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The woman’s body presents a number of unique anatomical features that can constitute valuable routes
for the administration of drugs, either for local or systemic action. These are associated with genitalia
(vaginal, endocervical, intrauterine, intrafallopian and intraovarian routes), changes occurring during
pregnancy (extra-amniotic, intra-amniotic and intraplacental routes) and the female breast (breast intra-
ductal route). While the vaginal administration of drug products is common, other routes have limited
clinical application and are fairly unknown even for scientists involved in drug delivery science.
Understanding the possibilities and limitations of women-specific routes is of key importance for the
development of new preventative, diagnostic and therapeutic strategies that will ultimately contribute
to the advancement of women’s health. This article provides an overview on women-specific routes
for the administration of drugs, focusing on aspects such as biological features pertaining to drug deliv-
ery, relevance in current clinical practice, available drug dosage forms/delivery systems and administra-
tion techniques, as well as recent trends in the field.
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1. Introduction

Women and men are naturally different in terms of their biol-
ogy. These dissimilarities are most evident in the distinctive sexual
characters and reproductive physiology typical of each sex, but
also occur in more elusive ways, from anatomical features down
to the basic cell and molecular levels. Biological differences can
have a tremendous impact in health and disease [1], and justify
distinct responses to drug therapy [2]. For example, women are
recognized for being more prone to experience side effects when
using antithrombotic drugs [3], diuretics [4], serotonin reuptake
inhibitors [5], or antipsychotics [6]. These observations are related
with variations in pharmacokinetics and/or pharmacodynamics.
Moreover, women undergo lifetime changes related with hor-
monal status and reproductive physiology, and these have been
associated with modified response to multiple drugs, thus requir-
ing specific attention [7]. During pregnancy, understanding the
effects of drugs is not only vital to the mother, but also to the fetus.
Despite these concerns, biomedical and medical research has
focused heavily on males, which alone justifies why many delete-
rious effects of drugs in women were not identified until several
years after market approval [8]. This paradigm, however, has been
slowly changing, largely fueled by a general demand from various
scientific, clinical and regulatory authorities for the mandatory
inclusion of sex as a biological variable that needs to be addressed
in pre-clinical and clinical drug testing [9–11].

Apart from problems created by the misrepresentation of
females/women in pre-clinical and clinical research, biological
sex differences open unique possibilities for the development of
specific clinical approaches, including the way drugs are presented
to the body. Much alike the field of pharmacological sciences as a
whole, the relevance of women-specific routes of drug administra-
tion has often been overlooked, despite (in some instances) their
long-standing usage and well-established place in medicine. The
present article provides an overview and discussion on the routes
of administration for drugs that are exclusively used for women.
These stem from anatomical differences between women and
men regarding primary and secondary sexual characteristics.
Routes are divided into genital (vaginal, endocervical, intrauterine,
intrafallopian and intraovarian), pregnancy-related (extra-
amniotic, intra-amniotic and intraplacental) and breast intraduc-
tal. Although debatable, this classification provides a convenient
systematization for the purpose of this work and its rationale is
Fig. 1. Anatomy of the female
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justified along the text. As much as possible, the standardized
terms preferred by the US Food and Drug Administration [12]
and the European Medicines Agency [13] are used. Exceptions
include the intrafallopian and intraplacental routes, which are
not considered in guidance documents issued by these last regula-
tory agencies. We will overview pertinent biological features of the
anatomical sites in question, current medical use, and technologi-
cal aspects and biopharmaceutics of drug products considered for
each route, as well as recent advances and trends. The discussion
will further incorporate brief historical insights, and basic descrip-
tion of administration techniques and procedures.
2. Genital routes

Virtually all compartments of the female genital tract have been
explored and used as routes of administration for drugs. These
include the vagina, the cervix, the uterus, the fallopian tubes and
the ovaries (Fig. 1). Each route will be considered individually over
the following sub-sections.
2.1. Vaginal

