drug delivery, are known to change throughout pregnancy?03:106,107,159,
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Safety studies should also be completed to ensure NP delivery does not induce
toxicity; analyses could include histological evaluation, examination of fetal
development, and assessment of pup cognitive function and behavior. Future work
should also investigate NP material and surface coatings as factors that can affect
delivery, as the results presented here only apply to gold-based NPs coated with PEG
with diameters of 15 nm or 150 nm. Finally, mechanistic transplacental transport
studies are needed to better understand how NPs cross the placenta. This information
would allow researchers to better engineer NPs with reduced transplacental transport
and increased fetal safety. Overall, the work presented here lays the foundation for
additional studies of NP-based drug delivery for the advancement of maternal and

fetal health during pregnancy.
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Chapter 3
DELIVERY AND SHORT TERM MATERNAL AND FETAL SAFETY OF
VAGINALLY ADMINISTERED PEG-PLGA NANOPARTICLES

The work presented in this chapter is adapted from a manuscript published in
by Irvin-Choy NS*, Nelson KM,* Dang MN, Gleghorn JP#, Day ES*. Gold
nanoparticle biodistribution in pregnant mice following intravenous administration
varies with gestational age. Nanomedicine: Nanotechnology, Biology, and

Medicine. 2021; 36: 102412. *co-first authors; #co-corresponding authors.

3.1 Introduction

Preexisting and newly emergent conditions affecting pregnant people are challenging
to manage due to the limited availability of treatments with confirmed fetal and maternal
safety. Without intervention, conditions including cervical cancer 124122 H|\/ 126.160
endometriosis 12161, and bacterial vaginosis (BV) ®*° may exacerbate pregnancy challenges.
Consequently, pregnant people with these and other high-risk conditions face the difficult
decision to terminate the pregnancy or risk their and the unborn baby's health by foregoing
treatment for the duration of the pregnancy. These patients desperately need new treatment
options that will not harm themselves or the developing fetus.

Nanoparticle (NP)-based carrier systems have emerged as effective tools for treating
many diseases (e.g., cancers, COVID-19, wound healing) over the last decade. Prior

advancements in nanomedicine have established that NP size, shape, and surface charge
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dictate biodistribution following systemic delivery 1201627164 Although researchers have
applied this knowledge to treating cervical cancer 121122 H|\V 126160 endometriosis 12316, and
BV % in non-pregnant conditions, it remains to be established how NP treatment systems can
be used for maternal-fetal health applications during pregnancy. However, maternal-fetal
nanomedicine is quickly growing 120127165166 'with a few recent studies investigating the
biodistribution and safety of NPs in pregnant murine models following systemic delivery
134,150.167 'One study found that gold nanoparticles (AuNPs) less than 10 nm in diameter could
enter fetal circulation post intravenous (IV) administration 3. Another study determined that
both 15 nm diameter AuNPs and 150 nm diameter gold nanoshells could distribute to the
placentas following IV delivery, with less accumulation observed when the NPs were
administered at later gestational ages ¢7. These studies have demonstrated a lack of short-term
toxicity due to the presence of the NPs, supporting the potential use of nanomedicine to treat
maternal-fetal health conditions.

To develop locally applied nanomedicine therapy for conditions affecting the vagina
during pregnancy, it is essential to understand the distribution and safety of NPs following
vaginal administration. The aforementioned studies indicated that I\ administered NPs could
reach placentas and embryos in pregnant mice despite a majority of systemic NPs being
filtered out of circulation by the mononuclear phagocyte system (MPS) 168169 Systemic
clearance by the MPS limits the number of NPs reaching the target tissue and increases the
risk of off-target effects. Delivering NP treatments locally, directly to the tissue of interest,
may help avoid these limitations to improve the management of vaginal disorders during
pregnancy.

A significant challenge associated with vaginal delivery of therapeutics is the

cervicovaginal mucus (CVM) barrier. CVM is a gel-like fluid comprised of glycoproteins that
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lines the vaginal epithelium. This fibrous network traps foreign antigens, viruses, and bacteria,
preventing them from ascending the reproductive tract into the uterus %1%, Previously,
researchers have used neutralizing surface coatings, such as poly(ethylene glycol) (PEG), to
minimize electrostatic interactions between NPs and CVM and thereby increase NP
penetration through CVM 110170171 Conversely, mucoadhesive coatings like chitosan have
also been explored to increase NP retention in the vagina 111121172 C\VVM viscosity and
production increase over the course of pregnancy in response to hormonal changes, leading to
decreased pore sizes in the fibrous networks %17 which likely alters NP transport through
the mucus.

Given the physiological changes of CVM during pregnancy, we evaluated the
biodistribution of PEG-poly(lactic-co-glycolic acid) (PEG-PLGA) copolymer NPs following
vaginal delivery in pregnant mice at two different gestational ages. PEG-PLGA NPs were
used in this study because PLGA is a Food and Drug Administration-approved, hydrolytically
degradable polymer that can encapsulate diverse types of cargo and can be easily modified
with PEG to support CVM penetration. We vaginally delivered saline or PEG-PLGA NPs
loaded with DiD fluorophores (DiD-PEG-PLGA NPs) to pregnant mice at gestational day
(E)14.5 or E17.5 corresponding to early and late time points in the third trimester of human
pregnancy, respectively. We also administered Cy5 labeled PEG-PLGA NPs (Cy5-PEG-
PLGA-NPs) to separate mice at gestational age E17.5 to evaluate polymer distribution
following vaginal administration. Immediately after NP or saline administration, the mice
were fluorescently imaged with an in vivo imaging system (IVIS) to confirm successful
injection. Twenty-four hours later, whole-body images were taken, and the major maternal and
reproductive organs were excised and analyzed by IVIS and cryo-histology. These

experiments revealed that DiD cargo was retained only in the vagina and did not distribute to
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other organs within 24 hours of injection, whereas Cy5-labeled PLGA was observed in the
vagina, placentas, and embryos. There were no significant differences in DiD signal in the
vagina between gestational ages, indicating cargo biodistribution is not dependent on
gestational age when vaginally delivered to pregnant mice. Importantly, vaginally
administered NPs displayed no short-term effects on maternal and fetal growth and safety;
however, future studies should more extensively investigate the long-term fetal effects of
PEG-PLGA NPs and their efficacy as a treatment when loaded with therapeutic molecules.
Overall, these findings indicate the potential for PEG-PLGA NPs in treating maternal

conditions affecting vaginal health during pregnancy.

3.2 Materials and Methods

3.2.1 Synthesis of DiD-Loaded PEG-PLGA NPs

DiD-loaded PEG-PLGA NPs were synthesized by a single emulsification method.
First, 50:50 PLGA (32 kDa) was dissolved in acetone at 1 mg/mL. Next, PEG (5 kDa)-PLGA
(30 kDa) was dissolved in dichloromethane (DCM) at 1 mg/mL and then added at a 1:3
volumetric ratio to the PLGA/acetone solution. Fluorescent DiD was dissolved in dimethyl
sulfoxide (DMSOQ) at 9 mM, and 0.5-3 pL of this solution was added to the PLGA/PEG-
PLGA solution. Lastly, the PLGA/PEG-PLGA/DID solution was added dropwise to 0.2%
polyvinyl alcohol (PVA) in MilliQ H»0 at a 3:1 volumetric ratio. NPs were magnetically
stirred for two hours at 800 rpm to allow solvent evaporation, then centrifuge filtered with
50 kDa molecular weight cutoff (MWCO) conical filter tubes for 25 minutes at 4200 rpm. The
DiD-PEG-PLGA NPs were resuspended in 3 mL of MilliQ H20 and centrifuged a second time

for 30 mins or until most of the water was removed. NPs were then diluted in phosphate-
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buffered saline (PBS) to a fluorescent value of at least 10,000 (measured by reading 100 pL of
sample in a 96-well plate on a BioTek Synergy H1M plate reader with excitation/emission of
640 nm/670 nm) and transferred to Eppendorf tubes for a maximum of 2 hours before being
delivered to mice.

After synthesis, an alternative filtration method was used to remove additional DiD
from NP samples. Following the initial centrifugation in 50 kDa MWCO conical filters for 25
mins, NPs were resuspended in 500 pL of 0.5% Triton X-100 to disrupt any DiD micelles that
may have formed during synthesis. Subsequently, the NPs were centrifuge filtered in 50 kDa
MWCO conical filters for 15 mins at 4200 rpm. NP washes were performed three times by

resuspending NPs in 2 mL of MilliQ H20 between each centrifugal filtration step.

3.2.2 Synthesis of Cy5-PEG-PLGA NPs

Cy5-PEG-PLGA NPs were synthesized also using a single emulsification method. First, Cy5-
PLGA and PLGA (32 kDa) were dissolved in acetone in separate scintillation vials at 1
mg/mL concentrations. PEG (5 kDa)-PLGA (30 kDa) was dissolved in DCM at 1 mg/mL and
250 pL of this solution was transferred to a clean Eppendorf tube. Next, 650 pL of the
PLGA/acetone solution and 100 uL of the Cy5-PLGA/acetone solution were transferred to the
Eppendorf tube already containing the PEG-PLGA/DCM solution for a total of 1 mL of
solution. The Cy5-PLGA/PLGA/PEG-PLGA solution was then added dropwise to 3 mL of
0.2% PVA in MilliQ H,O while magnetically stirring at 800 rpm. NPs were covered with
aluminum foil and stirred overnight. Following stirring, Cy5-PEG-PLGA NPs were centrifuge
filtered in 100 kDa MWCO filters for 25 minutes at 4,200 rpm and 14°C. The Cy5-PEG-

PLGA NPs were resuspended in 3 mL of MilliQ H,O then centrifuge filtered a second time
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for 30 minutes at 4,200 rpm and 14°C. To prepare NPs for mouse injections, the fluorescence
of 100 pL of Cy5-PEG-PLGA NPs was measured using a BioTek Syngery H1M plate reader
at excitation/emission wavelengths of 640/670 nm and then diluted in PBS to a fluorescent
value of 10,000. Cy5-PEG-PLGA NPs were stored in dark Eppendorf tubes at 4°C for a

maximum of 2 hours before use.

3.2.3 Nanoparticle Characterization

Following synthesis, DiD-PEG-PLGA NPs and Cy5-PEG-PLGA NPs were
characterized by dynamic light scattering (DLS) and zeta potential measurements on a
Litesizer500 instrument (Anton Paar). To prepare NP samples, 5-10 uL of NPs were diluted in
1 mL of MilliQ H.0 in disposable or Omega cuvettes (Anton Parr) for DLS or zeta potential
measurements, respectively. The reported intensity-based hydrodynamic diameter and the
mean zeta potential are the averages of three DLS experiments. NP diameter and morphology
were also evaluated by transmission electronic microscopy (TEM). TEM grids were stained
with 2% urany| acetate, dried, and examined with a Zeiss Libra 120 Transmission Electron

Microscope.

