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ABSTRACT

Vaginal drug administration can improve prophylaxis and treatment of many conditions affecting the female re-
productive tract, including sexually transmitted diseases, fungal and bacterial infections, and cancer. However,
achieving sustained local drug concentrations in the vagina can be challenging, due to the high permeability of
the vaginal epithelium and expulsion of conventional soluble drug dosage forms. Nanoparticle-based drug deliv-
ery platforms have received considerable attention for vaginal drug delivery, as nanoparticles can provide
sustained release, cellular targeting, and even intrinsic antimicrobial or adjuvant properties that can improve
the potency and/or efficacy of prophylactic and therapeutic modalities. Here, we review the use of polymeric
nanoparticles, liposomes, dendrimers, and inorganic nanoparticles for vaginal drug delivery. Although most of
the work toward nanoparticle-based drug delivery in the vagina has been focused on HIV prevention, strategies
for treatment and prevention of other sexually transmitted infections, treatment for reproductive tract cancer,

and treatment of fungal and bacterial infections are also highlighted.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

In the nearly 100 years since the early descriptions of drug absorp-
tion occurring after topical vaginal administration, research on vaginal
drug delivery has recently intensified. Vaginal drug administration has
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many advantages over conventional oral administration, such as avoid-
ance of the harsh gastrointestinal (GI) environment and the hepatic
first-pass effect. Absorption from the GI tract can be affected by fed
state, drug—drug interactions, microbiota, and GI disturbances. Further,
the fraction of drug that is absorbed from the GI tract can then be metab-
olized and eliminated by first passage through the liver. Thus, vaginal
drug administration allows for smaller drug doses and the potential
for reduced side effects. Additionally, for drugs that act locally in the fe-
male reproductive tract, topical vaginal application results in much
higher drug concentrations and improved efficacy.

Typical vaginal dosage forms include rings, films, creams, and gels,
each of which has advantages for particular drugs and particular indica-
tions, as reviewed elsewhere [1]. More recently, nanoparticle-based
platforms for drug delivery to the vagina have received increasing atten-
tion. The development of nanoparticle-based vaginal drug delivery for-
mulations has largely been focused on HIV pre-exposure prophylaxis
(PrEP). Nanoparticles can provide sustained release of microbicide
drugs, which is necessary for maintaining protective drug concentra-
tions between the time of dosing and the time of intercourse. Drug
release from nanoparticles can result in more controlled vaginal absorp-
tion compared to a drug depot like a vaginal gel, thereby potentially re-
quiring reduced amounts of drug. Nanoparticles can be designed to
contain multiple modalities, to target specific cells, and to have intrinsic
antimicrobial activity. Achieving adequate vaginal drug distribution can
be challenging; appropriately designed nanoparticles can provide im-
proved drug distribution to target cells and tissues, improving efficacy.
However, the advantages and unique characteristics of nanoparticle-
based vaginal formulations need not be limited to PrEP, as evidenced
by demonstrations of nanoparticles applied to the vagina of experimen-
tal animals to achieve vaccination, or treatment of cervical cancer and
other female reproductive tract infections. The goal of this review is to
discuss: (i) factors that influence vaginal drug delivery that should be
considered when designing and testing nanoparticle-based platforms,
(ii) nanoparticle-based formulations designed for vaginal drug delivery,
and (iii) other opportunities for nanoparticle-based vaginal drug deliv-
ery formulations to improve prophylactic and therapeutic outcomes.

2. Considerations for the rational design of nanoparticle platforms
for vaginal drug delivery

2.1. Physiology of the vagina and implications for drug delivery

Often cited drawbacks of oral drug administration include the lack of
predictability in drug absorption due to physiological variations and the
hepatic first-pass effect. Drugs absorbed from the vagina enter the pe-
ripheral circulation through a venous plexus that empties into the inter-
nal iliac veins and the hemorrhoidal veins, thus avoiding the liver [2].
However, similar to oral drug absorption, vaginal drug absorption is af-
fected by numerous physiological factors. First, the vagina is not simply
a straight tube as often depicted in anterior drawings of the female re-
productive tract. Imaging of the lateral view has demonstrated that
the lower portion of the vagina is tilted at approximately 45° leading
up to the wider upper portion that is almost horizontal when a
woman is standing [3,4]. From a cross-sectional view, the vagina is col-
lapsed with the anterior and posterior walls in contact with each other,
forming what is often referred to as an “H” shape [5]. The distended
shape of the vagina varies widely between women [6]. The vaginal
walls are lined with stratified squamous epithelium containing numer-
ous folds, or rugae, which allow for this distension and increased surface
area for absorption [4]. Due to the intra-abdominal pressure that col-
lapses the rugae, high internal surface area, and tortuosity of the vaginal
canal, achieving adequate distribution of a vaginal product can be chal-
lenging, and is often dependent on the influence of numerous factors
[7]. Unfortunately, animal models for vaginal drug delivery fail to reca-
pitulate many of these uniquely human features, including the acidic pH
(~3.5-4.0) observed in the human vagina in women with healthy,

lactobacilli-dominated microbiota [8,9]. Under certain conditions, such
as during a yeast infection or when semen is introduced into the vagina,
the pH can be temporarily elevated [10,11], which can affect the ioniza-
tion and absorption of certain drugs [3,7]. Thus, the basic physiology of
the vagina must be considered when designing vaginal dosage forms,
and care must be taken in interpreting experimental observations ob-
tained using animal models.

2.2. The mucus barrier and implications for drug delivery

In addition to the epithelium itself, cervicovaginal mucus (CVM)
serves as a physical barrier to protect the vagina against infection.
CVM can have a significant impact on the penetration, distribution,
and residence time of nanoparticle-based systems for vaginal drug de-
livery applications. Mucus produced at the cervix bathes and coats the
vaginal walls, mixing with vaginal epithelial cells and vaginal transu-
date. The composition of CVM is similar outside of the period of ovula-
tion, and is composed mostly of water (~90-95%) with gel-forming
glycoproteins, lipids, soluble proteins, enzymes, and various immune
factors [12,13]. During ovulation, cervical mucus becomes watery and
mucin proteins align to allow sperm to pass more readily through the
cervix into the uterus. However, ovulatory mucus is produced in more
copious amounts, thus facilitating clearance and impeding drug absorp-
tion [14]. Mucins in CVM from non-ovulatory women and women on
hormonal contraceptives form a tight meshwork, acting as a barrier to
protect the epithelium [13]. Non-ovulatory human CVM was recently
found to have pores in the range of 50-1800 nm, with an average of
340 + 70 nm [15]. In addition to sterically trapping pathogens and par-
ticulates, CVM also traps particles by adhesive interactions [12]. Vaginal
dosage forms, such as gels, are often designed to be mucoadhesive to in-
crease residence time in the vagina [16]. It was also found that conven-
tional nanoparticle formulations are inherently mucoadhesive due to
interactions between mucus and the hydrophobic polymer nanoparti-
cles [17,18], which was expected to increase residence time [19]. How-
ever, it was recently demonstrated that nanoparticles engineered with
non-adhesive surface coatings of densely packed polyethylene glycol
(mucus penetrating particles, or MPP) can rapidly penetrate human
and mouse mucus, reaching deep into the more slowly cleared mucus
layers, including those in the collapsed vaginal folds, thereby increasing
epithelial coverage and vaginal retention compared to mucoadhesive
conventional nanoparticles (CP) (see Polymeric nanoparticles) [17,20,
21]. A microbicide drug formulated as an MPP was also found to provide
increased protection in a mouse model of vaginal herpes infection,
compared to even 10-times the amount of unformulated drug [20].
Thus, it appears as though the barrier properties of CVM to pathogens
and nanoparticles must also be considered when designing an effective
nanoparticle-based formulation for vaginal drug delivery.

2.3. Immunology of the vaginal mucosa and implications for drug delivery

The immune system of the female reproductive tract must protect
against infectious pathogens while tolerating commensal bacteria and
the presence of foreign materials, such as sperm. Whether nanoparticle
systems are designed to interact directly with the immune system, such
as with vaccine delivery and immune cell-targeted delivery, or to be un-
recognized by the immune system, a thorough understanding of vaginal
immunity is necessary. Although not as highly studied as the immune
systems in the respiratory and gastrointestinal (GI) tracts, understand-
ing of how the vaginal immune system strikes a balance between toler-
ance and pathogen recognition, and how it differs from other mucosae,
is progressing [22].

The respiratory and Gl tracts are type I mucosae, which is coated with
simple columnar epithelia linked by tight junctions and containing
organized lymphoid structures (MALT). In contrast, the vaginal and
ectocervical epithelia are type Il mucosa, covered with squamous epithe-
lia and lacking MALT [23]. Thus, rather than allowing access to
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underlying MALT for immune surveillance like type I mucosa, the multi-
ple layers of nonkeratinized squamous epithelium (as well as the overly-
ing mucus layer) in the human vagina act as a physical barrier to
pathogens [24]. Vaginal epithelial cells are not only a barrier to patho-
gens, but also an active component of the vaginal immune system that
expresses Toll-like receptors for pathogen recognition and produces an-
timicrobials, chemokines, and cytokines [25,26]. Thus, the vaginal epi-
thelium itself plays an important protective role, such that disruption
or irritation of the vaginal epithelium can have serious consequences.
For example, products that are toxic to the vaginal epithelium can in-
crease susceptibility to infection and other diseases [27,28].