2.1.1. Background
The administration of drugs into the vagina is one of the oldest

forms of pharmacotherapy. The vagina was among the five routes
of drug administration considered in ancient Egypt, with first
known written records about this practice dating back to circa
1850 BCE [14]. Although vaginal administration of drugs continued
throughout the following ages across multiple cultures and until
present times, its documentation has been often erratic and limited
to contraception, abortion and pregnancy practices that were in
large part developed during classical antiquity. Oral tradition and
wisdom related with midwives further played an essential part
in the continued use of the vaginal route [15]. No major changes
occurred until roughly 150 years ago, when considerable advances
started being built upon chemical, biological, anatomo-
physiological and medical knowledge accumulated since the
Renaissance [16]. For example, the first commercial contraceptive
pessary (W. J. Rendell’s Wife’s Friend) based on quinine was intro-
duced in 1885 [17], thrusting a whole new era of spermicide prod-
ucts. The studies by Macht [18] and Robinson [19] in the 1910s-
1920s on the ability of different compounds to undergo vaginal
genital tract (front view).
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absorption were of particular importance, opening the door for
new medical applications. Modern contraception would not be
the same without the pioneer studies in the 1920s on the extrac-
tion and purification of estrogens [20] and progesterone [21] from
the ovary, which propelled research in biochemistry and physiol-
ogy and culminated in the 1960 s with the commercialization of
oral hormonal contraceptives and, later on, led to the development
of vaginal contraceptive rings. The interesting story of another key
drug in modern obstetrics, dinoprostone (prostaglandin E2), also
had several highlights throughout the twentieth century. All
started with the intriguing report by Kurzrok and Lieb in 1930 on
the effects of semen in the contractility of uterine tissue as related
to the presence of the then unknown prostaglandins [22]. Isolation
and chemical structure elucidation of dinoprostone was not possi-
ble until the 1960s [23], but such discovery quickly led to the clin-
ical development and regulatory approval in the late 1970s of
vaginal dinoprostone for inducing labor.

Modern drug products intended for vaginal administration have
a well-established role in the therapeutic armamentarium, and
benefited from the achievements made by the pharmaceutical
industry regarding manufacturing technologies, quality control
and clinical assessment. Over the last three decades, extensive
advances regarding the vaginal route have been prompted in par-
ticular by the development of topical microbicides intended to pre-
vent sexual transmission of pathogens, particularly HIV-1 [24]. The
administration of drugs in the vagina presents several commonly
advocated advantages that have sustained, at least partially, the
use of this route until our days [25–27]. For instance, it allows easy
and comfortable self-administration, most of the times without the
need for intervention of a healthcare provider. Although some
dosage forms are intended to be administer by hand, insertion
often requires the use of a suitable applicator, either mandatorily
(e.g., liquids, semi-solids and foams) or optionally (e.g., ovules,
tablets, capsules). Vaginal products do not need to be sterile, and
are usually cheap and relatively easy to manufacture. When drugs
are used for managing local conditions, intravaginal administration
means that lower doses are required (namely as compared to the
oral route), which leads to reduced systemic exposure and lower
onset of adverse effects. Also, from a psychological perspective, it
makes sense for women to administer a drug product at the site
where healing or protection is required [28]. Even in cases where
systemic drug delivery is intended, the extensive vaginal absorp-
tion of relevant drugs such as sex hormones may allow achieving
pharmacologically active blood levels with low doses. Disadvan-
tages of the vaginal route are mostly related with non-medical
issues such as gender specificity (which may demote drug develop-
ers from ‘‘targeting” only roughly half of the population), cultural
and intimacy issues related with the manipulation of genitalia, or
long-standing misconceptions regarding the safety of medical
products inserted into the vagina [29]. Education is therefore para-
mount in expanding the use of the vaginal route for the adminis-
tration of drugs. Some vaginal products may also cause
discomfort during usage – which are typically related with messi-
ness and leakage of liquid or liquefying systems – or even interfere
with sexual intercourse and pleasure [30]. Physiological changes
undergone by women throughout their life (including those occur-
ring during menstrual cycle and pregnancy) may have considerable
impact in drug and dosage form performance, and are important
challenges in product design.

2.1.2. Features of the vagina and impact on drug performance
The vagina is a tubular mucosal site connecting the cervix to the

vestibule (Fig. 1). Although comprising a descendent plane that
drives expulsion of any intravaginally inserted objects, its sagittal
S-like shape allows the upper part of the vagina to be on an almost
horizontal plane when individuals are in the standing position
3

[31]. This favors retention of products that are inserted near the
cervix. This area is also largely deprived of free nerve endings
and allows objects placed therein to be typically unperceived by
users. The vaginal mucosa comprises an outer layer of non-
keratinized stratified squamous epithelium lying on top of a vascu-
larized lamina propria. The epithelial layer is responsive to hor-
monal stimulation, being thicker or thinner under estrogen or
progestogen influence, respectively [32]. It also constitutes the
major barrier to permeability and absorption. Still, multiple com-
pounds (including several with high molecular weight) have been
shown able to undergo transport across human vaginal mucosa
ex vivo, presenting in many cases higher flux values than those
observed in intestinal tissues [33–36]. Different studies using ani-
mal vaginal mucosa have also confirmed the potential of the vagina
to serve as an interesting access site for systemic drug delivery
[37–43]. Still, extensive permeability appears to be restricted to
low molecular weight hydrophobic compounds. Drug transport
occurs primarily by intercellular or transcellular passive diffusion
depending on specific compound solubility [44], although
receptor-mediated translocation is also possible [45–48]. More-
over, permeation enhancers have been shown useful in enhancing
drug transport across animal vaginal mucosa, but the utility of
these compounds needs to be balanced with their potential to
induce deleterious effects on the epithelium, particularly if long-
term use is intended [49–51]. Enzymatic degradation of drugs
(namely therapeutic peptides and other labile compounds) at vagi-
nal tissues and fluids is possible, but considerably lower than, for
example, at the gastrointestinal tract [52,53].