3.2.4 Evaluation of DiD Encapsulation and Release from PEG-PLGA NPs

DiD loading in PEG-PLGA NPs was determined by dissolving fully synthesized NPs
in DMSO and measuring the resulting fluorescence. Purified DiD-PEG-PLGA NPs were
dissolved in 500 puL of DMSO and placed on a rocker at room temperature for 30 minutes.
Next, the solution of dissolved NPs and previously encapsulated DiD was centrifuged at
14,000 rpm for 30 minutes to separate the DiD from pelleted PEG-PLGA fragments.

Following centrifugation, the fluorescence of the supernatant was measured in a Synergy H1
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plate reader at an excitation/emission of 640/670 nm, respectively. All samples were
compared to a standard curve of known DiD concentrations to calculate the amount of dye
encapsulated. Encapsulation efficiency was found by dividing the measured amount of
encapsulated dye by the known amount of dye added during synthesis.

To determine dye release from DiD-PEG-PLGA NPs in different conditions, the NPs
were transferred to 1 mL of MilliQ H,0 and stored at 4°C (storage conditions) or to 1 ml of
137 mM NacCl at pH 3.5 while shaking at 37°C (to represent the human vaginal environment)
173 At 1, 2, 4, and 24 hours, the NPs were centrifuged for 20 minutes at 14,000 rpm to pellet
the NPs. The supernatant with released DiD was removed and 100 pL was added to each well
in a 96-well plate. As DiD is weakly fluorescent in water, 100 pL of DMSO was added to
each well to allow measurement of the molecule’s absorbance at 640 nm (which correlates
with concentration) using a Synergy H1 plate reader. The NP pellet was resuspended in fresh
solution, and the process was repeated at the remaining time points. After 24 hours, the
remaining dye encapsulated was quantified by dissolving the NPs in DMSQO, as described
above. DMSO was added to all NP samples and compared to a standard curve of known DiD

concentrations in DMSO/solvent to calculate the dye release over 24 hours.

3.2.5 In Vivo Pregnancy Murine Model and IVIS Imaging

Female mice between 8-17 weeks of age were maintained, bred, and used in
accordance with Animal Use Protocols approved by the Institutional Animal Care and
Use Committee at the University of Delaware (AUP #1320 and #1341). Virgin CD1
mice were bred and separated 12 hours later, denoted as E0.5. Mice were regularly

weighed throughout the study to monitor pregnancy progression. At E14.5 or E17.5,
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mice were injected intravaginally with 20 pL of either saline or freshly synthesized
DiD-PEG-PLGA NPs at a fluorescence of at least 10,000 relative fluorescence units
but less than 40,000 (measured in the plate reader as described above). Separate mice
at E17.5 were injected intravaginally with 20 pL of either saline or freshly synthesized
Cy5-PEG-PLGA NPs at a fluorescence of 10,000 (measured in the plate reader as
described above). To achieve a successful injection, mice were anesthetized with
inhaled isoflurane. Anesthetized mice were placed dorsally, and the NP or saline
solution was intravaginally injected using a glass microcapillary pipette. Mice were
left in the dorsal position for at least 5 minutes after injection to ensure the solution
remained in the vaginal canal. Mice were then moved to an in vivo imaging system
(IVIS, Lumina 11, Perkin-Elmer) to confirm successful injection via fluorescent
detection of the DiD-loaded NPs or Cy5-labeled NPs (excitation/emission 640 nm/670
nm). Twenty-four hours post-injection, mice were humanely euthanized. Whole-body
IVIS images were taken, then maternal organs (liver, kidney, spleen, heart, lung,
vagina, and ovaries), embryos, and placentas were excised and IVIS imaged to detect
the presence of a fluorescent signal. Subsequently, the embryos and placentas were
counted and weighed, and all tissues from DiD-PEG-PLGA NP injected mice were
flash-frozen to prepare cryosections (discussed below). VIS images were analyzed in

Living Image (Perkin-Elmer), and region of interest (ROI) areas were drawn around vaginas

to measure their fluorescence.
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3.2.6 Qualitative Evaluation of DiD Cargo Presence in Cryosections

The major maternal organs (liver, spleen, heart, kidney, and lungs) and reproductive
organs (vagina, ovaries, embryos, and placentas) excised from the saline or DiD-PEG-PLGA
NP injected pregnant mice at E15.5 or E18.5 were flash-frozen in isopentane to encourage
uniform tissue freezing and limit cracking. First, isopentane was transferred to a metal
container and chilled for 10 minutes in a Styrofoam box of approximately 15 mL of liquid
nitrogen. Once the isopentane was chilled, tissues were transferred into it for 30-45 seconds or
until frozen. Immediately after freezing, organs were cryo-embedded in optimal cutting
temperature (OCT) compound and temporarily stored on ice. The embedded tissues were
sliced into 5 um sections using a CryoStat Leica CM30508S at 24°C. Tissue sections were
washed in PBS once for 5 minutes and air-dried while covered. Samples were immediately
imaged using a Zeiss Axio Observer microscope and examined for fluorescent DiD signal in

the DiD channel (670 nm) and general morphology in brightfield.

3.3 Results

3.3.1 Nanoparticle Characterization

DiD-PEG-PLGA NPs were synthesized (Figure 3.1A) and characterized for their
hydrodynamic diameter, zeta potential, encapsulation efficiency, and dye release profiles
using DLS, TEM, and a fluorescence plate reader. The NPs were spherical in morphology per
TEM analysis (Figure 3.1B), with a hydrodynamic diameter of 106 = 3 nm and zeta potential
of —19 £ 0.3 mV (Figure 3.1C). When 1 pl of 9 mM DiD was added during the synthesis
procedure, the encapsulation efficiency was 39 + 6 %, equating to 3.7 £ 0.5 pg of dye
encapsulated per mg of PEG-PLGA (Figure 3.1C). DiD saturation was also evaluated by

loading different volumes (0.25, 0.5, 1, 2, 3 ul) of 9 mM DiD during NP synthesis. This
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analysis determined that dye volume did not affect the hydrodynamic diameter or zeta
potential of the NPs (Figure 3.2). It also indicated that adding more than 1 pl of dye did not
increase NP fluorescence despite higher loading, suggesting that quenching may occur above
this threshold (Figure 3.2). DiD release kinetics were evaluated in storage conditions (water,
4°C, pH 7) and conditions approximating the acidic human vaginal microenvironment (NacCl,
37°C, pH 3.5) over 24 hours using absorbance values of dye no longer encapsulated in the
NPs. The absorbance measurements revealed that 90 + 6 % of the encapsulated DiD was
released at 24 hours under physiologic conditions, whereas 78 * 4 % of the dye was released
under storage conditions (Figure 3.1D). Together, these data indicate that DiD was
successfully encapsulated in the PEG-PLGA NPs, and more dye was released over 24 hours in
physiologic conditions. This agrees with previous research that shows cargo release is
accelerated from PEG-PLGA NPs placed in acidic and/or elevated temperature conditions 174~
176, Cy5-PEG-PLGA NPs were synthesized as described (Figure 3.1E) and characterized for
their hydrodynamic diameter and zeta potential (Figure 3.1F). Compared to DiD-PEG-PLGA
NPs, the Cy5-PEG-PLGA NPs had a slightly larger hydrodynamic diameter of 139 + 25 nm
and a similar zeta potential of —15 £ 2 mV across four batches (Figure 3.1F). The
hydrodynamic diameter and zeta potential of the specific batch of NPs injected into the mice

was 165 + 20 nm and 20 £ 2 mV.

72



Mix PLGA in Acetone
with PEG-PLGA in DCM
(3:1 ratno) then add

DiD-PEG-PLGA NP Synthesis and Characterization

Add dropwise to . O Hydrodynamic 106 +3 el
0.2%PVAInH,0 Diameter (nm) )
— while stirring | <
Zeta 19403 2 60
T Potential (mV) i g
: & 40 -
Encapsulation 39:6 | o —+—4°C,pH 7.0
5 Efficiency (%) B 20 ——e—37°C, pH 3.5
Loading (ug dye/ 37405 0@
c 200 nm mg PEG-PLGA) ’ : 0 4 8 12 16 20 24

Time (Hours)

Add dropwise to F

0.2% PVA in H,O
N while stirring Hydrodynamic D
Diameter (nm)
Zeta
- PLGA in Cy5-PLGAin Potential (mV) -15+2
Acetone Acetone
(1 mg/mL) (1 mg/mL)

Figure 3.1: Synthesis and characterization of DiD-PEG-PLGA NPs and Cy5-PEG-PLGA

NPs. A. Schematic of DiD-PEG-PLGA NP synthesis. B. Transmission electron
micrograph of NPs. C. Hydrodynamic diameter, zeta potential, encapsulation
efficiency, and DiD loading of NPs after synthesis and removal of excess dye
by suspension in Triton X-100 and centrifugal filtration. Data indicate mean

+ standard deviation. n=4 D. DiD release profile over 24 hours under storage
(pH 7.0, 4°C) and physiologic (pH 3.5, 37°C) conditions. Data are mean +
standard deviation of n=3 experiments. E. Schematic of Cy5-PEG-PLGA NP
synthesis. F. Hydrodynamic diameter and zeta potential of Cy5-PEG-PLGA
NPs following synthesis and purification. Data show mean + standard deviation
of n=4 experiments.
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Figure 3.2: NP characteristics as a function of DiD volume added during synthesis. A.
Hydrodynamic diameter, B. Zeta potential, C. Fluorescence intensity measured
in a plate reader at excitation/emission of 640 nm/670nm, and D. the
encapsulation and DiD loading efficiency of synthesized PEG-PLGA NPs. NP
characterization was performed without the Triton X-100 purification method.
Data show mean + standard deviation. n = 3

3.3.2 DIiD-PEG-PLGA NPs Administered Vaginally at E14.5 and $17.5 Show
Localized Fluorescence in Vagina Twnety-Four Hours Post-Injection
After the DiD-PEG-PLGA NPs were characterized, we examined DiD distribution in

pregnant mice following vaginal delivery at gestational ages E14.5 and E17.5. Using a glass

microcapillary pipette, we injected 20 uL of saline or DiD-PEG-PLGA NPs suspended in 1x

PBS into pregnant CD1 mice (Figure 3.3A). Whole-body images of mice were taken by IVIS