The lack of MALT in the vagina also means that dendritic cells within
and beneath the stratified epithelium must migrate to the surrounding
lymph nodes to present antigens for T cell priming. Compared to the re-
spiratory and GI tract mucosa, the vaginal mucosa appears to be resis-
tant to recruitment of antigen-specific T and B cells [22]. In addition,
the regulation of immune cells and immune responses is sensitive to
variations in estradiol and progesterone levels that occur throughout
the menstrual cycle [24,29]. For these and other reasons, the vagina is
not often a target for vaccine development, even though local mucosal
immune responses are more important than systemic immunity for
mucosal protection [22]. It was recently demonstrated that IgG antibod-
ies in vaginal mucus facilitate trapping of HSV-1 in mucus, which would
restrict viral access to target cells [30]. Interestingly, various investiga-
tors have found in animal models that nasal immunization can be ben-
eficial for vaginal antibody production [31,32]. However, for long-term
protection by vaccines, induction of T cell-mediated immunity, and par-
ticularly antigen-specific CD4 + T cells, is likely required [22]. As under-
standing of the vaginal immune system progresses, it is likely that more
effective nanoparticle-based vaccine strategies for inducing vaginal im-
munity will be developed [23]. In the meantime, it is clear that vaginal
administration of various drugs, such as microbicides for protection
against HIV infection, is more effective than oral delivery for providing
vaginal protection [33,34]. However, reliable use of drugs is frequently
limited by poor user adherence. Nanoparticle-based systems can pro-
vide sustained release, targeted delivery, and other benefits that can
also improve upon current vaginal drug delivery strategies [35,36].

As murine models are often used prior to studies with non-human
primates or clinical studies, it is important to understand how immu-
nology of the vaginal mucosa differs between mice and humans. For
example, the changes in immune cell populations and epithelial charac-
teristics during the mouse estrous cycle are quite significant compared
to what occurs during the human menstrual cycle (for more about
the estrous cycle, see The impact of hormones on the vagina and
implications for drug delivery). The human female reproductive tract
contains a substantial population of immune cells distributed in the
stromal layer and the epithelium, and only subtle changes in the migra-
tion of macrophages, B cells, and neutrophils into the lower tract and
dendritic cells entering the squamous epithelium are observed through-
out the menstrual cycle [24]. In contrast, phases of the mouse estrous
cycle are identified by significant populations of leukocytes in
cervicovaginal lavage fluid (metestrus, diestrus), or the near lack there-
of (proestrus, estrus), and these changes occur on the order of hours-to-
days [37]. In addition to the neutrophil invasion that occurs during the
metestrus and diestrus phases, these phases are also associated with a
thinned vaginal epithelium and an abundance of Langerhans cells (LC)
and dendritic cells (DC) near and throughout the epithelial layer [38].
In contrast, during the estrus and proestrus phases, when the epitheli-
um is thick and cornified, providing a markedly enhanced physical bar-
rier to pathogen invasion, there are essentially no LC and DC near the
epithelium (Fig. 1) [38]. Mice used for experimental models are com-
monly treated with a synthetic progestin birth control (Depo-Provera,
or DP) to synchronize the estrous cycle, which produces a prolonged
diestrus-like state and increased susceptibility to vaginal HSV-2 infec-
tion [39]. Thus, studies involving DP-treated mice that investigate the
interactions between nanoparticles and the immune system, such as

Fig. 1. Distribution of Langerhans cells (LC) in the vaginal epithelium in (a) diestrus and
(b) estrus phase mouse vaginal tissues. Antibodies against MHC class II (red) and CD11c
(green) denote LC. The white line indicates the luminal edge of the epithelium, whereas
the yellow line indicates the basement membrane. The images were obtained at 20 x mag-
nification. L denotes the lumen. Note the thick tissue barrier between the LC and the lumen
space in the estrus phase mouse vagina.

Reprinted with permission from [38].

vaccine products or lymph trafficking, must be interpreted with care,
as the interplay with the immune system may be over-emphasized in
a way that would not occur in the human vagina. In some cases, such
as studies that seek to determine whether vaginal products may cause
vaginal toxicity or inflammation, the heightened vaginal immune reac-
tivity of DP-treated mice can provide a sensitive screen for effects that
may only become evident after repeated doses in humans [28]. Of
note, numerous commercially available vaginal products, particularly
ones that were developed decades ago, were not subjected to these
kinds of rigorous tests for impact on the vaginal mucosa and the impli-
cations for vaginal infection. Many investigators have recently been
uncovering the unintended consequences of lubricants, gels, and
douches intended for vaginal use [27,40,41]. Thus, the composition of
the vehicle and its potential effects in the vagina are just as important
to consider when designing nanoparticle-based formulations for vaginal
drug delivery.

2.4. The role of microbiota in the vagina and implications for drug delivery

Vaginal microbiota play a critical role in female reproductive tract
health. As such, nanoparticle-based drug delivery systems intended
for vaginal applications must be designed with the preservation of
healthy bacterial colonization in mind. The stratified squamous epithe-
lium of the human vagina sheds continuously, thus enhancing the phys-
ical barrier to infection and providing a source of glycogen to promote
growth of lactobacilli. Lactobacilli compete with other microbes for nu-
trients, and secrete factors, such as lactic acid, that make the environ-
ment inhospitable to other bacteria and pathogens [42].

Bacterial vaginosis (BV) is a condition in which the vagina is domi-
nated by a polymicrobial overgrowth of mostly anaerobic bacteria
and few if any lactobacilli, resulting in elevated pH (>4.5), increased
susceptibility to numerous sexually transmitted pathogens, and in-
creased risk of inflammatory conditions such as endometritis and pelvic
inflammatory disease (PID) [43]. Thus, products designed for vaginal
use must not negatively impact the vaginal environment and survival
of lactobacilli, as it is critical that the products do not increase the inci-
dence of BV. Broad-spectrum antimicrobial properties of certain types
of nanoparticles (for more details, see Dendrimers and Inorganic
nanoparticles) may have unintended consequences on the vaginal mi-
crobiota. Unfortunately, lactobacillus dominance and vaginal acidity
are uniquely human, and there are no suitable animal models for testing
the impact of products on lactobacillus colonization [8,9]. The most
common approach is to incubate nanoparticles with lactobacillus cul-
tures in vitro, which is a useful way to test acute toxic effects, though
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the only way to test the impact of repeated dosing of a product on
human vaginal microbiota is with clinical testing.

Approximately one-third of all women have BV at any given time, a
fraction that is increased in certain populations of women at high risk of
acquiring sexually transmitted infections [44]. Thus, changes in the
vaginal environment caused by BV may be particularly important to
consider when designing microbicide products. Vaginal secretions
from women with BV often have increased enzymatic activity [45-47],
and biofilms can form on the epithelial surface of the vagina that may
impact drug absorption [48]. Although pathogenic bacteria are general-
ly associated with local inflammation, BV bacteria appear to have im-
mune suppressive mechanisms that lead to with the high prevalence
of asymptomatic BV [48]. The effect of these immune suppressive mech-
anisms on vaccines designed for vaginal administration is unknown, but
should be considered. As described later, nanoparticle-based platforms
with promise for treating BV exist; these may overcome antibiotic resis-
tance and increase the time between BV episodes.

2.5. The impact of hormones on the vagina and implications for drug
delivery

Estradiol and progesterone have tremendous impact on the physiol-
ogy and immunology of the female reproductive tract, as reviewed
extensively elsewhere [24,26]. Thus, the menstrual cycle, hormonal con-
traceptive use, and reproductive status all have significant impact on the
potential effectiveness of vaginal dosing strategies. Estradiol drives
thickening of the epithelium [49], glycogen production and epithelial
cell shedding that supports survival of lactobacilli [10], and production
of copious amounts of more watery midcycle mucus [13]. Cyclical varia-
tions in vaginal thickness and vascularity have also been shown to im-
pact absorption of drugs, such as steroids and the anti-herpes drug
Vidarabine [50]. Estradiol also regulates innate immunity by suppress-
ing the secretion and/or expression of pro-inflammatory mediators by
epithelial cells, which may reduce HIV infection by inhibiting target
cell migration into the epithelium [24]. It has been demonstrated that
sustained estradiol treatment via subcutaneous implants inhibited topi-
cal vaginal SIV infection in macaques, whereas vaginal infections were
transmitted by injections directly into the vaginal submucosa [51]. Sub-
cutaneous estradiol injection to ovariectomized rats also provided com-
plete protection against intrauterine Chlamydia trachomatis infection in
rats, whereas progesterone-treatment led to significant infectious bur-
den and inflammation [39]. Similarly, subcutaneous estradiol injection
to ovariectomized mice led to complete protection against vaginal
HSV-2 infection, whereas progesterone treatment rendered mice 100%
susceptible to lethal HSV-2 infection [52]. Progesterone, including syn-
thetic forms of progesterone in hormonal contraceptives, appears to in-
crease the immune cell presence in the vagina in humans and mice [53].
For this reason, hormonal contraceptive use may impact susceptibility to
HIV infection and disease progression [29].

The effects of hormones on the vagina are particularly pronounced
in animal models, including mice. In the four distinct phases of the
4-5 day murine estrous cycle, the vaginal epithelium first doubles in
thickness (proestrus), becomes keratinized (estrus), and then sheds
(metestrus) to only 7-8 cell layers in thickness (diestrus) [54]. When
the epithelium is thickest, and more similar to the human vaginal epi-
thelium [55,56], immune cells are absent from the epithelial and lumi-
nal spaces. We also demonstrated that the vaginal mucus barrier in
estrus-phase mice is most similar to human cervicovaginal mucus
[20]. In contrast, progesterone-driven epithelial thinning is associated
with an increase in immune cells and their proximity to the lumen
(Fig. 1) [38], as well as tightening of the mucus mesh that limits pene-
tration of nanoparticles [57]. Treating mice with a high concentration
of synthetic progestin, a common procedure in studies in murine and
non-human primate vaginal models, induces a diestrus-like state with
even more significant thinning of the epithelium and a transition to
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Fig. 2. Hematoxylin and eosin stained tissue sections from (a) an untreated mouse in the
estrus phase (x120), (b) a progestin-treated mouse (x120), (¢) normal human vaginal
epithelium (x50), and (d) normal human cervix (x 160). Note the similarities between
the thin, columnar, progestin-treated murine vaginal epithelium and the columnar,
human ectocervical epithelium. In contrast, the murine estrus phase vaginal epithelium
and the human vaginal epithelium are thick, squamous cell layers.