The mucosal surface is covered by a scanty acidic mucous fluid
that comprises for the larger part a mixture of cervical mucus
(source of mucin) and tissue transudate, but also contains minor
contributions from vestibular glands secretions, host cells and
urine residues. The relatively low pH of this fluid (3.5–4.5) is
related to the presence of lactic acid resulting from the degradation
of host-produced glycogen, as mediated by lactobacilli present in
natural microbiota [54]. This is representative of reproductive
years and stems from high estrogen levels that lead to intense
glycogen synthesis by epithelial cells. Drops in estrogen (e.g., dur-
ing pregnancy, and in pre- or post-menopause) or depletion of lac-
tobacilli (e.g., upon bacterial infection) results in an increase in pH
to near neutral values [55]. The presence of menses and semen is
also able to transiently augment pH and, possibly, impact drug
kinetics by direct interference of components of these fluids [56].
Work conducted over the last two decades also contributed to
the definitive recognition of cervicovaginal mucus as a chief barrier
to the transport of drugs, pathogens and other materials [57–59].
Importantly, altered vaginal microbiota can induce important
changes to the mucin fiber mesh that defines mucous fluids, and
alter the barrier properties to particulates and important patho-
gens such as HIV-1 [60–62]. Microbiota can also determine the
performance of drugs administered in the vagina by mediating
their degradation and modulating interactions with epithelial cells,
with recognized impact on efficacy, as shown in recent studies
involving microbicides [63,64]. Additionally, dysbiosis can con-
tribute to changes at the vaginal epithelium and, thus, potentially
alter drug permeability [61,65]. These data highlight the impor-
tance of the highly dynamic cervicovaginal microbial community
in the performance of vaginal drug products beyond their influence
on basic aspects related with pH-dependent solubility and ioniza-
tion (that can impact, for instance, permeability), and provide valu-
able hints for future development of strategies for vaginal drug
delivery.

Access of drugs to the blood circulation following mucosal per-
meation is achieved through the vaginal veins of the utero-vaginal
plexus, which ends up draining into the inferior vena cava via the
pudendal vein. This enables bypassing early hepatic metabolism.
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At the same time, the vaginal route provides a vein-to-artery coun-
tercurrent transfer of absorbed drugs that favors access to the
uterus. This is due to the extensive vascular interconnections
between the vagina and the uterus, and originates a regional accu-
mulation mechanism that was coined in the 1990s as the uterine
first-pass effect [66]. Such preferential transport seems to occur
only at the upper third of the vagina [67], and may be beneficial
for compounds intended to have a pharmacological action at the
uterus, such as sex hormones and analogues [68].
2.1.3. Role in current clinical practice
The vaginal route has been primarily used for the administra-

tion of drugs intended to manage local conditions. One particularly
important application is the treatment of infection. Topical admin-
istration of drugs such as metronidazole and clindamycin for bac-
terial vaginosis (BV), or various imidazole compounds (e.g.,
clotrimazole and miconazole), nystatin and boric acid for vulvo-
vaginal candidiasis (VVC) are often recommended [69,70]. Differ-
ent commercial products are available in the form of ovules (also
known as vaginal suppositories), tablets, creams and gels, several
of which are sold as over-the-counter. Topical treatment of bacte-
rial and Candida spp. infection appears to be as effective as oral reg-
imens and causing limited systemic adverse effects. Alternative
topical treatments have been studied and even routinely used in
clinical practice (e.g., probiotics for BV or plant extracts for VVC),
but efficacy remains unclear [71,72]. Still, research on new agents
and treatment approaches is deemed urgent because of the emer-
gence of drug resistance across pathogens causing vaginal infec-
tions. The human papilloma virus (HPV) is another important
pathogen causing infection in the lower genital tract. Vulvar warts
associated with the infection can be treated by topical self-
application of imiquimod or podofilox available as creams or solu-
tions [70]. Highly concentrated trichloroacetic acid solutions (80–
90% in volume) can be used for the treatment of both vulvar and
cervicovaginal warts, but application needs to be performed by a
physician. Particular care should be taken in order to avoid spread-
ing beyond the lesion due to the caustic nature of the solution. The
use of a cotton-tipped applicator is recommended. Intralesional
injection of interferon may further be a useful alternative for the
management of cervicovaginal warts [73].