74



immediately following the injection and 24 hrs later, at gestational ages E15.5 and E18.5.
IVIS imaging of the injected mice showed that fluorescence was present in the vagina
immediately after delivery, confirming the DiD-PEG-PLGA NPs were injected successfully
(Figure 3.3B). After whole-body IVIS images were taken 24 hrs after injection, the mice were
sacrificed, and major organs (liver, spleen, heart, kidney, lungs, vagina, ovaries) and placentas
and embryos were excised, imaged, and processed for histological examination. VIS imaging
determined that DiD was present in the vagina twenty-four hours post-injection at both
gestational ages but was not seen in any other organs (Figure 3.4A). Quantification of the
average radiant efficiency in the vaginal tissue confirmed NP injected mice displayed a
significantly higher fluorescence than the saline mice at both gestational ages (Figure 3.4B).
No significant difference in fluorescence between gestational ages for NP-treated mice was
observed. To corroborate that the observed signal was not due solely to unencapsulated free
dye remaining in the NP solution after synthesis, the experiment was repeated with NPs that
were further purified by suspension in 0.5% Triton X-100 and washing several times by
centrifugal filtration before vaginal injection into E14.5 mice. The signal from vaginas treated
with purified NPs was similar to previous findings (Figure 3.5). However, considering the
quick release of DiD from the PEG-PLGA NPs in physiological conditions (Figure 3.1D), we
decided to conduct further analyses with Cy5-PEG-PLGA NPs to understand where the
polymer distributes to after vaginal NP administration, as well as further histological analysis

to understand DiD cargo distribution within tissues, particularly the vagina.
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Figure 3.3: Vaginal delivery method. A. Experimental timeline, from vaginal injection at t=0
hours through tissue collection and imaging at t=24 hours. B. Whole body IVIS
imaging of E14.5 mice at t=0 hours after DiD-PEG-PLGA NP or saline
injection.
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Figure 3.4: Assessment of DiD cargo accumulation in maternal organs. A. IVIS imaging of
maternal non-reproductive and reproductive organs taken 24 hours post-DiD-
PEG-PLGA NP or saline administration at E14.5 or E17.5. B. Average radiant
efficiency of vaginas excised from mice 24 hours after DiD-PEG-PLGA NP or
saline administration at E14.5 or E17.5. *indicates p<0.05 by t-test. There were
no significant differences in vaginal radiant efficiency between gestational ages
(i.e., between E14.5 and E17.5 mice exposed to NPs) as confirmed by a t-test.
n=6 mice per group
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Figure 3.5: NP delivery to E14.5 mice following additional purification by Triton-X washing
to remove any unencapsulated DiD. A. IVIS of three mouse vaginas injected
with purified NP samples. B. Overlay of average radiant efficiency of Triton X-
washed NPs (yellow circles) compared to signal from NPs washed by standard
methods and injected into vaginas of mice at E14.5. There is no statistical
difference between NPs washed by standard methods or Triton X purification (o
=0.24).n=3

DiD presence in the maternal organs was evaluated by histological examination of
cryo-sectioned tissues to validate and expand upon the IVIS results. Tissues were flash-frozen
in isopentane, cryo-embedded in OCT, cryo-sectioned, and imaged the same day to observe
DiD signal. Fluorescence microscopy confirmed DiD signal was present only in the vagina
and no other reproductive or major maternal organs. Specifically, DiD signal was present
along the vaginal canal, nearest the vaginal opening (the site of injection) (Figure 3.6). DiD
fluorescence was not observed at or beyond the cervix, indicating DiD remained in the vagina
over the 24-hr period after vaginal administration. The livers and spleens were also evaluated
for fluorescence by histology, as NPs are known to distribute to these organs following IV
injections. Microscopic examination of the livers and spleens indicated DiD signal was absent

in these organs at either gestational age (Figure 3.7). The ovaries were also assessed by cryo-
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histology since previous research has shown that 1\VV-administered NPs distribute to the
reproductive tissues in non-pregnant mice during the estrus phase of the estrus cycle . In our
study, we assessed all reproductive tissues at two different stages of pregnancy. We
determined via histological examination that DiD did not reach the ovaries of pregnant mice
within 24-hr following vaginal administration at either gestational age E14.5 or E17.5 (Figure
3.8). These data confirm the quantitative IVIS data that showed DiD is present only in the

vagina after vaginal NP administration.
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Figure 3.6: Fluorescence microscopy of cryo-sectioned vaginas that were excised from mice
24 hours post NP or saline administration. A. Tile images (5x magnification) of
excised vaginas. Arrows indicate vaginal opening where NPs were injected.
Brackets indicate region of the vaginal canal and the dotted line denotes cervix
separation. *indicates full vaginal opening is not visible in image. Boxes in blue
and red indicate areas shown in magnified images in B. B. Magnified images
(20x) of vaginal regions indicated by blue or red boxes in A. In A and B, red
indicates DiD fluorescence.
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Figure 3.7: Evaluation of spleen and liver cryosections. The spleens and livers of pregnant
mice that received vaginal NP or saline injection at gestational age E14.5 or
E17.5 were excised 24 hours post injection, cryo-sectioned, and examined by
fluorescence microscopy for DiD fluorescence. Minimal/no signal was observed
in these tissues. Scale bars = 50 um.
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embryos from pregnant mice treated with NPs or saline at both gestational ages

were cryo-sectioned and observed by fluorescence microscopy for DiD

presence. Minimal/no signal was observed in these tissues. Scale bars = 50 um.

To ensure DiD did not distribute to the embryos, we examined the placentas and
embryos excised at E15.5 and E18.5 by IVIS imaging and histology. IVIS images of the
placentas and embryos revealed that DiD signal was absent in fetal tissues (Figure 3.9A).

Histological examination of the placentas and embryos confirmed these findings in that the

DiD signal was not observed at either gestational age (Figure 3.8). Taken together, these data

suggest DiD cargo distributes only to the vagina following vaginal NP delivery at E14.5 and

E17.5.
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Figure 3.9: Evaluation of NP distribution to placentas and embryos and NP effects on short-
term embryo and placenta growth. A. IVIS imaging of representative embryos
and placentas excised from pregnant mice 24 hours after saline or NPs were
injected on E14.5 and E17.5. B. Embryo-to-placenta weight ratio (E:P ratio)
from mice treated with NPs or saline at each gestational age. Data show mean +
standard deviation. n = 6 litters of 307 embryos and 307 placentas total. A
student’s t-test determined no significant differences between the NP and saline-
treated mice.

3.3.3 Cy5-PEG-PLGA NPs Administered Vaginally at E17.5 Exhibit
Fluorescence in Vaginas, Placentas, and Embryos Twenty-Four Hours

Post-Injection

To determine the distribution of the polymer within the NPs following vaginal
administration, we synthesized Cy5-PEG-PLGA NPs using Cy5-labeled PLGA. Unlike the
DiD cargo, which is rapidly released from DiD-PEG-PLGA NPs within the 24-hour
observation period, the Cy5 fluorophore remains tethered to the PLGA, allowing for tracking
of the Cy5-PEG-PLGA NPs over the 24-hours following administration. Cy5-PEG-PLGAS
were administered vaginally to pregnant CD1 mice at E17.5 and IVIS images from the NP-

injected mice revealed Cy5 signal was present in the vagina (Figure 3.10A). Cy5 signal was
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also observed in placentas and embryos (Figure 3.10B). Quantitative analysis determined that
the average radiant efficiencies of the vagina, placentas, and embryos were significantly
higher for the NP-injected mice compared to the saline-injected mice (Figure 3.10C).
Collectively, these data suggest that PEG-PLGA NPs can distribute to the vagina, placenta,
and embryo following vaginal administration, but that cargo that is rapidly released from these

NPs in the acidic vaginal environment is strictly retained in the vagina.
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Figure 3.10: Assessment of Cy5-PEG-PLGA NP accumulation in maternal organs and
embryonic tissues. A. IVIS imaging of maternal non-reproductive and
reproductive organs taken 24 hours post-NP or saline administration at E17.5.
B. Average radiant efficiency of vaginas, placentas, and embryos excised from
mice 24 hours after administration of NPs or saline at E17.5. *indicates p<0.05,
**** indicates p<0.0001 by t-test. n=1 saline mouse with 9 placentas and
embryos, n=3 NP injected mice with a combined total of 41 placentas and
embryos.

3.3.4 DID-PEG-PLGA NPs Do Not Directly Affect in utero Fetal and Maternal
Growth over Twenty-Four Hours of Exposure

Gross morphological examination of the embryos and placentas ensured no major
defects were seen due to NP administration. No gross differences were observed between

embryos and placentas from NP-treated dams compared to saline-treated dams at either time
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point (Figure 3.9A). To determine if the vaginal administration of DiD-PEG-PLGA NPs to
pregnant mice affected fetal or maternal growth, we calculated the embryo-to-placenta (E:P)
weight ratio of saline and NP-injected mice. The E:P weight ratio is a measure used to
determine the overall placental efficiency in utero. An E:P ratio greater than one indicates an
efficient placenta and adequate fetal growth 3149 Our study showed no significant
differences between the E:P ratios of the mice treated with saline and those treated with DiD-
PEG-PLGA NPs for either gestational age (Figure 3.9B). The maternal weight gain was also
evaluated over the pregnancy and injection period to observe potential maternal stress. The
DiD-PEG-PLGA NP treatment group did not display any significant differences in overall
maternal weight gain throughout gestation compared to the saline treatment group in either
gestational age (Figure 3.11A). Additionally, there were no significant differences between
the saline and NP groups in maternal weight gain within the 24-hour treatment period at either
gestational age (Figure 3.11B). The number of resorptions per litter was also quantified
during dissection to ensure DiD-PEG-PLGA NPs did not cause acute fetal distress. Here, it
was determined that the number of resorptions in the NP treatment group was not significantly
different from that of the saline treatment group (Figure 3.11C). Similarly, there were no
significant differences in the number of embryos in each litter between the treatment groups
(Figure 3.11D). These results en masse indicate that DiD-PEG-PLGA NPs do not cause any

short-term, direct effects on maternal or fetal growth.
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Figure 3.11: Short-term effects of NPs on maternal and fetal growth. A. Maternal weight gain
from embryonic day 0 to the end of the study. B. Maternal weight change over
the 24 hours after NP or saline injection. C. The number of embryonic
resorptions per litter in each treatment group. D. Number of embryos in utero
per liter. There were no significant differences between the treatment groups
across any of these metrics, as confirmed by a t-test comparing saline to NP-
exposed mice. Data show mean =+ standard deviation. n = 6 pregnant mice per
group, with a total of 307 embryos.