Reprinted with permission from [58].

the columnar type epithelia typically seen in the human endocervix
and uterus, but not in the vagina (Fig. 2) [58].

Epithelial thinning in the diestrus phase was found to allow in-
creased drug absorption compared to the estrus phase in guinea pigs
[59]. The diestrus phase epithelium in mice was also demonstrated to
be more conducive to transfection with plasmid DNA than the proestrus
and estrus phase vaginal epithelia [60]. Wu et al. demonstrated that, in
contrast to the extensive transfection observed in the vaginas of DP-
treated mice [61], the outer layer of cornified epithelial cells in the es-
trus phase mouse vagina, that is more similar to the human vagina, cre-
ated a physical barrier to liposome-mediated oligonucleotide delivery,
and that disruption of the estrus epithelium with 5% citric acid still re-
sulted in only minimal oligonucleotide uptake [62].

The rapid and significant changes that occur in the vagina during the
mouse estrous cycle make it difficult to avoid the use of hormone treat-
ments to “synchronize” the vaginal environment, but such treatments
induce physiological changes that may not fully recapitulate the
human vagina. However, this does not negate the usefulness of animal
models for preclinical studies of nanoparticle-based formulations for
vaginal drug delivery. As previously described, the thinning of the epi-
thelium and the increased immune cell presence in the vaginal epithe-
lium of DP-treated mice can provide a more sensitive screen for
vaginal products and potential toxic effects [63,64]. Also, the cervix is
thought to be a potential site of infection for sexually transmitted dis-
eases such as HIV, and the vaginal epithelium of the DP-treated mice
has similar structure to the human ectocervix. As previously described,
it was demonstrated that the thickness and infolding of the vaginal ep-
ithelium and the pore structure of vaginal mucus in estradiol-treated
mice were more similar to those of humans, making this model more
appropriate for investigating the vaginal distribution and retention of
nanoparticle-based systems [20]. However, as described, estradiol-
treated animals resist infection with otherwise lethal titers of infectious
pathogens, making preclinical assessment of protection against infec-
tion difficult. Thus, hormone treated animals are certainly useful for
studying vaginal drug delivery, but care must be taken when selecting
appropriate animal models.

3. Nanoparticle platforms for vaginal drug delivery
3.1. Polymeric nanoparticles

The development of polymeric nanoparticles for vaginal drug deliv-
ery applications has included a significant focus on vaginal mucus as a
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barrier and a clearance mechanism that can limit vaginal retention.
Olmsted and coworkers first demonstrated that 59 nm polystyrene
nanoparticles (PS) were trapped in midcycle human cervical mucus,
causing the mucin proteins to bundle together into cables [18]. Howev-
er, the capsids of Norwalk virus and human papilloma virus (HPV)
(55 nm) diffused freely in the mucus, indicating that the larger PS
particles were trapped by adhesive interactions with mucins. Dawson
et al. then demonstrated that coating poly(lactic-co-glycolic) acid
(PLGA) nanoparticles with DNA to make a more hydrophilic surface in-
creased particle transport through gastric mucin gels 10-fold compared
to PS nanoparticles, and increased in vitro transfection rates 50-fold
compared to naked DNA [65]. Lai et al. later demonstrated that PS par-
ticles 100 nm-1 pm in diameter were adhesively trapped in fresh, undi-
luted human cervicovaginal mucus (CVM), whereas PS particles densely
coated with polyethylene glycol (PEG-PS) diffused through CVM at
rates only a few-fold slower than their theoretical diffusion in pure
water and several hundred-fold faster than their uncoated counterparts
[17]. It was hypothesized that by penetrating through vaginal mucus,
mucus-penetrating particles (MPP) could provide improved vaginal
drug distribution and retention, rather than being trapped and more
rapidly cleared in the outer, luminal layers of mucus (for more details,
see The mucus barrier and implications for drug delivery).

The importance of achieving high PEG density on the surface of
the nanoparticle in order to effectively shield against adhesive interac-
tions with mucus and to make mucus-penetrating nanoparticles was
highlighted by Wang et al. High density 2 kDa PEG surface coatings
allowed 200 nm PEG-PS nanoparticles to rapidly penetrate human
CVM, whereas PEG-coated nanoparticles with as little as a 40% reduc-
tion in PEG density were adhesively immobilized in CVM [66]. The
effects of PEG density were also highlighted in the work by Lai et al.,
which reported that 100 nm PEG-PS were slowed ~2000-fold in CVM
[17]. Lai and coworkers later demonstrated that improved PEG conjuga-
tion methods could produce 100 nm particles with dense enough PEG
coatings to rapidly penetrate CVM [67].

The importance of PEG surface density for achieving efficient mucus
penetration was further highlighted in works involving biodegradable
nanoparticles. Cu et al. demonstrated that PLGA with a low-density sur-
face coating of PEG (PEG-NP), formed by adsorbing avidin-palmitic acid
to the surface of the PLGA nanoparticles and subsequently attaching
biotin functionalized PEG, exhibited 2- to 10-fold improvement in
nanoparticle penetration through ovulatory (midcycle) cervical mucus
(OCM) [68]. OCM is watery and can be penetrated by sperm [13],
which is likely why uncoated PLGA nanoparticles that would be
adhesively immobilized by non-ovulatory CVM were only slowed
8- to 13-fold by OCM [68]. It is likely that passive absorption of PEG
onto the nanoparticle surface would not produce sufficiently dense
coatings to resist adhesion to non-ovulatory CVM, the requirement
highlighted by Wang and coworkers [66]. Tang et al. then went on to
demonstrate that biodegradable, densely PEG-coated poly(sebacic
acid) nanoparticles (PEG-PSA) rapidly penetrate non-ovulatory CVM
at rates 400-fold faster than uncoated PSA nanoparticles that adhere
to CVM [69]. They estimated that these PEG-PSA nanoparticles had at
least 100-fold more PEG on the nanoparticle surface compared to the
PEG-NP, further suggesting that dense PEG coatings are critical for
rapid nanoparticle penetration through highly viscoelastic mucus secre-
tions, such as non-ovulatory CVM [69].

The importance of mucus-penetration and PEG surface density was
then demonstrated in vivo. Cu et al. demonstrated in vivo that even a
low density PEG coating on the surface of PLGA nanoparticles (PEG-
NP) 150-170 nm in size provided increased retention in the vaginal
tract of Depo-Provera (DP)-treated mice [70]. More of the uncoated
NP leaked from the vagina and were removed (associated) with the
vaginal mucus by vaginal lavage, whereas a larger amount of PEG-NP
were found to have penetrated through the mucus barrier and were as-
sociated with the vaginal tissue (~29 nug compared to 15 pg of uncoated
NP), representing ~4% of the original dose 30 min after administration

[70]. However, as described previously, the mucus barrier in the vagina
of DP-treated mice may not be representative of the mucosal environ-
ment in the human vagina; nanoparticles ~120 nm that readily pene-
trate human CVM were markedly hindered by CVM in the DP-treated
mouse CVM [57]. Perhaps increased PEG density on the nanoparticle
surface may further improve distribution and retention in the DP-
treated mouse. In contrast, Ensign et al. demonstrated that mouse
CVM in the estrus phase mouse vagina (the phase in which the vaginal
epithelium is most similar to that of the human vagina) has similar bar-
rier properties to nanoparticles as human CVM [20]. Thus, they were
able to demonstrate a striking difference in vaginal and cervical nano-
particle distribution between CP and MPP (Fig. 3), composed of either
non-biodegradable (PS) polymer or biodegradable (PLGA) polymer.
Similar penetration rates and cervicovaginal distribution of both types
of polymeric nanoparticles highlighted the importance of the surface
properties and not the core polymer material in determining how the
nanoparticles behave in the vagina. Uptake of nanoparticles into the es-
trus phase vaginal mucosa was not observed, as expected, but the goal
was to deliver the nanoparticles in close proximity to the cervicovaginal
epithelia to provide sustained drug delivery to target cells. Ensign and
coworkers demonstrated that administering MPP in a hypotonic vehicle
that induces fluid absorption by the epithelia and advection of non-
adhesive drugs and nanoparticles to the epithelial surface [71] led to a
near complete MPP coating on the epithelial surface, including lining
the vaginal folds [20]. As previously hypothesized, MPP penetration
into the more slowly cleared mucus layers lining the vaginal folds led
to increased retention, as 60% of the original MPP dose was retained
compared to 10% for CP after 6 h.

Biodegradable PLGA MPP coated with a mucoinert Pluronic coating
[72] and loaded with a model fluorescent drug (fluorescein isothiocya-
nate, FITC) provided a nearly uniform vaginal drug coating 24 h after ad-
ministration, whereas FITC administered in conventional vaginal gel
was poorly distributed over the vaginal surface (Fig. 3) [20]. To demon-
strate in vivo the efficacy of densely PEG coated MPP, the DP-treated
mouse model of vaginal HSV-2 infection was used. To penetrate
DP-treated mouse CVM, which has a reduced pore size compared to es-
trus phase mouse vaginal mucus [57], MPP nanocrystals composed of

109 pm

FITC/MPP

FITC/gel

2 mm

Fig. 3. Distribution in the estrus phase mouse vagina of red fluorescent CP and MPP 10 min
after administration (top panel), and green fluorescent fluorescein isothiocyanate (FITC)
24 h after administration in a conventional vaginal gel (FITC/gel) or encapsulated within
biodegradable MPP (FITC/MPP).

Modified with permission from [20].
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acyclovir monophosphate with the same mucoinert Pluronic coating
with sufficiently small diameter (~65 nm) were formulated. MPP
were shown to provide increased protection against vaginal HSV-2 in-
fection compared to 10-fold higher concentration of soluble drug [20].
MPP nanocrystals are an exciting option for vaginal drug delivery, as
the nanoparticles are composed of nearly pure drug, as opposed to
>90% lipids or polymers like many other formulations. The combination
of mucus-penetrating ability and sustained drug release has promise for
improving vaginal drug delivery for a variety of applications, including
prevention of sexually transmitted infections.