Contraception can be attained by the vaginal administration of
spermicides such as nonoxynol-9, octoxynol or benzalkonium
chloride, although with only mild efficacy [74]. This is a longstand-
ing practice, and several commercial products are available in a
variety of dosage forms including gels, films, tablets, ovules, foams
or sponges. For example, the Today� sponge (Mayer Labs) is a quite
popular over-the-counter contraceptive in the United States and is
Fig. 2. The Today� contraceptive sponge. Reprinted from [76] by permission of
Springer Nature, Copyright (2020).
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available since 1983 (although being discontinued between 1995
and 2005 due to manufacturing issues) [75]. The sponge comprises
nonoxynol-9 dispersed in a disk-shaped deformable polyurethane
sponge (approximately 7.6 � 3.8 cm) that allows fitting the cervix
with its concave side (Fig. 2) [76]. Once in place, the sponge creates
an additional barrier to sperm migration. The system further
includes a fabric loop band on the side intended to face the vagina,
which allows easy removal after usage. Several spermicides have
further been shown to possess antimicrobial activity in vitro, and
were thus suggested as potential microbicides for preventing sex-
ual transmission of pathogens. However, different clinical trials
failed to demonstrate this possibility and, in some cases, actually
showed that spermicides can increase the likelihood of women to
be infected by HIV-1 [77]. This apparent paradoxical outcome was
correlated with the deleterious effects that spermicides have on
the epithelial barrier and the onset of pro-inflammatory events
facilitating viral transmission [78].

Hormonal contraception is also possible using the vaginal route.
The excellent absorption of different progestogens and estrogens
through the mucosa, as well as the prevention of their rapid pre-
mature elimination due to extensive hepatic metabolism, allows
obtaining adequate systemic hormone levels for inhibiting ovula-
tion. The challenge here is to devise strategies that allow sustaining
drug release in the vagina for extended periods, thus avoiding the
need for frequent dosing. The vaginal ring was initially developed
in the 1970s in order to address this issue [79], but its clinical
use was not widely successful until the introduction of the NuvaR-
ing� (Merck) in the early 2000s. Vaginal rings are flexible, toroid-
shaped polymeric systems that not only allow controlled drug
release, but also enable excellent retention due to the slight pres-
sure exerted on the vaginal wall. This dosage form is intended to
be self-inserted deeply inside the vagina without the need of an
applicator, where it can reside for weeks or even months without
causing discomfort to users. Materials such as polysiloxanes, poly
(ethylene-co-vinyl acetate) (EVA) or polyurethanes, among others,
and different manufacturing designs have been used for producing
rings and controlling the release of drugs [80]. For example, the
NuvaRing� is an EVA reservoir-type ring – i.e., the core comprises
a blend of active ingredients and polymer, which is then covered
by a non-medicated sheath of plain polymer (Fig. 3A) – that is able
to release etonogestrel and ethinyl estradiol at constant rates of
roughly 120 lg/day and 15 lg/day, respectively, for at least 21 days
[81,82]. Combination rings allow maintaining stable and low blood
levels of delivered hormones (Fig. 3B), despite providing similar
efficacy to hormonal contraceptives delivered by other routes
[83]. This can potentially lead to lower onset of adverse effects.
Sex hormones delivered by the vaginal route have also been used
for other purposes such as hormone replacement therapy. For
instance, intravaginal low dose estrogens, with or without pro-
gestogens, are highly effective in the management of symptoms
associated with decaying estrogen levels during menopause [84].
Despite controversy dealing with increased incidence of breast
cancer and coronary heart disease in women undergoing replace-
ment treatment with estrogens, the benefits appear to exceed risks,
and different vaginal products are currently available in the form of
creams, tablets or rings. Luteal phase support with vaginal proges-
terone during assisted reproduction is another well-established
clinical practice [85]. Here, the uterine first-pass effect may be par-
ticularly beneficial since direct action in the uterus is intended.
Vaginal progesterone is also used for preventing pre-term birth
[86], but its efficacy has recently been challenged [87]. A new seg-
mented silicone-based ring combining levonorgestrel with anas-
trozole (an aromatase inhibitor) is currently under clinical testing
for the long-term treatment of endometriosis [88].