3.4 Discussion

This study shows that DiD released from vaginally administered PEG-PLGA NPs is
retained in the vagina and does not accumulate in other organs when administered at E14.5
and E17.5 gestational ages of murine pregnancy (Figure 3.4, Figure 3.5). Quantitative IVIS

analysis indicated no significant difference in DiD signal in the vaginas between E14.5 and
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E17.5 NP-treated mice (Figure 3.4), indicating DiD cargo retention in the vagina is not
gestation dependent at these time points. Interestingly, the quantitative analyses of Cy5-PEG-
PLGA NP distribution 24 hrs after vaginal administration at E17.5 revealed that the NPs could
accumulate in the vagina, placenta, and embryo (Figure 3.10). There was no effect of the
DiD-PEG-PLGA NPs on maternal weight gain indicating they did not influence maternal
wellbeing over the duration of the study compared to the saline-injected dams (Figure 3.11).
Further, the NPs did not impact fetal development based on the placenta and embryo weights
and morphology (Figure 3.9). Lastly, dams injected with NPs did not display differences in
litter size or resorption number compared to saline-injected dams (Figure 3.11). These data
suggest the potential to use PEG-PLGA NPs as vaginal delivery vehicles to treat conditions
affecting the vagina during pregnancy.

We observed that DiD encapsulated in PEG-PLGA NPs is retained in the vagina for
twenty-four hours after vaginal administration, consistent with other studies that have
evaluated polymer-based NP retention following vaginal administration in non-pregnant mice
177 Cu et al. delivered coumarin-loaded PEG-PLGA NPs vaginally to mice during the diestrus
phase to correspond to the follicular phase or the onset of menstruation in humans for the
vaginal delivery of therapeutics. Our study shows similar results to the Cu study but was
performed in pregnant mice at E14.5 and E17.5 gestational ages and adds new information
about polymer distribution (based on Cy5-PLGA) compared to cargo distribution (based on
DiD). Notably, cargo retention in the vagina is likely due to entrapment within the
cervicovaginal mucus. Numerous studies %1% have shown that NP physicochemical
properties, such as size, surface charge, PEG coating density, and molecular weight, influence
transport within CVM. Therefore, future studies that build on our work could seek to

understand how different PEG coating densities, alternative surface coatings, and larger and
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smaller diameters affect NP retention time in the vagina and distribution to placentas and
embryos during pregnancy. Also, to ensure local delivery is feasible clinically, the length of
time that the particles and their cargo are retained in the vaginal canal should be evaluated in
vivo and in clinical settings; our study only investigated 24 hours post-delivery because the
transition to a new Theiler Stage occurs after 24 hours of development. Characterization of the
stability of the particles in vivo over extended periods of time would be informative for drug
formulation.

Previous research has shown that NP distribution in the pregnant murine model is
gestation-dependent following IV delivery 134150167 " Gjven these findings and the
physiological changes in CVM throughout pregnancy, we expected DiD cargo retention
following vaginal NP delivery would also be gestation dependent. While E14.5 and E17.5
both represent the third trimester of human pregnancy, murine CVM continues to thicken as
pregnancy progresses 8, We hypothesized that DiD retention would differ as gestational age
increased. However, quantifying IVIS images determined no difference in DiD signal in the
vaginas between the E14.5 and E17.5 NP mice. Additionally, the histological examination
showed no notable differences in vaginal DiD signal between the two gestational ages. These
data indicate that gestational age does not play a role in DiD retention in the vagina after NP
delivery in the pregnant murine model. This may be due to the rapid release of the DiD from
the NPs or to minimal changes in CVM properties between E14.5 and E17.5. Future work
could characterize murine CVM pore size, viscosity, and other characteristics as a functional
of gestational age to shed light on the results observed here.

Our study was focused on examining significant metrics of short-term toxicity. In the
future, the long-term effects of local NP administration should be evaluated to ensure fetal and

maternal safety. The analyses should include an evaluation of liver enzymes to indicate liver

87



toxicity, an assessment of serum cytokines in pregnant subjects to reveal any immunogenicity,
and an analysis of fetal development, fetal immune response, and neonatal cognitive function
and behavior. To explore the potential of vaginally administered NP treatments, PEG-PLGA
NPs should be loaded with a therapeutic agent, and NP efficacy and stability should be
evaluated in vitro and in vivo. The knowledge acquired would allow researchers to develop
nanocarriers that can effectively treat maternal conditions during pregnancy while maintaining
the safety of the developing fetus and pregnant people. In conclusion, the work shown here is
foundational for the future development and use of hanomedicine in maternal-fetal

applications.
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Chapter 4

CLINDAMYCIN-LOADED PEG-PLGA NPs INHIBIT GARDNERELLA
VAGINAL GROWTH IN VITRO

4.1 Introduction

Bacterial vaginosis (BV) is a common vaginal infection characterized by an
imbalance in the bacterial ecosystem of the vagina. It occurs when healthy
Lactobacilli bacteria, which help to maintain a healthy vaginal environment, are
outnumbered by other types of pathogenic bacteria, the most predominant being G.
vaginalis®°>17°_ Patients with the condition experience symptoms such as a fishy
odor, thin grayish-white vaginal discharge, itching, and irritation, although some
individuals with BV may experience no symptoms at all®3. While the exact causes of
BV are not fully understood, factors such as douching, multiple sexual partners, and
the use of certain soaps or hygiene products can contribute to the disruption of the
vaginal microbiota.

Antibiotic treatments, such as clindamycin oral tablets or vaginal creams, are
typically recommended, that can help alleviate symptoms and restore the vaginal
balance. Clindamycin is a commonly prescribed antibiotic that has demonstrated
efficacy in the treatment of bacterial vaginosis (BV)8%181, Clindamycin is effective in

reducing the symptoms of BV, such as abnormal discharge and odor, and restoring the
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natural balance of bacteria in the vagina. However, it's important to note that like any
antibiotic, clindamycin may also affect the beneficial bacteria, such as the
Lactobacillus species, leading to potential disruptions in the vaginal microbiota. In
some cases, this can result in the recurrence of BV, which occurs in 15-20% of BV
patients within 3 months of treatment!82,

BV can have unique implications for pregnant patients. During pregnancy,
hormonal changes can alter the vaginal environment, making pregnant individuals
more susceptible to BV. If left untreated, BV in pregnancy can increase the risk of
complications such as preterm birth, low birth weight, and postpartum infections?83,
Treatment options for pregnant patients with BV may vary, as some antibiotics
commonly used to treat BV may not be safe during pregnancy. It is essential for
patients to follow the healthcare provider's recommendations for managing BV during
pregnancy to minimize potential risks and ensure the health and well-being of both the
pregnant individual and the developing fetus®%181.184 Gijven the safety concerns and
delicacy required to protect the fetus, there needs to be a new treatment strategy for
pregnant patients with BV.

Nanoparticles (NPs) are drug delivery vehicles with great potential to be used
to treat BV in pregnant and non-pregnant patients. Due to their small size and large
surface area, NPs with correctly tuned surface chemistry can efficiently penetrate the
vaginal epithelium and reach the site of infection'®. Additionally, their unique
physicochemical properties allow for controlled drug release, ensuring sustained

therapeutic levels over an extended period. Encapsulating antimicrobial agents within
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NPs protects the drug from degradation, enhances its stability, and improves its
bioavailability. With respect to PLGA nanocarriers which are hydrolytically
degradable, the lactic to glycolic acid (L:G) ratio is critical in determining the release
profile of the drug from the NP8-187_Previous work has shown that PLGA NPs with
higher lactic acid content exhibit slower release profiles, while those with an L:G ratio
of 50:50 exhibit the fastest release!®. In addition to tailoring the release kinetics, NPs
can be surface modified to enhance their targeting capabilities®?, enabling them to
selectively bind to bacteria or biofilms associated with BV. Collectively, these benefits
of drug nanocarriers allow them to minimize systemic side effects and enhance the
efficacy of treatment compared to freely delivered (unencapsulated) drugs.

In this study, we investigated the potential to load clindamycin (CLN) in PEG-
PLGA NPs (CLN-PEG-PLGA NPs) of varying L:G ratios (50:50, 75:25, and 85:15),
characterized their drug release kinetics, and examined their ability to inhibit G.
vaginalis growth in vitro. For these experiments, G. vaginalis was cultured in
suspension in broth or adhered onto chocolate agar plates, then treated with free CLN
or CLN-PEG-PLGA NPs of each L:G ratio. G. vaginalis growth in suspension culture
was measured every two hours using ultraviolet-visible spectrophotometry (measuring
absorbance at 600 nm) and growth in adherent culture was monitored by imaging
plates after twelve hours using a Nikon digital camera. We also evaluated the velocity
of PEG-PLGA NPs in the presence of mucus to understand how they might move
through cervicovaginal mucus in the vaginal environment. Fluorescent DiD-PEG-

PLGA NPs were synthesized and suspended in reconstituted porcine gut mucus or
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water. Time lapse images of DiD-PEG-PLGA NPs were taken at 33 frames per second
for a total of 1 second on a fluorescent microscope and NPs were tracked manually in
ImageJ. This revealed NP movement is slowed in mucus compared to water, but that
L:G ratio does not influence velocity in mucus. Lastly, CLN-PEG-PLGA NPs of
varying L:G ratios were administered to adherent G. vaginalis cultures with a mucosal
layer to represent the CVM layer in BV patients. These experiments revealed CLN-
PEG-PLGA NPs can successfully inhibit in vitro G. vaginalis growth in suspension
and when adhered in the absence or presence of mucus within a 12-hour treatment
period (though the extent of inhibition was less than that observed for free CLN, likely
due to the differences in the bolus dose applied for free CLN versus the sustained drug
release for encapsulated CLN). There were also no significant differences in bacterial
growth inhibition between the three L:G ratios, indicating the L:G ratio (and
corresponding changes to drug release kinetics) does not have an impact on short-term
antibacterial treatment in vitro. Overall, these findings indicate that CLN maintains its
antibacterial activity upon loading into PEG-PLGA NPs, suggesting there is potential
for the use of CLN-PEG-PLGA NPs for treating pregnant and non-pregnant patients

with BV.