Polymeric nanoparticles have also been used as vehicles for vaginal
siRNA delivery (for more background on vaginal siRNA delivery, see
the next section, Liposomes). It was demonstrated that conventional
transfection reagents for siRNA delivery were toxic in the vagina [73],
leading Woodrow et al. to use encapsulation within a polymeric nano-
particle system to improve the safety of siRNA complexes [74]. They
were able to encapsulate over one-thousand molecules of siRNA into a
PLGA nanoparticle <200 nm in diameter, and achieved similar in vitro
gene knockdown as compared to a commercial transfection reagent,
Lipofectamine RNAiMax, in cultured HEK293T cells stably expressing
luciferase. In vivo, they observed fluorescently labeled nanoparticle pen-
etration into the tissue in the lower and upper mouse reproductive
tracts (Fig. 4), leading to in vivo EGFP knockdown in the lower and
upper tracts of GFP transgenic mice 10 days after topical administration
of siRNA-loaded PLGA nanoparticles. The effect of the mucus barrier on
the nanoparticle distribution and tissue penetration was not evaluated,
as the vagina was washed and swabbed to remove mucus prior to nano-
particle instillation. Also, the mice were Depo-Provera treated, which
thins the vagina and causes a transition to a columnar epithelium with
reduced barrier properties (see above, The impact of hormones on the
vagina and implications for drug delivery for more details). However,
these results provided important proof of principle that siRNA com-
plexes could be successfully loaded into and released by PLGA nanopar-
ticles, and that sustained gene silencing could occur in the female
reproductive tract after successful intracellular delivery of siRNA [74].

In another study, Steinbach et al. demonstrated that siRNA delivery
via PLGA nanoparticles could provide protection against vaginal

Vaginal tissue

Lumen
S

Sub-epithelium

Uterine tissue

Fig. 4. Penetration of siRNA-loaded PLGA nanoparticles (green) into the vagina and uterine
tissue of mice 24 h after vaginal administration. Multiphoton microscopy was used to ob-
tain deep tissue images. Image dimensions are 400 pum x 400 um x 75 pm. Tissue is stained
blue with Hoescht dye.

Modified with permission from [74].

infection [75]. PLGA nanoparticles were loaded with siRNA complexes
targeting a host cell receptor integral to vaginal HSV-2 infection in
mice (nectin-1). Mice were treated with three doses of all formulations:
24 h and 2 h prior to infection, as well as 4 h post-infection. siRNA-
loaded nanoparticles led to 20% (2 mg dose) and 60% (4 mg dose) sur-
vival against a lethal HSV-2 dose for 28 days, compared to 100% lethality
observed by 14 days for scramble siRNA, cholesterol-conjugated siRNA,
and 1 mg dose of siRNA-loaded nanoparticles. Interestingly, cholesterol-
conjugated siRNAs that were previously associated with some protec-
tive effects (Wu) had no effect on survival in this work, and the
28 day survival observed for siRNA-loaded nanoparticles at 2 mg and
4 mg doses was a full 2 weeks longer than prior reports of siRNA-
mediated improvement in survival [75]. Similar to prior work with
siRNA-loaded PLGA nanoparticles, the mice were DP-treated and the va-
ginas were swabbed prior to nanoparticle instillation [74]. However,
these results were an exciting further proof of principle of the potential
for PLGA nanoparticles as a delivery vehicle for siRNA to provide vaginal
protection from sexually transmitted infections with improved safety
compared to conventional siRNA delivery vehicles.

The focus on polymeric nanoparticles as a microbicide delivery vehi-
cle is relatively recent. Drug-loaded, biodegradable nanoparticles for
vaginal antiretroviral drug delivery were reported by Ham et al. in
2009 [76]. They used PSC-RANTES, which is a CCR5 chemokine inhibitor
that required orders of magnitude greater concentrations when admin-
istered as a free drug to inhibit HIV infection in vivo compared to in vitro.
They demonstrated that PSC-RANTES encapsulation within PLGA nano-
particles provided sustained release and increased uptake into ex vivo
cervical tissue compared to soluble PSC-RANTES, which they attributed
to increased cell uptake of nanoparticles and protection of PSC-RANTES
from degradation [76].

Soon after the pioneering work by Ham and coworkers, the success
in a human clinical trial of 1% tenofovir (TFV) gel at reducing risk of vag-
inal HIV infection led to a series of papers detailing biodegradable TFV-
loaded nanoparticle formulations for vaginal use. Zhang et al. formulat-
ed TFV and tenofovir disproxil fumarate (TDF, oral prodrug version)
nanoparticles composed of a blend of PLGA and pH-responsive Eudragit
® S-100 polymer that was intended to release tenofovir upon contact
with semen in the vagina. Despite the high water solubility of TFV/TDF
and the low drug loading (0.5%/1.2%), only ~50% of the drug was re-
leased in vitro in 24 h. However, for the application of semen-
triggered release of microbicide drugs, an initial burst release of drug
would likely be advantageous for inactivating the viral load. For a drug
like TFV that must be taken up into cells and phosphorylated twice be-
fore becoming active, triggering release at the same time as introduction
of the viral load may be too late to prevent infection. They demonstrated
that the nanoparticles were tolerated in vitro by vaginal epithelial cells
and Lactobacillus crispatus vaginal bacteria, indicating that the formula-
tion would have potential for future development with other drugs [77].

Yoo et al. reported the development of pH-responsive nanoparticles
composed entirely of Eudragit ® S-100, and similarly demonstrated that
the encapsulation efficiency (the overall loading was not reported) for
hydrophilic compounds was low (26%) compared to hydrophobic com-
pounds (71%) [78]. Since this formulation was composed entirely of pH
sensitive polymer, burst release occurred at a pH (7.4) in the range ex-
pected when semen contacts vaginal mucus [78]. In another study,
Meng et al. developed TFV-loaded nanoparticles made from chitosan
to maximize mucoadhesion. The nanoparticles were well-tolerated
in vitro by vaginal epithelial cells and L. crispatus [79]. However, as de-
scribed previously (see The mucus barrier and implications for drug
delivery), mucoadhesive nanoparticles likely do not provide wide-
spread distribution to all of the surfaces of the vagina, and suffer from
short vaginal residence time due to the more rapid clearance by the lu-
minal mucus layers [20]. Belletti et al. also developed TFV-loaded PLGA/
chitosan blend nanoparticles with drug loading <1% and drug release
occurred on the order of hours [80]. It may warrant evaluating whether
TFV is an ideal microbicide candidate for loading into hydrophobic
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polymeric nanoparticles, as the high water solubility limits the encapsu-
lation efficiency and potential for sustained release. Also, the active form
of tenofovir (tenofovir diphosphate) already has a long intracellular
half-life, so further improvements in delivery would likely require
several days of sustained release. However, formulating tenofovir to
achieve adequate distribution throughout the cervicovaginal tract is
still necessary for providing reliable protection against infection [81].

Due to the success of combination drug strategies for suppressing ac-
tive HIV infections, it is thought that combination approaches may also
provide improved protection against the establishment of infection.
However, combining multiple drugs with different physiochemical
properties into the same dosage form can be challenging. Chaowanachan
et al. investigated the possibility of creating drug synergy by loading
microbicides with low water solubility into nanoparticles, and combin-
ing the drug-loaded nanoparticles with soluble TFV [82]. Efavirenz
(EFV) and saquinavir (SQV) were individually loaded into PLGA nano-
particles at overall loadings of 6.7% for EFV nanoparticles (NP-EFV) and
7.2% for SQV nanoparticles (NP-SQV). The in vitro drug release from
NP-EFV and NP-SQV was “biphasic”, with an initial burst release of
10-20% of the drug within 1 h followed by sustained release over 24 h.
However, only ~34% of EFV and ~42% of the SQV was released in 24 h,
and no additional release was observed up to 144 h, possibly indicating
that sink conditions were not met in the release study. Nonetheless,
drug released from the nanoparticles was effective at inhibiting HIV-1
BaL replication in TZM-bl cells in vitro; the NP-EFV provided up to a
50-fold reduction in the ICsq compared to free EFV, and the NP-SQV pro-
vided similar ICs5q to free SQV. NP-EFV and free TFV mixed at the molar
ratio that provided equal potency of the free drugs (1:11 molar ratio)
provided a 3-fold reduction in the ICsq value compared to the combina-
tion of free EFV and TFV. Interestingly, a synergistic effect was not ob-
served when the NP-EFV and free TFV was mixed at the molar ratio
that provided equal potency of the NP-EFV and free TFV (1:600 molar
ratio). In contrast NP-SQV did demonstrate synergistic effects (20-fold
reduction in ICsq value) when mixed with free TFV at the molar ratio
that provided equal potency of the NP-SQV and free TFV (1:3 molar
ratio) [82]. A potential limitation of the NP-EFV and the NP-SQV formu-
lations is the overall negative ¢-potential (~—24 mV), likely indicating
that portions of the surface would be exposed to adhesive interactions
with mucus in the vagina, limiting vaginal distribution and retention
[66]. However, this study highlights the potential for nanoparticles to
improve vaginal delivery of drugs with low water solubility, as well as
a method for combining drugs with significantly different water solubil-
ity in a single dosage form.

Dapivirine, another microbicide candidate with low water solubility,
was loaded into poly(epsilon-caprolactone) (PCL) nanoparticles in a se-
ries of papers by Alonso and coworkers, including evaluating antiretro-
viral activity in vitro [83], in vitro interactions of the nanoparticles with
simulated vaginal fluid [84], ex vivo penetration of pig vaginal and rectal
tissue [85], and in vivo biodistribution in mice [86]. It was demonstrated
throughout that PEG was a preferable nanoparticle coating to sodium
lauryl sulfate (SLS) and cetyl trimethylammonium bromide (CTAB),
particularly due to cell toxicity associated with SLS and CTAB. In contrast
to hydrophilic TFV, loading of dapivirine was ~13%, though >60% of the
drug was released from the nanoparticles within 1 h [83]. Using confocal
imaging of tissue slices, fluorescently labeled nanoparticles appeared to
penetrate into ex vivo pig vaginal and rectal tissue, as well as DP-treated
mouse vaginal tissue to a lesser extent in vivo, after 2 h of incubation
[85,86]. Despite various reports of ex vivo tissue penetration and
in vivo tissue penetration in DP-treated mice, it remains to be deter-
mined whether polymeric nanoparticle uptake occurs in the intact
squamous epithelium of the human vagina.