Cervical ripening and induction of labor can be attained by the
vaginal administration of prostaglandins such as dinoprostone or



Fig. 3. (A) The combined contraceptive vaginal ring NuvaRing� (54 mm in diameter). (B) Mean serum ethinyl estradiol concentration–time curves for women treated with
NuvaRing� (n = 8), a transdermal combination contraceptive patch (EvraTM, Ortho-McNeil – releases 20 lg of ethinyl estradiol/day; n = 6) or a daily combination oral
contraceptive (COC, Microgynon�, Schering – contains 30 lg of ethinyl estradiol; n = 8). Panel A modified from [81], Copyright (2007), and Panel B modified from [83],
Copyright (2005), with permission from Elsevier.

Fig. 4. The Cervidil�/Propess� vaginal delivery system. (A) Individual inserts containing dinoprostone and (B) the complete system. (C-E) The system is intended to be
inserted near the cervix, where it stays until retrieval at the onset of labor or in the case of adverse effects to mother and/or fetus. Image kindly provided by Dr. Janet Halliday.
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misoprostol [89]. Although gels, ovules or tablets are also available,
both drugs have been formulated as controlled release inserts
based on non-biodegradable crosslinked polyethylene glycol
hydrogels that were specifically designed for vaginal administra-
tion. Inserts are encased in a knitted medical grade polyester net
that ends in a tail intended for retrieval of the system (Fig. 4).
For example, Cervidil� (available as Propess� in some countries;
Ferring) is a commercially available dinoprostone insert that
releases its drug payload at an approximate rate of 0.3 mg/h over
a period of 24 h, after being placed near the cervix by a healthcare
provider [90,91]. A similar misoprostol insert (MisodelTM/Mysodel
5

leTM, Ferring) was also available [90], but was recently withdrawn
from the market due to lack of commercial success. Vaginal pros-
taglandins, in particular misoprostol, have further been used for
pregnancy termination, alone or preceded by oral administration
of the antiprogestogen synthetic steroid mifepristone [92]. Miso-
prostol in the form of tablet can be self-administered following
medical initiation of the treatment. These should be placed deeply
in the vagina, and women should remain in a recumbent position
for approximately 30 min in order to assure retention. Vaginal
administration of misoprostol is considered more effective than
the oral route for both first and second trimester pregnancy
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[93,94], which could be justified by the extensive absorption of the
drug across the mucosa [95].

Although local treatment is not part of the standard of care for
cancer, various clinical case reports indicate that this could be a
viable strategy. Dosage forms such as vaginal creams, gels and sup-
positories have been recently used for the vaginal administration
of 5-fluorouracil or imiquimod with relative success in the treat-
ment of lesions associated with vulvar, vaginal and cervical
intraepithelial neoplasia [96,97]. The use of photosensitizers (e.g.,
5-aminolevulinic acid) for subsequent photodynamic therapy has
also been shown promising, but definitive clinical evidence on effi-
cacy and safety are missing [98]. One particular issue preventing
the widespread clinical use of these products concerns damage
induced to adjacent healthy tissues [99].

Beyond safety and efficacy issues, one key aspect when consid-
ering the vaginal route relates with acceptability and preferences
of women. This is no trivial matter and can ultimately determine
the success (or failure) of a product or a clinical approach. Multiple
studies have been conducted in order to determine which dosage
forms, specific attributes of products, applicators (when applica-
ble), and type of usage are preferred by current and prospective
users under different clinical settings [100–111]. Results, however,
have been heterogeneous and idiosyncratic, but it appears that
women are generally receptive to the vaginal administration of
drug products. Factors such as age, sexual activity, partner attitude,
socio-economic status, cultural issues, clinical problem being
addressed, and previous experiences seem to play relevant roles
in determining product preferences, while counseling and proper
training appear to be effective in optimizing acceptability and
enhance adherence. Overall, accumulated knowledge advises that
multiple products and strategies should be available for women
to choose from, and in order to provide individuals with the best
fitting solutions to their lifestyle and clinical needs.