4.2 Methods

4.2.1 Synthesis of CLN-PEG-PLGA NPs
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Clindamycin-hydrochloride (CLN) loaded polyethylene glycol (PEG) —
poly(lactic-co-glycolic) acid (PLGA) NPs were synthesized using a single emulsion
method. Custom mPEG (MW 5kDa)- PLGA (MW 30 kDa) polymers with varying
lactic to glycolic (L:G) acid ratios of 50:50, 75:25, and 85:15 (Nanosoft polymers)
were dissolved in dichloromethane (DCM) at concentrations of 1 mg/mL. CLN
(research grade, Sigma Aldrich) was dissolved in dichloromethane (DCM) at a
concentration of 1mg/mL and added to the PEG-PLGA solution at a ratio of 1:1. Then,
1 ml of the CLN/PEG-PLGA solution was added dropwise to a 3 mL solution of 0.2%
poly(vinyl alcohol) in MilliQ H20 while stirring at 800 rpm. CLN-PEG-PLGA NPs
were pulse sonicated in 5 second cycles (5 seconds on, 5 seconds off) for a total of 2
minutes using Fisherbrand Model 120 Sonic Dismembrator (Fisher Scientific) at 80%
amplitude. The CLN-PEG-PLGA NP solutions were then magnetically stirred
overnight to allow for solvent evaporation. NPs were centrifuge filtered in 100 kDa
molecular weight cut off (MWCO) conical filter tubes (Amincon Ultra-4,
MilliporeSigma) for 25 minutes at 4200 rcf at at 14°C. Following centrifugation, NPs
were resuspended in 3 mL of MilliQ H20 and centrifuged a second time for 30 mins
or until H20 was removed. CLN-PEG-PLGA NPs were used immediately after

purification for each experimental study.

4.2.2 Synthesis of DID-PEG-PLGA NPs
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DiD PEG-PLGA NPs were also synthesized using a single emulsion method in
which DiD (ThermoFisher) was dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 9 mM. Next, 1 pL of fluorescent DiD was added to 1 mL of PEG-
PLGA dissolved in DCM at a concentration of Img/mL. The DiD/PEG-PLGA
solution was added dropwise to 3 mL of 0.2% PVA, then pulse sonicated in 5 second
cycles (5 seconds on, 5 seconds off) for a total of 2 minutes. NPs were magnetically
stirred overnight for solvent evaporation, then centrifuged filtered in 100 kDa MWCO
conical filters for 25 minutes at 4200 rpm. To ensure unencapsulated DiD was
removed from the solution, 500 pL 0.5% Triton X-100 was added to each sample and
NPs were centrifuged filtered for 15 minutes at 4200 rpm. NP washing was performed
twice by resuspending NPs in 2 mL of MilliQ H20 and centrifuge filtering for 15
minutes at 4200 rpm at at 14°C. DiD-PEG-PLGA NPs were used immediately after

synthesis and purification for experimental studies.

4.2.3 Nanoparticle Characterization

CLN-PEG-PLGA NPs were characterized for their hydrodynamic diameter
and zeta potential using Dynamic Light Scattering (DLS) on an AntonPaar LiteSizer
500 instrument. DLS samples were prepared in disposable or Omega cuvettes (Anton
Parr) by dissolving 5-10 L of the purified NPs in 1 mL of MilliQ H20. The reported
hydrodynamic diameter and zeta potential are the averages of three DLS experiments.

Similar procedures were used for DiD PEG-PLGA NPs.
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4.2.4 CLN-PEG-PLGA NPs Loading Efficiency and Drug Release Profile

To determine CLN loading in CLN-PEG-PLGA NPs, the filtrate of
unencapsulated CLN was collected in 15 ml conical tubes following each wash step
during NP synthesis. The absorbance of the unencapsulated drug was measured on a
NanoDrop One microvolume spectrophotometer at 210 nm using MillQ H20 as a
baseline. The absorbance of the unencapsulated CLN sample was compared to a
standard curve of known concentrations of CLN in MilliQ H20 to determine the
concentration of unencapsulated drug. The amount of drug loaded in the NPs was then
determined by subtracting this amount of drug from the original amount added to the
synthesis solution.

To determine the drug release profile, CLN-PEG-PLGA NPs were added to
disposable cuvettes containing 1 mL of MilliQ H20 and stored at 4°C (storage
conditions) or 1 ml of 137 mM NaCL at pH 5.0 while shaking at 37°C (to represent
the murine vaginal environment with BV infection). At 1, 2, 4, and 24 hours, NP
solutions were transferred to 15 mL 100 kDa MWCO Amicon filters then centrifuged
for 30 minutes at 14,000 rcf at 14°C The filtrates were collected and transferred to 1.5
mL Eppendorf tubes. The NPs collected in the filters were resuspended in 1 mL of
fresh solvent and placed back in their respective locations. The absorbance of the
filtrates was measured on the Nanodrop at 210 nm and the measurements were
compared to a standard curve of known concentrations of CLN in MilliQ H20 to

guantify the amount of release drug.
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4.25 DiD-PEG-PLGA NP Microscopy Tracking

Following DiD-PEG-PLGA NP synthesis, NPs were added to either MilliQ
H20 or reconstituted porcine gut mucus and their motion manually tracked using
fluorescence microscopy to calculate the average root mean square displacement. The
mucus solution was prepared by reconstituting porcine gut mucus (Sigma Aldrich) in
NaOH at a concentration of 20 mg/mL. To construct a device for NP tracking, two
thin strips of double-sided tape were placed on the edge of a coverslip to create a 0.5
cm wide channel'®. A second coverslip was placed on the first coverslip to create a
thin slide. Then, 2 pL of freshly synthesized DiD-PEG-PLGA NPs were added to 1
mL of either mucus or MilliQ H20. Next, 10 puL of NPs in solution were carefully
inserted into the channel. Channels containing NP solutions were imaged on a Axio
Observer Z1 Inverted Fluorescence Microscope (Zeiss) using a 63x oil lens. NPs were
viewed using the 640 nm - 670 nm DiD channel. Time lapse images were acquired for
a total of 1 sec at 33 frames per second with an exposure time of 10 milliseconds.

Following imaging, NPs were manually tracked using the Manual Tracking
Plugin on ImageJ. Briefly, NPs that remained in focus for the duration of the time
lapse video were selected for analysis. The position of a NP was tracked in each frame
and the root mean squared displacement of each NP type was calculated in each
solvent. For analysis, 20 NPs were tracked in a single time lapse video and 20-time

lapse videos were taken, totaling 400 NPs analyzed per treatment group.
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4.2.6 Gardnerella Vaginalis Culture

Gardnerella Vaginalis (G. vaginalis) (ATCC 49145) was cultured in
suspension and on chocolate agar plates. For suspension cultures, G. vaginalis was
incubated at 37°C in an atmosphere of 5% CO2 in bioreaction tubes in ATCC 1685:
NYC Il Medium. After 24-48 hours, cells were resuspended at a ratio of 1:1000 in
fresh broth. Bacteria concentration was determined by measuring absorbance at 600
nm on a Cary60 UV-vis spectrophotometer, then calculating the number of cells based
on ODeoo 0.1 = 5.7x108 cells/mL. Agar plates for adhered cultures were made using
ATCC Medium 814 GC Agar on 10 cm petri dish plates that were stored in 4°C until
use. Prior to inoculation, plates were air-dried in a sterile biosafety cabinet for 15
minutes. G. vaginalis was inoculated using 10 pL inoculation loops and incubated at

37°C in an atmosphere of 5% COa.

4.2.7 G. Vaginalis Growth Following Free Clindamycin and CLN-PEG-PLGA
NP Treatment
To evaluate the effect of free CLN and CLN-PEG-PLGA NPs on G. vaginalis
growth, bacteria cultured in suspension were diluted to an initial ODeoo = 0.1 (Figure
3.1). Free CLN dissolved in MilliQ H20 or CLN-PEG-PLGA NPs diluted in broth
were added at various concentrations ranging from X to Y to separate bioreaction
tubes of G. vaginalis. To verify the initial ODsoo, 500 pL of each sample was

aseptically transferred to a disposable cuvette and the ODesoo measured on a Cary 60
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spectrophotometer (Agilent), after which the sample was aseptically transferred back
into its original tube. To measure bacterial growth over time, absorbance

measurements were taken every two hours for a total of 12 hours.

Starting OD = 0.1 &

- Every
| j. 2 hours
— \J —
A 4
Bacteria in Suspension Add NPs or
Free CLN

Figure 4.1: Schematic of NP Treatment on G. Vaginalis Culture in Suspension

4.2.8 CLN-PEG-PLGA NP Treatment of Adhered G. Vaginalis

The effect of CLN-PEG-PLGA NP treatment on adhered G. vaginalis cultures
was determined by first culturing G. vaginalis on chocolate agar plates (Figure 4.2).
To prepare the bacteria, G. vaginalis was diluted to a starting ODsoo = 0.1 then diluted
a second time 10”6 from the ODsoo = 0.1 stock. Plates were inoculated by adding 100
uL of the diluted stock to the center of the agar plate then cells were spread one time
in a clockwise direction using a plastic cell spreader. The inoculated plates were
incubated for 6 hours at 37°C in an atmosphere of 5% CO2. Following incubation,

treatments (no drug, free CLN, or CLN-PEG-PLGA NPs) were added to each plate
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and incubated for another 6 hours. At 12 hours total, plates were imaged using a Nikon
EOS Rebel T7 EF-S 18-55mm camera. The number of bacteria in each plate was
quantified using ImageJ bacteria cell counter, where bacteria in an outer region close
to the edge of the plate were excluded from the analysis to account for edge effects

(i.e., only bacteria in a central region of interest were counted).

A
& Hours
—
Bacteria in Plate & Spread Add NP or Free CLN Count Colonies in
Suspension Bacteria Cells Treatments Region of Interest
B
R tituted Porci Cel
econstitu arcine
Gut Mucus Spreader
20 mgimL
HU
Bacteria in Plate & Spread Add NP or Count Colonies in
Suspension Bacteria Cells CLN Treatments Region of Interest

Figure 4.2: Schematic of NP Treatment on Adhered G. Vaginalis. A. Method for G.
Vaginalis cultures adhered on chocolate agar plates without, and B. with
porcine gut mucus reconstituted in NaOH.

The study was repeated in the presence of reconstituted gut mucus to
determine NP impact on G. vaginalis with a mucosal barrier. Reconstituted gut mucus

was dissolved in NaOH at 1Img/mL then 100 pL was added to 1 mL of the diluted
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bacteria stock. Plates were inoculated with 100 pL of the mucus/bacteria mixture and
cells were spread in a clockwise direction on the agar plate using a plastic cell
spreader. The bacteria/mucus plates were incubated for 6 hours then 100 pL of free
CLN or CLN-PEG-PLGA NPs were drizzled on the plates so that treatments were
dispersed as evenly as possible. Agar plates were incubated for another 6 hours, then

imaged and quantified to measure bacterial growth.