Date et al. loaded both an NNRTI (efavirenz) and an HIV-1 integrase
inhibitor (raltegravir) into PLGA nanoparticles (RAL-EFV-NPs) to poten-
tially gain an additive effect from co-encapsulating two compounds with
two different mechanisms of action [87]. They found that the RAL-EFV-
NPs had a slightly lower ECqq value (~90 ng/mL) compared to drug

solutions (~144 ng/mL) in vitro, supporting the notion that formulation
within a nanoparticle can augment the efficacy of drugs. Rather than in-
corporation into a conventional vaginal gel vehicle, they formulated the
RAL-EFV-NPs in a thermosensitive liquid vehicle that gels at body tem-
perature [87]. Although this strategy has yet to be tested in vivo,
nanoparticle-based drug combination platforms and thermosensitive
gel vehicles are promising new strategies for vaginal microbicide
delivery.

Peng et al. also employed the use of a thermosensitive gel to selec-
tively target delivery of nanoparticles to the surface of the cervix [88].
They attempted to design a DNA construct encoding HPV16-regulated
diphtheria toxin that could be selectively expressed in HPV16-infected
cells, resulting in cell death. The construct was used to formulate
poly(-amino ester) nanoparticles for use as a nanotherapy for pre-
neoplastic cervical lesions. Although they did not demonstrate that the
construct was selectively expressed in HPV16-infected cells, it was selec-
tive for epithelial cells. The thermosensitive gel mixed with a luciferase
reporter gene/nanoparticle construct induced luciferase expression in
human cervical tissue with high grade precancerous lesions after
ex vivo exposure, and in mouse cervical tissue 24 h after intravaginal in-
jection [88]. Although the DNA construct will need further development
before testing the nanoparticle/formulation for treatment of cervical le-
sions, this work highlighted the potential for using polymeric carriers
for vaginal DNA delivery.

One limitation to developing local vaginal treatments for reproduc-
tive tract cancer is a lack of orthotopic mouse models. Blum et al. de-
scribed the development of an inducible model of vaginal squamous
cell carcinoma via activation of oncogenic K-ras and inactivation of
tumor suppressor Pten [89]. Although vaginal cancer (as opposed to cer-
vical cancer) is relatively rare, the animal model provides an opportuni-
ty for testing topical chemotherapy delivery in the vagina. Camptotecin
(CPT)-loaded PLGA nanoparticles were prepared with 6.2% loading drug
loading and release that lasted over 28 days in vitro. Five weekly treat-
ments with the CPT nanoparticles prophylactically prevented tumor
growth in 6 of 6 mice, whereas tumors developed in 3 of 4 mice treated
with free CPT [89]. One limitation of this study is that it was a demon-
stration of prevention of tumor establishment, rather than treatment
of an existing tumor. Also, the nanoparticles were lavaged into the vagi-
na, which could artificially disrupt the protective mucus barrier. None-
theless, this study supported the promise that nanoparticle-based
therapies hold for treating cancers of the female reproductive tract.

Recently, Yang et al. tested topical nanoparticle administration for
treating established cervical cancer in a mouse model established by lo-
cally implanting TC-1 tumor cells in the mouse vagina [21]. The tumor
cells express luciferase enzyme, such that tumor growth can be moni-
tored over time by live animal bioluminescence imaging. As described
earlier, the mucus barrier in the female reproductive tract precludes
effective nanoparticle distribution and retention. Yang et al. sought to
demonstrate that non-adhesive, biodegradable mucus-penetrating par-
ticles (MPP) could improve the delivery of chemotherapy to cervical tu-
mors [72]. They demonstrated that F127-coated PLGA nanoparticles
(MPP) were able to distribute throughout vaginal mucus and contact
the epithelium, coming in close proximity to deliver drug directly to
the tumor. In contrast, PLGA nanoparticles without the PEG coatings pro-
vided by F127 (CP) aggregated in the luminal mucus, and were seques-
tered away from the tumor (Fig. 5). Vaginally administered paclitaxel-
loaded MPP (PTX/MPP) were more effective than paclitaxel-loaded CP
(PTX/CP) at suppressing cervical tumor growth, nearly doubling the me-
dian survival time in an aggressive cervical tumor model [21]. The MPP
platform has promise for improving vaginal drug delivery for a variety
of applications, including treatment of female reproductive tract cancers.

3.2. Liposomes

Bangham and coworkers described liposomal drug carriers in 1965
[90], making liposome formulations the nanocarriers with the longest
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Fig. 5. Transverse sections of the mouse reproductive tract with TC-1 cervical tumors ex-
pressing green fluorescent protein (GFP, green). The epithelium is outlined in white to
help distinguish the tissue surface. (a) Arrows indicate large mucoadhesive particle (CP)
aggregates. (b) Arrows indicate well-dispersed mucus-penetrating particles (MPP) in
close proximity to the tumor at the epithelial surface.

Reprinted with permission from [21].

history of research and development. Liposomes are essentially model
cell membrane systems that can generally be described as enclosed
phospholipid bilayer structures, although the literature is full of descrip-
tions of modifications for improved intracellular delivery, targeting,
circulation time, and drug loading and release [91]. Although the first
liposomal product, Doxil®, received FDA approval for intravenous
treatment of chemotherapy refractory acquired immune deficiency
syndrome-related Kaposi's sarcoma in 1995 [92], development of lipo-
somal formulations for vaginal administration has been a more recent
focus. As with other nanoparticle-based formulations, HIV prevention
has been a major focus in liposome formulation.

For microbicides with limited water solubility, such as the non-
nucleoside reverse transcriptase inhibitor (NNRTI) MC1220, liposome
formulations can improve drug loading and stability in vaginal products.
Caron et al. tested MC1220-loaded phosphatidylcholine/cholesterol lipo-
somes suspended in a Carbopol/hydroxypropylcellulose/glycerol gel for
vaginal protection against RT-SHIV, a form of the chimeric simian immu-
nodeficiency virus expressing HIV-1 envelope protein engineered with
sensitivity to NNRTI, in rhesus macaques [93]. Dosing strategies tested
included single application of liposome gels containing 0.5% or 1.5%
MC1220, and treatment with the 0.5% gel daily for 4 days. In all cases,
partial protection was achieved, with 2 out of 4 and 3 out of 5 animals in-
fected after a single dose of 0.5% and 1.5% gel, respectively compared to 5
out of 5 control animals infected. The unexpected lack of increased pro-
tection by the higher concentration MC1220 gel was attributed to the
low aqueous solubility of MC1220, which the authors plan to address
by identifying alternative vehicles. Three out of 5 animals were protected
after 4 daily doses of 0.5% gel. RNA viral load at necropsy was significant-
ly lower in MC1220-treated infected animals compared to controls, and
the authors hypothesize that improved protection could be achieved in
combination with other synergistic microbicides [93]. It is likely, though,
that additional optimization to increase vaginal protection by MC1220
must be done before it is considered to be a microbicide candidate
with as much promise as tenofovir and dapivirine.

Wang et al. formulated another novel candidate microbicide with
low water solubility, octylglycerol, in phosphatidylcholine liposomes
for vaginal application [94]. In comparison to water-based Carobopol
or poloxamer hydrogel formulations with glycerin as a solubilizing
agent for octylglycerol, after 2 months of storage, octylglycerol lipo-
somes had better in vitro activity against HSV-1, HSV-2, and HIV-1, pre-
sumably due to increased product stability. Formulation of octylglycerol
into liposomes increased the minimum cidal concentration (MCC) of
octylglycerol to lactobacillus, but the lipid/octylglycerol ratio had to be
carefully controlled to avoid significant killing, measured as >4-log
reduction in lactobacilli. No signs of toxicity were observed after 2 h ex-
posure of octylglycerol liposomes to ex vivo human cervical tissue [94].

Malavia et al. investigated liposomes themselves as an antiviral
agent, as certain lipid compositions can bind to HIV and modulate its ac-
tivity [95]. They varied the composition of naturally-occurring and syn-
thetic lipids to balance the antiviral properties with the observed
cytotoxicity, and found that increasing the cardiolipin content and the
degree of unsaturation increased the balance between decreasing HIV
infection and causing cytotoxicity (referred to by the authors as the
therapeutic index) of the liposomes. This work brought to attention
that lipid-based formulations can have inherent toxicity that must be
assessed to ensure that prophylactic treatment does not result in in-
creased risk of vaginal infection. The optimized liposome formulation
found by Malavia did not appear to cause toxicity 3 and 7 days after vag-
inal administration to mice, but it would be important to study potential
acute toxic effects and vaginal protection in vivo [96].

Hood et al. also developed lipid-based nanoparticles that could in-
teract directly with HIV [97]. Liquid perfluorocarbon core nanoparticles
were coated with a phospholipid monolayer membrane that was in-
fused with melittin, a peptide component of bee venom. Melittin is
thought to have pore-forming cytolytic activity, and the uptake of
melittin by HIV-1 infected cells was shown to decrease HIV-1 gene ex-
pression and replication [98]. The lipid/melittin coated nanoparticles
had activity against HIV in vitro, while appearing to have minimal effects
on cells, despite the evidence that melittin facilitates cell apoptosis and
necrosis [99]. The authors postulate that normal cells have a larger lipid
membrane surface area and can rapidly repair membrane defects in-
duced by melittin, whereas enveloped viruses would be more sensitive
to rupture [97]. The potential toxic effects should be tested extensively
in appropriate models prior to clinical testing.