2.1.4. Recent advances
Progress in vaginal drug delivery over the last decades has been

chiefly driven by research and development efforts in the field of
anti-HIV vaginal microbicides. These products are intended to be
present in the vagina around the time of sexual intercourse in
order to prevent male-to-female viral transmission events occur-
ring at the mucosa [24]. Epidemiologist Zena Stein at Columbia
University is often cited as being responsible for establishing the
foundations of modern microbicides in 1990 with her seminal
commentary article on HIV prevention [112]. In particular, she
called for the development of strategies and products that could
empower women with new options for protection against sexual
transmission of the virus. The following years were marked by
multiple clinical trials testing compounds and products that were
already available in the market (namely containing the spermicide
nonoxynol-9) or specifically developed as microbicides (e.g., for-
mulations containing cellulose sulfate, naphthalene 2-sulfonate
polymer, C31G, or carrageenan) [113]. However, results from these
studies were disappointing [114–119]. These so-called first gener-
ation microbicides were mostly formulated as gels and had non-
specific antimicrobial activity – which actually led to their pro-
posal for the prevention of multiple sexually transmitted infections
–, and impacted the vaginal environment in a deleterious way.
Toxicity was, in some cases, even responsible for increased viral
transmission [114,115]. These harsh outcomes highlighted the
need for vaginal products that interfered minimally with natural
local defense mechanisms. Changes induced by products to the
vaginal environment are often subtle and cannot be readily identi-
fied using standard clinical evaluation tools such as colposcopy
examination [120]. Toxic insult can translate into modifications
of natural microbiota [121,122], and/or the onset of pro-
inflammatory response at both the lower and upper genital tract,
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which can be monitored by changes in levels of soluble immune
mediators or immunohistochemistry [123–126]. Importantly, dif-
ferent excipients considered safe for vaginal administration due
to their previous extensive use in commercial products were also
identified as being able to trigger pro-inflammatory responses
and cause mucosal damage, thus potentially increasing the suscep-
tibility to HIV acquisition [127]. Deleterious effects can result from
inherent toxicity of the materials used or be related with changes
induced to the whole formulation. The implications of these
advances have now transcended the microbicides field and consti-
tute important guidance for the development of safe vaginal prod-
ucts, namely those most likely to be used during sex [128–130]. For
instance, the World Health Organization has recently issued draft
recommendations concerning pH (5.0 to 7.0) and osmolality (be-
low 1200 mOsm/kg) of lubricants used with condoms [131].

Notwithstanding the disappointment of early clinical results,
research in the field of vaginal microbicides turned its attention
towards potent antiretroviral drugs and different formulation
approaches. Such efforts soon paid off, with the first report of a
successful clinical trial arriving in 2010. The CAPRISA 004 phase
IIb study was able to show that a 1% tenofovir gel could reduce
male-to-female HIV-1 transmission by 39% [132]. The gel also
decreased the transmission of type 2 herpes simplex virus (HSV-
2) [133]. Even if only partial protection was observed, this study
established the much needed and long sought proof-of-concept
for microbicides. However, other 1% tenofovir gel formulations
used according to different administration schemes were unable
to replicate protection against HIV-1 in subsequent phase III clini-
cal trials [134,135]. One important lesson emerging from these and
other trials was related with adherence: microbicides were not
used consistently, in part due to their coitus-dependent status.
Indeed, parallel efforts led by the nonprofit organization Interna-
tional Partnership from Microbicides focused on the development
of a vaginal ring for the delivery of dapivirine, an investigational
non-nucleoside reverse transcriptase inhibitor (NNRTI). Similarly
to contraceptive rings, the system allows maintaining tentatively
protective levels of the drug in the vagina for one month, or even
longer, without the need for frequent administration as in the case
of tenofovir gels [136]. It comprises a matrix silicone-made ring
containing 25 mg of dapivirine that was initially developed by
researchers at Queen’s University Belfast [137]. Results from two
independent phase III clinical trials released in 2016 showed that
the ring was acceptable, safe and could decrease male-to-female
transmission of HIV-1 by 27% to 31% [138,139]. Again, adherence
to ring use was key in determining vaginal drug levels and the
degree of protection. Efficacy results were further confirmed in
two subsequent open-label extension trials [140,141]. The ring
has recently received favorable recommendation from the Euro-
pean Medicines Agency [142] and the World Health Organization
[143], and is now on the final stages of the evaluation process for
regulatory approval in several sub-Saharan African countries. Addi-
tionally, different versions of the dapivirine ring are under devel-
opment in order to co-deliver other drugs [144,145]. Of
particular interest is the ongoing clinical testing of a combination
ring of dapivirine and levonorgestrel, which constitutes a multi-
purpose prevention technology (MPT) product for simultaneously
prevention of HIV-1 infection and unplanned pregnancy [146]. A
similarly intended ring containing tenofovir and levonorgestrel is
also undergoing clinical testing [147,148]. Overall, tenofovir and
dapivirine studies reinforced the need to focus on the safety of
vaginal products, and also highlighted the positive and nearly lin-
ear correlation between local antiretroviral drug levels and efficacy
against HIV-1 transmission.