4.3 Results

4.3.1 Nanoparticle Characterization

CLN-PEG-PLGA NPs with three different L:G ratios (50:50, 75:25, and
85:15) were synthesized (Figure 4.3A) and characterized for their hydrodynamic
diameter, zeta potential, CLN loading, and drug release in storage and physiologic
conditions. Based on DLS measurements, the hydrodynamic diameters of the CLN-
PEG-PLGA NPs (226 + 6 nm for 50:50 NPs, 226 + 26 nm for 75:25 NPs, and 236 + 48 nm
for 85:15 NPs) were slightly larger than those of unloaded PEG-PLGA NPs (Figure
4.3B). The zeta potentials of each respective CLN-PEG-PLGA NP were -28 +2 mV, —
21 +8mV, and -26 + 2 mV, and there were no significant differences in surface charge
compared to unloaded PEG-PLGA NPs (Figure 4.3C).

The loading content of each CLN-PEG-PLGA NP was also evaluated to ensure
the NPs with different L:G ratios had similar drug loading. There were no significant

differences in CLN loading between each CLN-PEG-PLGA NP (Figure 4.3D),
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meaning any differences in observed effect on bacterial growth could be attributed to
the release kinetics of the drug from each formulation. Lastly, CLN release kinetics
were evaluated for each NP in storage conditions (water, pH 7,4 °C) and physiologic
conditions (NaCl, pH 5, 37 °C) mimicking the vaginal microenvironment of mice with
BV. There were no significant differences in CLN release between L:G ratios when
NPs were placed under storage conditions (Figure 4.3). However, in physiologic
conditions, the CLN-PEG-PLGA NPs (50:50) displayed the fastest release of 67% at
24 hours compared to 50% for CLN-PEG-PLGA NPs (75:25) and 47% for CLN-PEG-
PLGA NPs (85:15) (Figure 4.3F). Together, these data indicate that CLN can be
successfully encapsulated in PEG-PLGA NPs with 3 different L:G ratios, and that
while these NPs have similar hydrodynamic diameter, zeta potential, and CLN
loading, the release kinetics are accelerated in physiologic conditions as the lactic acid

content decreases.
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Figure 4.3: Nanoparticle Characterization. A. Schematic of NP synthesis procedure. B-
D. CLN-PEG-PLGA NPs B. hydrodynamic diameter, C. Zeta potential,
and D. drug loading content. E-F. CLN release profile from the NPs over
24 hours under E. storage (Water, pH 7.0, 4°C) and F. physiologic (NaCl,
pH 5.0, 37°C) conditions. G-H. The G. hydrodynamic diameter and H.
zeta potential of DiD-PEG-PLGA NPs. Data are mean + standard
deviation of n=3 experiments.
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4.3.2 DIiD-PEG-PLGA NP Velocity is Decreased in the Presence of

Reconstituted Mucus

Following synthesis, DID-PEG-PLGA NPs were suspended in either
reconstituted mucus or water then inserted into an imaging device made from two
coverslips bound together by double-sided tape (Figure 4.4). Time lapse videos of the
DiD-PEG-PLGA NPs in suspension were taken for each L:G ratio group for a total of
1 second and NPs were manually tracked using ImageJ. Data from this experiment
revealed DiD-PEG-PLGA NPs in mucus had a dramatically lower mean square
displacement (MSD) when suspended in mucus compared to being suspended in water
(Figure 4.4). Further, the L:G ratio did not significantly impact the DiD-PEG-PLGA

NP MSD within either medium.
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Figure 4.4: Analysis of DiD-PEG-PLGA NPs movement when placed in different
media. Root mean square (RMS) displacement of DiD-PEG-PLGA NPs
in water and reconstituted mucus. *indicated p<0.05 by t-test. Data are
mean = standard deviation of n=200 nanoparticles.

4.3.3 CLN-PEG-PLGA NPs Inhibit G. Vaginalis Growth in Suspension

To evaluate the inhibition of G. vaginalis growth in suspension, free CLN was
incubated in G. vaginalis cultures for 12 hours. CLN dissolved in MilliQ H20 was
added at varying concentrations, including 0.1, 0.25, 0.5, 1, 2, 4, and 8 pg/mL, to G.
vaginalis and growth was measured and tracked every 2 hours for a total of 12 hours
(Figure 4.5A). The final growth measurements of the free CLN treatments at 12 hours
was compared to the NT group (Figure 4.5A) and it was determined all concentrations

administered inhibited G. vaginalis growth by at least 50%. Further, G. vaginalis
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growth inhibition increased as the concentrations increased, excluding the 4 and 8
pg/ml concentrations.

To evaluate the ability of CLN-PEG-PLGA NPs to inhibit G. vaginalis growth,
G. vaginalis was also treated with CLN-PEG-PLGA NPs in suspension. The ODsoo
was measured every two hours to measure G. vaginalis growth over a total of 12
hours. All CLN-PEG-PLGA NPs dosed at a CLN concentration of 4 pg/mL
successfully inhibited G. vaginalis growth when compared to the NT group (Figure
4.5B). However, there were no significant differences in G. vaginalis growth
inhibition between each CLN-PEG-PLGA NP group, indicating the L:G ratio (and
corresponding altered drug release kinetics) does not impact efficacy over the 12-hour
period in this in vitro setting (Figure 4.5). The MIC50 or minimum inhibitory
concentration, is the concentration of CLN that inhibits G. vaginalis growth by 50%
and was calculated by multiplying the OD600 value (number of isolates) at t=12 hours
by 0.5 and comparing the no treatment group to the CLN treatment groups. Overall, G.
vaginalis growth was inhibited more in a 12-hour period when using smaller
concentrations of free CLN than CLN-PEG-PLGA NPs (Figure 4.5C). This is likely
because the cells receive a bolus dose of free CLN, compared to slow release of CLN

from the nanoformulations.
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Figure 4.5: G. vaginalis Growth Following Free CLN and CLN-PEG-PLGA NPs
Treatment in Suspension A. G. vaginalis growth after 12 hours of free
CLN treatments only. B. G. vaginalis growth following CLN-PEG-PLGA
NPs dosed with 4 pg/ml of loaded CLN over 12 hours C. MIC50 values
of Free CLN and CLN-PEG-PLGA NP treatments. Data are mean +
standard deviation of n=3 experiments.

434 CLN-PEG-PLGA NPs Inhibit Adhered G. Vaginalis Growth in the
Presence of a Mucus Barrier
After determining CLN-PEG-PLGA NPs could inhibit G. vaginalis growth in
suspension, it was critical to evaluate their effect in a more physiologically relevant
model. To create such model, G. vaginalis was cultured for 6 hours on chocolate agar

plates, then CLN-PEG-PLGA NP treatments of 4 pg/mL for each L:G ratio were
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added to the plates and incubated for another 6 hours. After a total of 12 hours,
bacteria plates were imaged, and colonies were counted within the ROI, indicated by
the yellow circle (Figure 4.6A). The ROIs were 6 cm in diameter, with 2 cm of space
on each side of the circle, to eliminate effects of bacterial cell culture. The treatment
that yielded the most G. vaginalis growth inhibition compared to the NT group was
the free CLN. However, all CLN-PEG-PLGA NPs also decreased G. vaginalis growth
when compared to the NT group (Figure 4.6B). To determine the effect of each
treatment in the presence of a mucosal barrier, 100 puL of mucus reconstituted in
NaOH was added to 1 mL of G. vaginalis cultures prior to inoculating the chocolate
agar plates. The bacteria plates with mucus were incubated for 6 hours before the
treatment groups were administered, and samples then incubated for another 6 hours.
In the presence of mucus, both the free CLN and the CLN-PEG-PLGA NPs
maintained their ability to inhibit bacterial growth (Figure 4.6C). The largest effect
was due to the free CLN, again likely due to the bolus dose delivered to the bacteria
(whereas the NPs release only about 50% of their encapsulated rug within 6 hours).
Together, this data indicates CLN remains functional after being loaded into PEG-

PLGA NPs.
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Figure 4.6: Growth of adherent G. vaginalis cultures following CLN-PEG-PLGA NP
treatment in the absence of presence of mucus. A. Representative images
of G. vaginalis grown on chocolate agar plates following CLN-PEG-
PLGA NP or free CLN treatments with and without mucus. B.
Quantification of bacterial colonies within the ROI of sample without and
C. with mucus present. Data are mean + standard deviation of n=3
experiments.

4.4 Discussion

This study shows that CLN-PEG-PLGA NPs can inhibit in vitro G. vaginalis

growth over a 12-hour period, although to a lesser extent than free CLN (likely due to
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the slower drug release and exposure to the cells versus the bolus dose applied for free
drug). CLN-PEG-PLGA NPs administered in suspension decreased G. vaginalis
growth by more than 50% (Figure 4.5A), and there were no significant differences in
growth inhibition between NP groups of differing L:G ratios (Figure 4.5B). This
suggests that the changes in drug release kinetics between the three formulations were
not significant enough to substantially alter bacterial response over this timeframe.
Similarly, when the CLN-PEG-PLGA NPs were used to treat G. vaginalis in adherent
culture models with and without mucus present, all three inhibited G. vaginalis growth
with no difference in growth inhibition observed based on L:G ratio (Figure 4.6). Free
CLN vyielded the greatest bacterial growth inhibition, likely due to the burst exposure
to the cells. Overall, these data indicate CLN remains functional after encapsulation in
PEG-PLGA NPs, but that the slower release kinetics and drug exposure to the cells
results in less growth inhibition. In the future it will be important to determine how
these in vitro observations translate into the in vivo setting.

One limitation of our study is that we could not extend the timeframe of
analysis because G. vaginalis colonies become overgrown and unable to be accurately
quantified after 24 hours of incubation. Due to this limitation, the experiments were
limited to a 6- to 12-hour treatment period. Across this timeframe the NPs release
approximately 50% of their encapsulated cargo, so they might be more effective at
later timepoints after all drug has been released. Another limitation to this study is the
in vitro model used. Unlike the physiologic conditions of BV, there is a limited

mucosal barrier in the model presented. Moreover, there isn’t a clearance mechanism
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in the model to represent the discharge/removal of CVM and foreign pathogens that
occurs in the human body. With the presence of a thicker barrier or a clearance
mechanism, we would expect the efficacy of free CLN to decrease drastically because
there isn’t a nanocarrier present to promote its penetration through CVM and limit its
early removal from the system. Conversely, we would expect the CLN-PEG-PLGA
NPs to maintain their efficacy because the nanoformulation would improve
penetration through the mucus barrier, reduce its removal from the body, and enhance
its ability to reach pathogenic bacteria. Beyond more advanced in vitro models'’3,
future work could also employ in vivo models to compare the efficacy of free versus
encapsulated CLN in a more physiologically relevant system.