Alukda et al. also prepared lipid based nanoparticles with a function-
alized surface [100]. The lipid core was coated in layers of poly-L-lysine
to increase cell uptake and heparin to target natural killer cells, though
these properties were not experimentally tested. The solid lipid nano-
particles were formulated for vaginal delivery of tenofovir, although
the loading was ~0.1%, which is likely due to the high water solubility
of tenofovir. However, the formulation at concentrations up to
0.9 mg/ml appeared to be well-tolerated by cells in vitro, so further
studies toward developing formulations encapsulating drugs with
more lipophilic or hydrophobic character may be of interest [100].

Numerous investigators have also been designing nanoparticle sys-
tems for vaginal delivery of small interfering RNA (siRNA) to silence
viral gene expression and prevent the establishment of active infection
[101]. Palliser et al. demonstrated in 2006 that siRNA complexed with
a transfection reagent (oligofectamine) could be delivered into cells in
the mouse vagina and ectocervix, and that vaginal administration of
siRNA targeting three essential HSV-2 genes could provide protection
against lethal (high titer) HSV-2 infection [61]. Later work involving
Palliser and others demonstrated vaginal toxicity associated with the
transfection reagent that was not discerned in the prior proof of principle
study, necessitating the design of non-toxic vehicles for siRNA delivery
[73]. The focus to date for formulating siRNA for vaginal administration
has been on non-viral vehicles, such as liposomes, rather than viral
vectors [101]. However, Wu et al. demonstrated that the mucus barrier
may limit efficient delivery of liposomes in the vagina, and that the
mouse estrous cycle impacts in vivo vaginal oligonucleotide delivery
[62]. Liposome-oligonucleotide complexes formed from a common
commercially available lipid (dioleoyl trimethylammonium propane,
DOTAP) did not transfect the mouse vaginal epithelium, regardless of es-
trous cycle state, unless the vagina was pretreated with a toxic agent (5%
citric acid) (Fig. 6). However, even with citric acid treatment, the authors
indicated that the minimal oligonucleotide delivery via conventional li-
posomes they observed would not mediate clinically significant siRNA
responses intravaginally. Thus, they designed liposomes with PEG on
their surface to facilitate penetration through the mucus barrier, as
well as a scaffold system for increasing residence time in the vagina.
Their PEGylated lipoplex-entrapped alginate scaffold system (PLAS) pro-
vided a 6-fold increased uptake of oligonucleotides in vaginal tissues
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Fig. 6. Vaginal delivery of lipoplexes in the estrus phase mouse vagina (Untreated), which
is more reminiscent of the structure of the human vagina, was minimal and restricted to
tissue debris in the lumen, unless the epithelium was pretreated with 5% citric acid
(Treated). The scale bars present 200 pm in the top three panels and 20 um in the bottom
panel. Propidium iodide (PI) was used to stain the epithelium.

Adapted with permission from [62].

compared to the conventional liposomes, as well as enhanced siRNA-
mediated knockdown of Lamin in the vagina of mice. Although this
work is limited by the fact that the mice were pretreated with 5% citric
acid prior to vaginal administration of any liposomes, they made a
point that prior studies involving vaginal administration of siRNA must
also be viewed critically since the mice were pretreated with Depo-
Provera (DP), which artificially thins the vaginal epithelium among
other effects, as described earlier. DP treatment (causing diestrus phase
synchronization) is also necessary for the vaginal HSV-2 infection
mouse model [39,102], so it is difficult to evaluate the efficacy of siRNA
delivery against HSV-2 infection when the structure of the mouse vagina
(estrus phase) is most similar to that of the human vagina.

In addition to prevention of sexually transmitted infections, lipo-
somes have been formulated for vaginal treatment of bacterial and fun-
gal infections. Pavelic and coworkers have published several papers
detailing the design of various liposome formulations for vaginal drug
delivery. The first described liposomes were composed of phosphatidyl-
choline (PC) or distearylphosphatidylcholine (DSPC) and made by two
different formulation methods. Liposomes were formulated containing
clotrimazole (used to treat yeast infections), metronidazole (used to
treat bacterial vaginosis), and chloramphenicol (antibiotic not currently
in clinical use vaginally). The entrapment efficiency ranged from 5 to
94% depending on the drug and method, and the drug loading ranged
from ~2 to 9%. Drug release occurred over at least 24 h, both using stan-
dard in vitro techniques and when incubated in vitro with cow vaginal
mucosa to test the stability of the liposomes in the presence of vaginal
tissue, though ~50% of the drug was released within the first hour of in-
cubation with the tissue [103]. The burst release may make it difficult to
deliver sustained therapeutic amounts of drug in the vagina. They next
described a general (9:1) PC:phosphatidylglycerol-sodium (PG) lipo-
some formulation for vaginal delivery of hydrophilic drugs. The lipo-
somes were prepared encapsulating calcein dye using five different
formulation techniques, and then suspended within Carbopol gels.
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The encapsulation efficiency varied from <10% to >60% depending on
the method, but the overall loading was not discussed. Dispersing the
liposomes within Carbopol gel prolonged the in vitro calcein release
(only ~40% over 24 h), but the viscosity of the gel was significantly
reduced after addition of liposomes, which would likely impact its vag-
inal spread and retention [104]. They then went on to demonstrate for-
mulation of a hydrophilic anti-herpes drug (acyclovir) using the (9:1)
PC:PG formulation, as well as a PC-only formulation and a (9:3) PC:
stearylamine (SA) formulation. The loading efficiency ranged from 8%
(PC) to ~27% (PC:PG), but the overall loading ranged from ~1 to 3%. In-
corporation of the liposomes into Carbopol gel provided prolonged re-
lease over at least 24 h in vitro, and the rate of release in the presence
of mucin in the simulated vaginal fluid release media was increased
for PC:PG liposomes (—56.2 mV surface charge), decreased for PC:SA li-
posomes (+ 8.3 mV surface charge), and unaffected for PC liposomes
(—20 mV surface charge). The authors hypothesized that the negative-
ly charged mucins coated the positively charged liposomes, increasing
stability in the simulated vaginal fluid [105]. However, interactions
with mucins would also negatively impact the vaginal distribution
and retention of the liposomes. The potential for viral suppression
was not evaluated for these liposomes, and it is unclear whether the
low drug:lipid ratio would impact the ability to deliver therapeutically
relevant concentrations to target tissues and cells in the vagina without
toxicity.

Next to BV, yeast infections are the second most common vaginal in-
fection. Karimunnisa and Atmaran sought to develop a mucoadhesive li-
posomal gel for sustained release of the antifungal drug ciclopirox
olamine (CPO) with the goal of reducing frequency and volume of dos-
ing [106]. It is worth noting that the volume and frequency of dosing ap-
peared to be based on guidelines in India, whereas CPO gels are not
indicated for vaginal use in the US. Liposomes were formulated with
Phospholipon 90H (a hydrogenated phosphatidylcholine), cholesterol,
and diacetyl phosphate, and formulated in a Carbopol gel. In this
work, the liposome-loaded gel (L-gel) demonstrated increased viscosity
compared to the blank Carbopol gel (B-gel). The L-gel also demonstrat-
ed increased maximum detachment forces (MDF) in vitro compared to
the B-gel and reported values for other commercial vaginal gel prepara-
tions, as determined by pulling from sheep vaginal mucosa [106].
Although hypothesized to increase the vaginal residence time, the in-
creased viscosity and “stickiness” of the gel may make achieving
adequate vaginal distribution even more difficult. Karimunnisa then
confirmed the anti-fungal activity of the CPO liposomes in vitro. Pure
CPO killed all Candida colonies within 3 h, whereas a significant reduc-
tion in colonies was seen after 3 h exposure to the CPO liposomes. Com-
plete killing of the Candida colonies by the CPO liposomes was observed
after 6 h [106]. Further testing will be required to ensure that the formu-
lation is not toxic to the vaginal epithelium.

As previously discussed, bacterial vaginosis (BV) is a major world-
wide women's health problem. Various investigators have designed lipo-
some gel formulations for sustained release of metronidazole to treat BV,
and to improve upon the leakage, messiness, and short residence time of
conventional gel formulations. Patel and Patel formulated liposomes
containing metronidazole using a thin film hydration technique using
soy lecithin and cholesterol, and loaded the liposomes into a Carbopol
gel [107]. Unfortunately, formulation details are not specific enough to
determine the drug content, but the entrapment efficiency ranged
from 12 to 36% depending on the formulation conditions. In contrast to
many other studies, the much larger liposomes in this work (11-15 pm
in diameter), released ~60% of the drug in vitro within 12 h. Similar to
other studies, formulation of the liposomes in the carbopol gel slowed
the release in vitro; ~50% of the drug was released within 12 h, in com-
parison to ~80% of drug released from a control metronidazole gel
[107]. However, if the control gel and the liposome gel have similar rhe-
ological properties, it is yet to be determined whether this modest in-
crease in the time of drug release would have benefits that outweigh
the potential toxicity of the lipid components in vivo. Vanic et al.
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formulated “deformable” liposomes containing metronidazole. These
deformable liposomes were developed for applications in the skin,
where conventional liposomes remained confined to the upper layer of
the stratum corneum. The deformable, or flexible, liposomes are thought
to penetrate intact through skin. The lipid bilayers of the liposomes con-
tain a single chain surfactant that is thought to destabilize the liposomes,
allowing them to “squeeze” though pores in the stratum corneum [108].
Vanic et al. hypothesized that this system may also be useful for mucosal
applications, such as in the vagina. The liposomes were made from
PC and PG, containing sodium deoxycholate, Tween 80, or Span 90 as
surfactants. Using Caco-2 cell monolayers, they demonstrated that
both the conventional and the deformable liposomes decreased the
transepithelial resistance by ~50%, which the authors attributed to
tight junction opening [109], though it is unclear how this relates to vag-
inal delivery of metronidazole since the vaginal epithelium is stratified
squamous, not a columnar epithelium with tight junctions. The surfac-
tants used to produce these flexible liposomes are also likely to be
toxic to the vaginal epithelium, an effect that must be avoided for vaginal
drug delivery systems.