The microbicides field further contributed to the engineering of
novel and improved delivery systems and dosage forms that could
be useful for the vaginal administration of drugs. For instance,



Fig. 5. Full ring (upper) and cross-sectional (lower) views of the various vaginal ring designs reported in the scientific literature for the delivery of HIV microbicides. Darker
shading represents the location of the active agent(s). Reprinted from [149], Copyright (2016), with permission from Elsevier.
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vaginal ring technology evolved from previously established basic
designs (namely matrix and reservoir types currently available in
the market), to innovative approaches that will undoubtedly allow
diversifying clinical applications (Fig. 5) [149]. Of particular inter-
est are rod/tablet insert or pod insert rings. In these last, the ring
serves mostly as a supporting frame allowing administration and
retention in the vaginal cavity, while the drug(s) is(are) actually
incorporated into small rods/tablets or pods that are inserted into
7

discrete gaps along the toroid-shaped system. An additional per-
meable or semi-permeable membrane is also included at the inter-
face in the case of pod insert rings in order to lock pods and control
drug release. These designs offer potential advantages over more
traditional designs such as the combination of multiple drugs irre-
spective of their physicochemical compatibility, the custom selec-
tion of drug doses and release profiles, and the effective release of
biopharmaceuticals, as well as the re-utilization of ring frames in
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the case of rod/tablet insert rings [150–154]. These advanced rings
are particularly interesting for developing MPT products. As an
example, Smith, Moss et al. [155] developed a pod insert silicone
ring for the vaginal delivery of tenofovir alafenamide hemifu-
marate, acyclovir, etonogestrel and ethinyl estradiol in order to
prevent HIV-1 and HSV infections, as well as unplanned pregnancy.
Suitably animal-sized rings were tested in a macaque model and
were shown able to sustain the release of all four compounds
and yield potentially clinically relevant drug levels for over
30 days.

Collectively referred to as inserts, solid dosage forms such as
vaginal tablets, ovules and soft capsules have also benefited con-
siderably from advances in the field of microbicides [156]. Modu-
lation of drug release from inserts has been extensively explored
for providing either fast or slow release profiles, depending on
specific needs. Strategies to do so include proper ingredient selec-
tion (e.g., use of disintegrants [157] or binding/mucoadhesive
agents [158] for accelerating or slowing drug release, respectively),
choice of manufacturing techniques (e.g., freeze-drying [159–161]
or granulation [162,163] for accelerating or slowing drug release,
respectively), or the development of more complex systems such
as osmotic pumps [164]. The use of inserts has also been consid-
ered interesting for allowing the vaginal administration of biolog-
ical agents such as lactobacilli that are capable of restoring the
local microbiota and even producing active compounds in situ
[165,166]. Information extracted from acceptability studies involv-
ing the evaluation of putative microbicide inserts were further
important in providing hints regarding which organoleptic proper-
ties are important for boosting adherence by users [167–169].
Fig. 6. The SILCS diaphragm device. (A-C) Three-step injection molding manufacturing p
Copyright (2013), with permission from Elsevier.
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The vaginal film is another long-standing dosage form being
explored for microbicide research. Previous market experience
and relative popularity of a few spermicide film products sustain
that these systems are acceptable and versatile for vaginal drug
delivery [170]. Recent years saw important developments regard-
ing the use of newmaterials and film design (e.g., multilayered sys-
tems), the co-formulation of multiple drugs, the incorporation of
drug-loaded nanocarriers, and the development of stimuli-
sensitive formulations (e.g., responsive to pH changes observed
upon ejaculation), which were mainly intended to allow sus-
tained/modified drug release or to improve mucosal tissue pene-
tration of active compounds [171–179]. Films have also been
recently proposed for the delivery of antibodies with spermicide
activity that could be useful as non-hormonal contraceptives
[180]. Electrospun fiber mats are related to films in terms of
macroscopic appearance (with the notable exception of trans-
parency or translucence) and utilization, and have been receiving
increasing interest for application in vaginal drug delivery, namely
for the development of MPTs. Polymeric microfibers or nanofibers
are feasible to manufacture at the industrial scale, able to yield
high drug payloads (including of drug combinations), versatile in
terms of design and drug release tunability, and capable of provid-
ing extensive mucosal coverage [181–185]. Fiber mats were
recently shown to be well accepted by sub-Saharan African women
in need for MPT products during focus group discussions, thus sup-
porting further development of this type of drug delivery systems
[186].