In our study, we synthesized DiD-loaded PEG-PLGA NPs that were of a
similar size and charge to the CLN-PEG-PLGA NPs then tracked their movement in a
suspension of reconstituted porcine gut mucus to evaluate the potential of PEG-PLGA
NPs as a drug vehicle in the presence a mucosal barrier. Considering porcine gut
mucus has the same mucins present as human CVM, we used this as a model for NP
displacement in CVM. We also synthesized our NPs to include PEG because literature
has also shown PEG-coatings on NPs increase the MSD when NPs are suspended in
mucust®1821%  The results from our study were consistent with previous work that
has shown the MSD of polystyrene NPs that are suspended in ex vivo human CVM is
significantly slowed when compared to polystyrene NPs suspended in water0°,
However, the DiD-PEG-PLGA NPs are still able to move somewhat through the

mucus, illustrating the NPs are not completely trapped in the mucosal barrier. While
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our model did not account for the physiologic changes that occur throughout
pregnancy or throughout the menstrual cycle for non-pregnant patients, future work
should investigate how PEG-PLGA NP design can be improved to escape the
decreasing pore size of the mucus networks. NP characteristics that can be tailored to
improve NP displacement would be the PEG-coating density, the MW of the PEG-
PLGA, the NP size, and potentially the use of other coatings to enhance mucus
penetration.

Our study focused on evaluating CLN-PEG-PLGA NPs effect on G. vaginalis
growth in vitro in a 12-hour treatment period after a single dose. Given that BV is a
recurring condition that often resists initial drug treatment®”93, future studies should
investigate how multiple doses of CLN-PEG-PLGA NPs impacts G. vaginalis growth
over a long-term period. Researchers should also assess the frequency and
concentration of doses required for longer-term treatments, because the recurrence rate
of BV is 15-20% within 3 months of initial diagnosis'®?. To further explore the
potential of using CLN-PEG-PLGA NPs for pregnant and non-pregnant BV patients, a
more complex in vitro model should be developed to include a thick CVM layer that
would be present during pregnancy or different phases of the menstrual cycle, or an in
vivo model should be employed. The knowledge from these studies would allow
researchers to understand how NP-based systems can treat BV while maintaining the
safety of the patient. In conclusion, the work shown in this chapter is essential to

improving treatment strategies for pregnant and non-pregnant patients with BV.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 Introduction

This thesis provided insight into the potential of nanomedicine for
maternal/fetal health applications by defining NP biodistribution following systemic or
vaginal delivery in pregnant murine models as a function of gestational age. It also
demonstrated that clindamycin, an antibiotic used to fight bacterial vaginosis (BV), a
common vaginal infection in pregnant and non-pregnant women, could be loaded in
NPs with tunable release kinetics and that the encapsulated drug maintained its ability
to hinder bacteria growth in vitro. This chapter will provide a concise overview of
each contribution in the thesis, highlighting the importance, significations, and
implications of the research conducted. Furthermore, it will outline various potential
avenues for future development of nanomedicine for maternal/fetal health, including
promising routes of research exploration and clinical applications that should be

considered as the field advances.

5.2 Overview of the Work Presented
Chapter 2 investigated the biodistribution of gold-based nanoparticles (NPs) of

two different sizes in pregnant mice after systemic delivery. Pregnant mice were
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intravenously administered either 15 nm gold nanoparticles or 150 nm diameter silica
core/gold nanoshells, both coated with PEG, at gestational days (E)9.5 or 14.5. After
twenty-four hours, the NPs’ tissue distribution was analyzed using inductively coupled
plasma-mass spectrometry and silver staining of histological samples. The results
revealed that more NPs accumulated in the placentas compared to the embryos, with
greater delivery to these tissues observed at E9.5 than E14.5. Neither type of NP
affected the weight of the fetus or the placenta, indicating minimal short-term toxicity
during early to mid-stage pregnancy. These findings suggest the importance of further
developing NPs as safe tools for delivering therapeutics to reproductive tissues.
Chapter 3 examined how PEG-PLGA NPs distribute in pregnant mice after
vaginal delivery, as well as their short-term toxicity. Two types of NPs were used:
DiD-PEG-PLGA NPs loaded with fluorophores for cargo tracking, and Cy5-PEG-
PLGA NPs incorporating tagged polymer for distribution analysis. DiD-PEG-PLGA
NPs were administered on either gestational day (E)14.5 or 17.5, and 24 hours later,
the distribution of cargo was examined in excised tissues and histological sections
using fluorescence imaging. No differences were found in DiD distribution between
the gestational periods, so Cy5-PEG-PLGA NPs were administered only on E17.5 to
assess polymer distribution in reproductive organs. The Cy5-PEG-PLGA NPs were
found in the vagina, placentas, and embryos, while DiD cargo was limited to the
vagina. Maternal, fetal, and placental weight were not affected by the NPs, indicating

no immediate adverse effects on maternal or fetal growth. These findings warrant
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future exploration of vaginally delivered NP therapies to manage vaginal conditions
during pregnancy.

Chapter 4 examined the effectiveness of clindamycin-loaded PEG-PLGA NPs
(CLN-PEG-PLGA NPs) with different L:G ratios (50:50, 75:25, and 85:15) in
inhibiting the growth of G. vaginalis, a pathogenic bacteria that is overabundant in
bacterial vaginosis (BV) infections. G. vaginalis was cultured in both suspension and
on agar plates and treated with CLN-PEG-PLGA NPs of each L:G ratio. The growth
of G. vaginalis was monitored at regular intervals using spectrophotometry or imaging
and these experiments demonstrated that CLN-PEG-PLGA NPs effectively inhibited
the growth of G. vaginalis in suspension and on surfaces both in the absence and
presence of mucus within a 12-hour treatment period. However, there were no
significant differences in bacterial growth inhibition among the three L:G ratios,
indicating that the ratio does not impact short-term antibacterial treatment (likely due
to minimal differences in the total amount of drug released between each formulation
within the 12-hour treatment period). While freely delivered clindamycin was more
potent against G. vaginalis in these studies, this was not surprising given that the
bacteria receive a bolus dose of free drug compared to slow and sustained exposure to
released drug from the NPs. Importantly, these results indicate clindamycin maintains
its efficacy after encapsulation in and release from PEG-PLGA NPs. Future work
should compare the efficacy of free CLN and CLN-PEG-PLGA NPs in advanced in
vitro and in vivo models of BV to enhance understanding of its potential for the

treatment of pregnant and non-pregnant patients with BV.
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5.3 Significance, Innovation, and Impact of the Research

Pregnancy complications present significant challenges for both the mother
and the developing fetus, as treatment options are limited due to safety and ethical
concerns. Conditions such as preeclampsia, fetal growth restriction (FGR), and
placenta accreta are examples of pregnancy-induced conditions that lack effective
treatments. As pregnancy progresses, these conditions worsen, leading to adverse
effects on maternal and fetal health. Consequently, emergency delivery via cesarean
section is often required, resulting in additional complications associated with
premature birth for the newborns. It is crucial to develop therapeutic advancements
that can effectively treat pregnancy-related conditions without harming the developing
baby, addressing the urgent need for improved maternal and fetal health during
pregnancy.

In recent years, various NP-based carrier systems have been engineered to
target a wide range of diseases, including cancers®L. It is widely recognized that the
behavior of nanocarriers in the body following systemic delivery depends on factors
such as size, shape, and surface chemistry. While researchers have utilized this
knowledge to develop powerful systems for treating diseases like cervical cancer,
endometriosis, and HIV, the exploration of nanomedicine for pregnancy complications
has been limited. The unique state of pregnancy introduces additional variables that
affect NP distribution and design, including the dynamic physiology of the maternal
reproductive system, the transport of nutrients and drugs through the placenta, and the

development of the fetus. Understanding the impact of these factors on NP distribution
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is crucial for the development of effective treatments that can support full-term
pregnancies and improve maternal and fetal health.

This thesis demonstrates the potential of nanomedicines in overcoming
biological barriers for targeted delivery of therapeutics to specific reproductive organs
through systemic and vaginal administration. Additionally, it provides proof-of-
concept that NP-based drug carriers can treat diseases affecting reproductive organs.
These significant advancements in the maternal-fetal health field pave the way for
future progress in the development of these and other nanotechnologies for the
treatment of pregnancy conditions.

The innovation of this thesis arises from developing a fundamental
understanding of the use of nanocarrier systems to treat maternal conditions during
pregnancy. Through this work, we determined (i) how gestational age affects NP
distribution following systemic and vaginal administration and (ii) how PEG-PLGA-
NP drug carriers with different L.G ratios could be utilized to treat a vaginal bacterial
infection, BV. Understanding how NPs distribute in the pregnant murine model after
different administration methods and understanding how NP drug carriers limit
bacterial growth is critical to informing how NP-based treatment systems might traffic
and function in human subjects. Knowledge of NP safety in pregnant murine models is
also critical to understanding the potential safety/toxicity in human subjects. Overall,
this thesis has provided an important foundation on which future research can built to

optimize treatments for maternal/fetal health conditions.
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Prior to this thesis, gestational age had not been explored as a contributing
factor towards NP distribution. PEGylated NPs were optimal carriers to study this
important question, as they are commonly utilized in nanomedicine applications. In
this work, we established that gestational age impacts the distribution of systemically
administered, but not vaginally administered, PEGylated NPs. Future studies should
confirm these results and expand them to include additional gestational ages (only two
gestational ages were included in our experiments for each delivery method). The
results obtained from this work contributed towards the field by defining how and
when each administration method could be utilized to treat maternal conditions during
pregnancy.

In previous work in non-maternal/fetal health applications, drug-loaded NPs
have shown great success in increasing drug retention and efficacy at desired target
sites. In this thesis, we encapsulated clindamycin in PEG-PLGA NPs of three L:G
ratios, 50:50, 75:25, and 85:15, to analyze how the tunable polymer degradation and
drug release profile affected G. vaginalis growth in vitro. By testing the three L:G
ratios and its impact on G. vaginalis growth inhibition, we were able to determine
short-term bacterial growth inhibition is not impacted by NP L:G ratio. Despite there
being minimal differences of growth inhibition between the NP and free CLN
treatments, this work displayed proof of concept that NPs can successfully deliver
CLN to disrupt G. vaginalis growth in the short-term. The results from this study
advanced upon the methods by which BV is currently treated and could guide the

development of future novel treatments to manage BV in pregnant patients.
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5.4 Future Directions

This work introduces NP delivery systems that can overcome biological
barriers for targeted delivery of therapeutics to specific reproductive organs through
systemic and vaginal administration. Furthermore, it provides proof-of-concept that
NP-based drug carriers can inhibit bacterial growth and potentially be used in treating
diseases that affect reproductive organs during pregnancy. Although this work
presents strategies to use nanomedicine to advance treatments in the field of maternal-
fetal health, there are many more experiments that need to be performed before such
systems can be implemented in the clinic. The future studies outlined in this research
would contribute valuable knowledge to the field and could inform the development of

NP-based systems for maternal-fetal health treatments.