Basnet et al. evaluated a phosphatidylcholine liposome formulation
containing curcumin for treating local vaginal inflammation. The lipo-
somes were formed by the film method, resulting in highly polydisperse
liposomes nearly 1 um in diameter, followed by a sonication step that
reduced the liposome size to ~100-200 nm. The in vitro antioxidant
activity of the curcumin liposomes, as measured by quenching of
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical, was comparable to vita-
min C. Production of superoxide dismutase (SOD), nitric oxide (NO),
IL-13, and TNF-at was measured from lipopolysaccharide-activated mu-
rine macrophages. SOD, an antioxidant enzyme, was increased ~45% by
soluble curcumin and ~65% by curcumin liposomes. NO is produced by
macrophages as part of a pro-inflammatory cascade, and curcumin lipo-
somes were more potent at decreasing NO production in vitro compared
to curcumin. Liposomal curcumin also reduced IL-1p (75% reduction)
and TNF-a (80% reduction) production by LPS-induced murine macro-
phages in vitro compared to control (soluble curcumin provided
60% and 44% reductions, respectively) [110]. Although the liposomal
curcumin formulation appeared to increase the potency of curcumin
at suppressing inflammation in vitro, which the authors attribute to im-
proved curcumin solubility, it is not clear whether treatment of inflam-
matory signaling would be preferable to directly treating the cause of
inflammation (e.g. fungal or bacterial infection). Also, in certain cases,
such as BV, overt inflammation may not be present, so the impact of de-
livering anti-inflammatory compounds would be less clear.

Kang et al. combined an anti-fungal liposome formulation with a
thermosensitive gel vehicle [111]. Thermosensitive gels are liquids at
room temperature and solidify to form a hydrogel once applied in vivo,
and have been explored for numerous applications [152]. In the vagina,
thermosensitive gels may be advantageous for achieving improved dis-
tribution throughout the highly folded vaginal surface compared to con-
ventional hydrogels. Amphotericin B (amB), an antifungal drug that is
not indicated for topical vaginal use due to its toxic side effects, was for-
mulated in 1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE),
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and cholesterol
(4:5:1) liposomes. Distearoyl phosphatidyl ethanolamine-polyethylene
glycol was used to increase the solubility of AmB prior to encapsulation
within liposomes. Due to the properties of the lipids, these liposomes
were positively charged, meaning that they would likely stick to
mucus and are potentially cytotoxic. AmB liposomes were formulated
in Pluronic gels with varying compositions of P407/P188 to find a formu-
lation with an appropriate gelation temperature, though the liposomes
did not have a significant effect on the gelation temperature of the
Pluronic mixtures. Using HEK293 cells, Kang et al. observed significant
toxicity of free AmB, as expected, though similar toxicity was observed
from the AmB liposome gel (~50% reduction in cell viability). If the
AmB liposome gel was diluted 1:1 or 1:3, there was not an apparent re-
duction in cell viability, but even free AmB in a 1:3 diluted gel did not

appear toxic to cells. Thus, although the authors state that AmB encapsu-
lated in cationic liposome gels was less toxic than AmB loaded in cationic
liposomes, the free drug appeared to lose its toxicity when diluted in gel
as well. It is not clear whether AmB could be formulated in a way to
reduce the toxicity enough to have clinical applicability for vaginal
treatment.

3.3. Dendrimers

Dendrimers are a class of branched polymeric nano-structures that
are typically much smaller (~5-10 nm) than standard nanoparticles
(often 100 nm or larger). Processes for dendrimer synthesis allow for
precise control of structure and composition, including tailoring the
number of branching units and the surface functional groups [112].
The surface functional groups can be used to directly interact with target
cells and/or pathogens, conjugate drugs, or complex with other thera-
peutic moieties like oligodeoxynucleotides and siRNA. Dendrimers
have been used extensively for HIV PrEP, and in fact, the only nanotech-
nology that has advanced to human clinical trials for HIV PrEP is the
SPL7013 dendrimer-based VivaGel® [113]. SPL7013 is a polylysine den-
drimer with anionic sulfate surface functional groups demonstrating
antiviral activity for both HIV and HSV, similar to polyanionic polymers
that were used in the first generation of vaginal microbicides [114].
Tyssen et al. found that SPL7013 binds to HIV gp120, the HIV envelope
protein that binds to CD4 receptors on T cells, inhibiting viral attach-
ment [115]. Early in vitro studies demonstrated that concentrations
~10,000-fold higher than the ECsq were non-toxic to Vero cells [114],
and phase 1 trials demonstrated general safety and tolerability in
healthy, sexually abstinent women [116]. However, expanded safety
studies indicated that several mucosal immune parameters (including
cytokines IL-2, IL-5, IL-10, and IFN<y; CD8 +/CD69+ and CD4+/
CCR5 + T-cell subsets) were increased with VivaGel compared to place-
bo after 7-14 days of twice daily vaginal use [117]. As epithelial toxicity
and the presence of HIV target cells are believed to increase risk of mu-
cosal HIV transmission, Moscicki et al. concluded that these findings and
the observed increase in adverse events, such as grade 1 and 2 genito-
urinary events and superficial colposcopic findings, reported in two
Phase 1 trials should be taken into consideration in planning future clin-
ical trials with VivaGel [117]. Potential toxicity to the healthy vaginal
epithelium was also a limitation of sulfated anionic polymers as vaginal
microbicides [118]. StarPharma is not currently testing VivaGel in clini-
cal trials as a vaginal microbicide, but is currently in Phase 2 trials as a
treatment for bacterial vaginosis (BV) that may prevent BV recurrence.
It is important to keep in mind, too, that the clinically demonstrated an-
tibacterial properties of dendrimers must be considered when design-
ing dendrimer-based formulations for HIV prophylaxis in women with
healthy vaginal microbiota. There is a potential for dendrimers to nega-
tively impact lactobacillus, which may have other unintended conse-
quences (see The role of microbiota in the vagina and implications for
drug delivery).

Numerous other formulations that take advantage of the innate anti-
viral properties of dendrimers are in development as vaginal
microbicides. Similar to SPL7013, various other dendrimers with simple
anionic surface functionalization have been shown to bind to gp120
in vitro [119,120]. However, binding of gp120 to CD4 receptors is not
the only mechanism in which HIV infects target cells; HIV is also
known to interact with carbohydrate receptors on immune cells and ep-
ithelial cells. This knowledge led to the development of various types of
glycodendrimers [35,120]. For example, HIV binds to glycosphingolipids
on non-CD4-expressing cells to gain entrance [121,122]. Functionalizing
dendrimers with various sulfated carbohydrates and/or multivalent
carbohydrates [123-125] resulted in potent HIV inhibition in vitro.
Kensinger et al. demonstrated that sulfated galactose terminated
dendrimers were more potent at inactivating HIV in vitro than galactose
terminated dendrimers [124]. Also, it has been shown that HIV and
other pathogens traffic to the lymph by binding to a carbohydrate



510 L.M. Ensign et al. / Journal of Controlled Release 190 (2014) 500-514

recognition domain in DC-SIGN, a transmembrane protein present
on dendritic cells that reside in the vaginal mucosa [126]. Tabarani
et al. demonstrated that mannose hyperbranched dendritic polymers
inhibited in vitro interactions between HIV gp120 and DC-SIGN [127].
Ciobanu et al. went on to show that dendrimers functionalized with a
synthetic mannose-based oligomer selected for increased binding to
DC-SIGN prevent HIV gp120 binding to dendritic cells more efficiently
than a natural polymer of mannose [128]. Other investigators have ex-
plored varying dendrimer core materials, including using inorganic
backbones [129], as well as functionalizing dendrimers with peptides
as a potential vaccine [130]. However, using dendrimers themselves as
the active ingredient is far more common in vaginal microbicide devel-
opment. Although not the focus here, dendrimers functionalized with
various ligands for targeting infected cells, antiretroviral drugs, and
siRNA [131-133] have been developed for treating existing HIV infec-
tions. For more details on the use of dendrimers as microbicides and
treatments for HIV, the reader is directed toward other more compre-
hensive reviews [120,134].

In addition to being developed for HIV prevention, the antimicrobial
properties of dendrimers have been explored for other vaginal applica-
tions. It is particularly important to treat vaginal infections during preg-
nancy to prevent ascension into the uterus, and vaginal application of
microbicides is also under evaluation in pregnant women [135]. It is im-
portant to ensure that medications applied vaginally do not have a neg-
ative impact on the developing fetus. For this reason, Menjoge et al.
determined whether topical vaginal application of polyamidoamine
(PAMAM) dendrimers could result in transport across the human fetal
membranes that separate the extra-amniotic space and the fetus.
Using human chorioamniotic membranes obtained from women with
uncomplicated pregnancies, it was demonstrated that less than 3% of
dendrimers were able to cross the intact chorioamniotic membrane
during 5 h of incubation, in contrast to 20% permeation by unconjugated
fluorophore (fluorescein isothiocyanate, FITC). Largely, the dendrimer
was found in the interstitial regions of stromal and trophoblast cells, in-
dicating that the transport mechanism was likely passive diffusion.
These results indicate that dendrimers may find use as topical vaginal
agents in pregnant women, potentially without affecting the fetus, and
that conjugation of drugs to macromolecules could reduce drug expo-
sure to the fetus after vaginal application [135].