5.4.1 Understanding Long-Term Effects of NP Delivery on Fetal Growth and

Maternal Safety

The use NPs for maternal-fetal health applications are a new application in the
field of nanomedicine that needs to be explored further. Considering NPs have been
shown to have minimal off-target effects in vivo and in the clinic, one would hope
there would be minimal effects on maternal and fetal safety during pregnancy. In this
work, NPs were shown to have little to no effect on maternal, placental, and fetal
weight changes over a 24-hour period. However, there needs to be additional studies
to investigate potential NP effects on maternal health and fetal outcomes over a long-

term period. One initial study to be conducted would be to observe maternal weight
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gain through delivery. In our study, the mice were sacrificed 24-hours after NP
administration. However, if the mice were allowed to carry to term, one could evaluate
maternal weight changes of NP injected mice compared to saline injected mice. This
would inform researchers of potential NP effects on labor and delivery success. If the
pregnant dams can successfully deliver all their pups without any obvious birth
defects, such as underdevelopment and low weight, this would tell researchers the
placentas remain efficient throughout the pregnancy despite NP injections. The
evaluation of the long-term effects of NPs following early NP injections (E9.5) and
late NP injections (E14.5 or E17.5) in this manner would be very beneficial in
informing future treatment strategies because free drug treatments are typically
administered at the start of the third trimester (or E14.5) in humans. If NP injections at
E9.5 in pregnant dams result in minimal effects following NP injections, this would
largely improve current treatment and management strategies for many conditions
during pregnancy by allowing for earlier intervention.

Another area of research that needs to be explored in future work is the long-
term development of pups following delivery. In our work, the embryos were not
delivered, and therefore, behavioral analyses of the pups were not conducted.
Behavioral studies, such as the Open Field Test'%-1°4 and the Morris Water
Maze!®>1% are conducted on murine pups following birth and aim to investigate
various aspects of their development, cognition, and behavior. The Open Field Test
allows researchers to observe the exploratory behavior and locomotor activity of the

pups. It can provide insights into their physical development, motor skills, and overall
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activity levels. The Morris Water Maze is particularly useful for assessing spatial
learning and memory, which are important cognitive abilities for pups as they grow
and develop. This test can indicate how well they are able to navigate and remember
the location of a hidden platform, reflecting their cognitive development and spatial
awareness. Both tests provide valuable information about the growth and development
of murine pups from a behavioral perspective. To evaluate the development of the
pups to ensure the safety of NPs, both tests should be conducted one per week starting
at week 2 (when pups no longer require nursing) until the pups reach maturity at 2
months.

The fundamental knowledge presented in this thesis is essential for the initial
development of nanomedicines that are applicable for maternal-fetal health conditions.
With the additional experiments presented above, researchers would be able to
determine the long-term effects of NP injections on pup development and growth.
Overall, this could inform researchers how to use either the systemic or vaginal routes
of administration to improve NP delivery and treatment success without sacrificing

maternal or fetal health.

5.4.2 Demonstrating the Need for NP Carriers for Treating BV

In this work, we developed a fundamental understanding of the synthesis of
CLN-PEG-PLGA NPs that were able to successfully inhibit G. vaginalis growth.
However, our NPs did not outperform the free CLN treatment when applied to

bacteria cultured in suspension or adhered to a surface. Due to the 12-hour time frame
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of the study, the CLN-PEG-PLGA NPs were not highlighted for their sustained drug
release that would be expected to outperform the effects of free CLN on G. vaginalis
in the in vivo setting. To improve the study and properly show the benefits of a
nanocarrier, an improved in vitro model should be developed to prolong the
experimental time and/or to investigate the efficacy of multiple rounds of treatment. In
the model used in our study, G. vaginalis was cultured on an agar petri dish. This is a
simplistic model that can be used to understand how G. vaginalis grows in isolation.
However, in physiologic conditions, G. vaginalis grows in abundance on the surface
of the vaginal epithelium in the presence of other bacteria types, and mucus is also
produced in abundance as a protective layer against foreign pathogens. An improved
model of BV would include culturing G. vaginalis alone or in combination with other
bacteria on vaginal epithelial cells'"3, then treating the samples in the presence of a
thick mucus layer with the CLN-PEG-PLGA NPs (50:50), because this is the most
used L:G ratio and there were no significant differences in drug efficacy observed
between NPs with different L:G ratios in our study.

While G. vaginalis is a key bacterium associated with BV, there are several
other bacterial species that can be present in this condition that could be incorporated
in an improved in vitro model in future studies. These include Atopobium vaginae,
Prevotella spp., Mobiluncus spp., Mycoplasma hominis, and various anaerobic
bacteria such as Peptostreptococcus spp. and Bacteroides spp. These bacteria
contribute to the dysbiosis of the vaginal ecosystem, leading to the characteristic

symptoms of BV. Future work should incorporate multiple bacterial species, such as
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G. vaginalis, Atopobium vaginae, and Prevotella bivia because they are the most
abundant, to understand how BV as a condition can be treated, as opposed to one
bacterium that was used in the current model. Understanding how the diverse bacterial
species involved in BV can impact drug efficacy is crucial for developing effective NP
treatments to restore the vaginal microbiota to a healthy state.

Another way to improve the in vitro model is to incorporate a clearance
method to represent the constant removal of mucus from the vagina through the form
of discharge. The model presented in this work does not include a clearance
mechanism, but the model would greatly benefit from this because the clearing of
freely delivered drug is a substantial issue when vaginally delivering antibiotics. In an
in vitro model, one clearance strategy that could be used is consistent PBS washes.
Each wash could be collected, and the absorbance could be measured to quantify how
much drug or NP is lost with each clearing. Additionally, G. vaginalis cells that are
collected in each wash could be stained using a live-dead assay to determine the
efficacy of free CLN and CLN-PEG-PLGA NPs in the presence of consistent washes.
While one would expect the CLN-PEG-PLGA NPs to outperform the free CLN, the
knowledge from this study could inform researchers how NP design is upheld when
clearance mechanisms are incorporated into a vaginal model.

Lastly, another aspect of the in vitro model that can be improved in future
work is the dosing strategy. The treatment of BV often involves administering vaginal
medications in multiple doses over several days. This approach is aimed at effectively

eradicating the overgrowth of harmful bacteria and restoring a healthy balance in the
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vaginal microbiota. This extended treatment regimen helps to ensure that the infection
is fully cleared and reduces the risk of recurrence, promoting long-term vaginal health.
In our work, only a single dose of NPs was administered, and the effects were
evaluated for 12 hours. However, a repeated dosing strategy over a longer time frame,
such 5-7 days (the typical length of traditional antibiotic treatments), would inform
researchers how frequently NPs must be administered to outperform currently utilized

vaginal creams.

5.4.3 Traditional Considerations

For NPs to be used in maternal-fetal applications, there are many factors must
be considered and researched extensively before NP-based treatments can be
administered in the clinic. The physiologic differences between animal models and
humans are vast and it is imperative that researchers investigate how these differences
can impact human maternal and fetal health in the short-term and long-term with the
use of NP treatment strategies during pregnancy.

The barrier CVM was introduced in this work, but the additional barrier of the
cervical mucus plug (CMP) was not incorporated. In humans, the CMP is developed
early pregnancy, typically around 6 to 12 weeks’ gestation. As the pregnancy
progresses, the cervix undergoes changes under the influence of hormonal shifts.
These changes lead to the production of thick, sticky mucus that accumulates in the

cervical canal, eventually forming the mucus plug. Unlike humans, mice do not have a
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CMP. Therefore, the vaginal administration model used in this work does not reflect
all the barriers that are present in the human pregnancy model. In Chapter 3, we
observed Cy5-PEG-PLGA NPs could distribute to the placenta and embryo, yet due to
the missing CMP in the mouse model, these results may not be applicable to the
vaginal delivery of NPs in humans. This major difference between humans and mice
would largely affect researchers’ understanding of the vaginal administration route
during pregnancy.

Another major difference between humans and mice during pregnancy is the
placental organization, depth of trophoblast invasion, and trophoblast differentiation.
The labyrinth in the murine placenta is comparable to the chorionic villous in humans
and facilitates nutrient exchange between maternal blood and the fetus. Trophoblast
invasion depth is slightly less in mice compared to humans and primarily occurs
during mid-gestation to provide protective measures for the fetus. Unlike humans
where arterial remodeling of the uterine arteries occurs in the 2" trimester, blood flow
to the placenta takes place in mice during the third trimester (E15-E16) in mice. In
terms of NP delivery, these differences could impact the distribution of NPs to the
reproductive organs following systemic delivery. Additionally, the placenta originates
from the fetus, and the role of fetal sex should be considered as differential responses
of sex in fetal development and disease are well established'® 2%, |n terms of NP
delivery, these differences could impact the distribution of NPs to the reproductive

organs and efficacy following systemic delivery.
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Lastly, fetal development is a huge safety consideration that researchers must
adhere to tight guidelines for due to ethical concerns regarding pregnancy related
treatments. In this thesis murine models were the only animal models. Throughout
this thesis, the safety of the fetus is consistently considered because the interruption of
fetal development would have extensive effects on clinical translation. Although NPs
had minimal short-term effects on the fetus, it is important to recognize fetal
development in mice primarily occurs after delivery, whereas human embryo
development occurs during pregnancy. Further, the pregnancy term in humans is 9
months compared to the 21 days of gestation in mice*, Considering the vast
difference in pregnancy term between humans and mice, researchers should pay close
attention to fetal heart rate, fetal movements, muscle tone, breathing movements,
amniotic fluid, and blood flow in the umbilical cord, placenta, and fetal vessels. These
methods are commonly used to assess fetal health during pregnancy and should be
closely monitored before, during, and after administering NP treatments.

Overall, extending the research to the ideas discussed in this section will
provide insight and knowledge to the use of NPs in maternal-fetal health applications.
The work presented in this thesis gives promise to the field and provides essential
information to expand the use of NP-based systems to applications in reproductive
health. In conclusion, the incorporation of this work with future work will yield new
and effective treatment methods for pregnancy-related conditions that will

substantially improve the quality of life for many mothers and children.
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