The antimicrobial properties of PAMAM dendrimers were also inves-
tigated for preventing bacterial infections that lead to chorioamnionitis,
or inflammation of the chorioamnionic membrane [136]. Wang et al.
demonstrated that treating Escherichia coli with PAMAM dendrimers
in vitro resulted in damage to the bacterial cell wall leading to
bacterial death (Fig. 7). Of note, hydroxyl-terminated and amine-
terminated dendrimers both inhibited bacterial growth, but amine-
terminated dendrimers were cytotoxic above 10 pg/ml, whereas
hydroxyl-terminated dendrimers were non-cytotoxic up to 1 mg/ml

Fig. 7. SEM images of E. coli either (a) untreated, or (b) after 8 h exposure to carboxyl-
terminated PAMAM dendrimers. Magnification 20,000 x. The treatment with dendrimers
shows damage to the bacterial cell wall.

Adapted with permission from [136].

concentration. In a guinea pig model of E. coli-induced chorioamnionitis,
hydroxyl-terminated dendrimer treatment 5 min after bacterial inocu-
lation led to complete inhibition of bacterial infection in the amniotic
fluid, whereas 57% of control fetuses had amniotic fluid infections.
Bacterial inhibition in dendrimer treated animals was accompanied by
cytokine levels similar to uninfected controls, whereas E. coli infected
controls had increased TNF-q, IL-6, and IL-1f in their placental tissue
[136].

Rather than exploiting the antimicrobial properties of dendrimers
themselves, Navath et al. investigated the use of dendrimers as a com-
ponent of an in situ forming hydrogel for vaginal delivery of amoxicillin
during pregnancy [137]. Topical delivery of therapeutic agents is favor-
able to treat ascending genital infections in pregnant women, though
the delivery form must selectively treat the infection without affecting
the fetus. A biodegradable gel was formed in situ by creating disulfide
bridges between thiopyridine functionalized dendrimers and thiol-
terminated 8-arm PEG. When physically loaded with amoxicillin, the
gel provided sustained release in vitro for over 10 days. Gel containing
dendrimers labeled with fluorescein isothiocyanate (FITC-dendrimer)
was found to reside in the vagina of pregnant guinea pigs for at least
72 h, though the physical appearance was more plug-like than gel-
like. Hematoxylin and eosin staining of the reproductive tract of the
guinea pigs did not show any sign of inflammation and edema 24 and
72 h after vaginal administration. Importantly, it appeared that although
the FITC-dendrimer labeled gel was present on the outside of the fetal
membrane of a pup close to the cervix, upon visual inspection of the
pup, the gel did not appear to cross the fetal membrane and enter into
the gestational cavity. Navath et al. also demonstrated by confocal imag-
ing of tissue slices that the gel remained in the cervicovaginal lumen, ap-
parently restricted from the tissue surface by the mucus barrier, rather
than penetrating or degrading into the subepithelial or submucosal
layers (Fig. 8). The fetal membrane and uterus of pregnant guinea pigs
did not show any evidence of gel penetrating across the tissue, as well
[137].

3.4. Inorganic nanoparticles

The antimicrobial properties of inorganic metals, such as silver, have
been exploited for thousands of years [ 138]. Recently, Elechiguerra et al.
demonstrated that, similar to dendrimers, silver nanoparticles have in-
trinsic anti-HIV activity [139]. Mechanistically, it was demonstrated
that polyvinyl pyrollidone coated silver nanoparticles bind to the disul-
fide bonds in the CD4 binding domain of gp120 and inhibit viral fusion
to cells, and this antiviral activity was apparent against various HIV
strains, including drug-resistant strains [140]. Lara et al. found that

Fig. 8. Confocal images of the cervical region of pregnant guinea pigs treated with
hydrogels for 72 h. The hydrogel (green) is seen on the surface of the mucosal layer
(red), separated by the mucus coating the epithelium (unlabeled). The nuclei are stained
blue with DAPI. SE = subepithelial layer, ML = mucified epithelial layer. The right panel is
a higher magnification image of the indicated region of the left panel to further illustrate
the mucus layer separating the gel from the epithelium.

Adapted with permission from [137].
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silver nanoparticles prevented infection of cervical explants by both
cell-free and cell-associated virus [141]. The nanoparticle concentration
that prevented infection (0.15 mg/ml) was effective after only 1 min of
pretreatment, and was well-tolerated by the cervical explants [141].
Fayaz et al. recently reported on the design of a silver nanoparticle-
coated condom for inhibiting HIV and HSV transmission [142]. The coat-
ed condoms also demonstrated antibacterial and antifungal activities
[142]. However, although condom failure does represent a potential
source of disease transmission, resistance to using condom is the most
significant issue in the context of disease transmission. The intrinsic an-
tibacterial properties of silver nanoparticles also bring about concern re-
garding their potential effects on healthy vaginal microbiota. However,
similar to dendrimer formulations, the antibacterial properties of silver
nanoparticles may present an opportunity for developing antibiotic-free
treatments for bacterial vaginosis.

Rather than intrinsic antimicrobial properties, as found with
silver nanoparticles, the advantage of using gold nanoparticles is that
free thiols on their surfaces are easily functionalized with various
biomolecules. Similar to the inhibition of interactions between HIV and
DC-SIGN demonstrated with carbohydrate-functionalized dendrimers,
Martinez-Avila et al. demonstrated that gold nanoparticles coated with
multivalent oligomannosides were active against R5 and X4 tropic HIV
at nM concentrations [143] due to their competitive binding with DC-
SIGN [144]. Similarly, multivalent presentation of an HIV fusion inhibitor
(SDC-1721) on the surface of gold nanoparticles exhibited anti-HIV
activity at nM concentrations, whereas soluble SDC-1721 did not exhibit
anti-HIV activity, supporting the notion that biomolecules can have in-
creased activity when displayed using a nanoparticle system [145].
Also bearing similarities to dendrimer design, the anti-HIV activity of
gold nanoparticles with anionic surface groups was evaluated [146].
Similar to what has been demonstrated previously, sulfate-
functionalized gold nanoparticles inhibited HIV in vitro, whereas phos-
phate functionalized gold nanoparticles did not have anti-HIV activi-
ty [146]. Although gold is generally considered biocompatible, gold
nanoparticles are not biodegradable and can potentially accumulate
and disrupt cell function [147]. Therefore, it would be necessary to in-
vestigate the potential for cell uptake and accumulation in the vagina
if gold nanoparticles are developed for repetitive vaginal administration
for HIV prophylaxis.

Various accounts have demonstrated that nanoparticle formulations
can have intrinsic adjuvant properties for vaccination [ 148]. For example,
He et al. demonstrated that calcium phosphate nanoparticles (CAP) were
a superior alternative to conventional alum adjuvants [149]. They dem-
onstrated that CAP enhanced systemic and mucosal immunity to HSV-
2 antigens following intravaginal immunization [150]. Increased levels
of IgG and IgA were found in vaginal fluid after intravaginal immuniza-
tion compared to intranasal immunization, which resulted in increased
resistance to vaginal HSV-2 infection [150]. Ballou et al. investigated
the transport of cadmium quantum dots (QD) (diameter not specified)
from the vagina to adjacent lymph nodes [151]. They used quantum
dots with various surface functionalizations, including streptavidin QD
(Sav), streptavidin QD functionalized with biotin-polyarginine (Sav-
polyarg), carboylated QD (Carboxyl) and PEGylated QD. Significantly
increased amounts of Sav, Sav-polyarg, and Carboxyl quantum
dots were observed in the lymph nodes 36 h after vaginal instillation
when the mouse vagina was pretreated 12 h before instillation with
nonoxynol-9 (N9), a compound known to cause vaginal inflammation
and toxicity. Using various mixtures of QD with different sizes and differ-
ent emission spectra, the authors concluded that QD uptake in the lymph
nodes after pretreatment with N9 was not significantly different for Sav,
Sav-polyarg, Carboxyl, or PEGylated QD, though there was significant
error associated with the method of quantification. The authors note
that they observed QD aggregation in the presence of mucus, even for
the PEGylated QD. However, there is little description of the methods
for PEGylation or characterization of the PEG surface density, and it has
been demonstrated that only nanoparticles densely coated with PEG

resisted adhesion to mucus [66]. The authors conclude that the transport
of the QD to the lymph nodes was the result of quantum dots penetrating
the vaginal epithelium at localized foci, though the contributions
of immune cell uptake and trafficking were not ruled out. The authors
conclude that transport of immunogens from the vagina to the
local lymph organs is feasible, and that quantum dot transport to the
lymph could be used to assess vaginal toxicity of compounds intended
for vaginal use [151]. Treatment of the mice with synthetic progestin
(medroxyprogesterone acetate) is a limitation in both of these studies,
as it is known that progestin treatment of mice significantly impacts
both vaginal physiology and the vaginal immune system in ways that
are not representative of the human vagina (for more details, see The
impact of hormones on the vagina and implications for drug delivery).
It would be necessary to determine whether similar phenomena occur
after intravaginal administration in humans, where the mucosal immune
cells are less accessible, making the vagina potentially less reactive, and
the stratified epithelium poses a more significant barrier to uptake or
translocation.

4. Conclusion

Nanoparticle-based drug delivery strategies have demonstrated
great promise for improving vaginal drug delivery. In addition to deliv-
ering small molecule drugs, nanoparticles have been used to deliver
siRNA and peptides, and have also demonstrated intrinsic antimicrobial
as well as adjuvant properties in the vagina. However, limitations of an-
imal models leave certain questions that can only be answered through
clinical testing, such as whether various nanoparticle formulations are
tolerated by healthy vaginal microbiota, whether repeated administra-
tion will be non-toxic to the vaginal epithelium, and whether nanopar-
ticle uptake will occur in the human vagina. Lastly, it has yet to be
determined whether vaccine and other immune cell targeting strategies
that are effective in animals will be effective in humans. Certainly, these
questions are all worth answering, and will hopefully be addressed with
increased translation of novel nanomedicine-based strategies into the
clinic. Although the focus for nanoparticle-based vaginal drug delivery
has largely been on delivering microbicides for prevention of sexually
transmitted infections, it is likely that additional applications for
nanoparticle-based strategies will be forthcoming, including hormone
replacement therapy, non-hormonal contraception, and labor induction.
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