Another interesting but seldom explored approach to the topi-
cal administration of drugs is the modification of commonly used
rocess, (D) device features and (E) photograph of the device. Reprinted from [187],



Fig. 7. CerviPrepTM device for localized therapeutics to the cervix. This device
consists of a cylindrical applicator with a cervical cap attached to one end (on the
left). As the cap is automatically positioned over the cervix, deployment of the
device provides localized drug delivery to the target tissue while limiting exposure
to and absorption by the surrounding vaginal tissue. Reprinted from [190],
Copyright (2012), with permission from Elsevier.
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vaginal devices. These last include tampons, support pessaries,
female condoms, cervical caps or diaphragms. In a rare but inter-
esting study, Major et al. [187] modified a SILCS diaphragm – which
was originally developed by the nonprofit organization PATH as a
barrier contraceptive – for the delivery of dapivirine. The drug
was incorporated in the polyoxymethylene spring core of the dia-
phragm during manufacturing (Fig. 6), and the system was shown
able to provide zero-order release kinetics in vitro. In another
example, Kramzer et al. [188] demonstrated the feasibility of mod-
ifying a female condom with the NNRTI UC781 by incorporating
the drug into the polymeric capsule used for insertion of the
device.

The vaginal route may be further used for focal drug delivery
targeting well-defined areas, most notably the cervix. Such
approach seems to be particularly interesting for treatment of cer-
vical cancer, as it presents the potential to reduce exposure of
healthy mucosal tissue to cytotoxic drugs [189]. For example,
Hodge et al. [190] reported on the ability of a new type of applica-
tor termed CerviPrepTM (WVU Research Corporation; Fig. 7) to adapt
to the ectocervix and deliver a gemcitabine gel into the cervical
canal. The applicator allowed maximizing drug concentrations in
the cervical mucosa, while reducing leakage to surrounding tissues
and yielding minimal systemic exposure. Recently, Varan et al.
[191,192] proposed the use of bioadhesive hydroxypropylcellulose
films incorporating paclitaxel:cyclodextrin complexes and
cidofovir-loaded polymeric nanoparticles (NPs) for localized treat-
ment of cervical cancer associated with HPV. The incorporation of
active molecules onto pre-prepared films was achieved by using
inkjet printing, thus allowing for flexible dose selection. These
films have the potential to be easily placed over or near the open-
ing of the ectocervix, and remain in place due to their mucoadhe-
siveness. Polymeric fiber mats could similarly be useful for cervical
cancer therapy [193,194].
2.1.5. Nanotechnology-based drug delivery
Considerable interest and recognized achievements in the field

of nanomedicine over recent years have fueled extensive research
in nanotechnology-based systems for vaginal administration. Apart
from nanostructures featuring inherent activity against different
pathogens (e.g., dendrimers or metal-based NPs), research has
focused on understanding mucosa-nanomaterial interactions and
the development of drug nanocarriers that could be helpful in dis-
ease prevention and therapeutics [195,196].

In general, NPs are thought to be able to distribute through-
out the mucosa and oppose natural cleansing mechanisms of
the vagina [197]. However, the behavior of NPs is largely influ-
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enced by colloidal properties, particularly by surface chemistry
that determines the interactions that are established with the
mucin fiber network composing mucus. One important para-
digm shift seen over roughly the last 15 years relates to the
usefulness of establishing adhesive interactions with mucins
when considering vaginal drug delivery [198]. Contrary to the
long-standing thinking that favored mucoadhesive NPs for
mucosal drug delivery, mucus-penetrating (or mucus-diffusive)
nanosystems started being considered not only for improving
mucosal distribution, but actually for enhancing vaginal reten-
tion. While the effect on distribution is easily understandable
– i.e., enhanced transport in mucus favors extensive coverage
of the vaginal mucosa –, the impact on retention may be at
first counter-intuitive. It can be explained, however, by the abil-
ity of mucus-penetrating nanosystems to rapidly penetrate
mucus and reach deeper layers that are largely unstirred and
undergoing minimal shedding [199]. The contributions of Hanes
and collaborators have been critical in developing mucus-
penetrating NPs and understanding their behavior in mucus.
In particular, these researchers found that dense PEG-
modification of the surface of otherwise adhesive NPs (100–
500 nm) was effective in allowing almost unhindered transport
in cervicovaginal mucus [200–202]. Surface modification can be
achieved either by covalent bonding of PEG or by adsorption of
PEG-poly(propylene oxide)-PEG co-polymers (poloxamers).
Importantly, mucus-penetrating NPs cause minimal disturbance
to the native structure of mucus (as opposed to adhesive coun-
terparts) [203], an important feature due to the key role that
this fluid plays in maintaining vaginal homeostasis. Different
in vivo studies demonstrated that indeed mucus-penetrating
NPs can better distribute (Fig. 8) [204–206] and retain for pro-
longed time frames (particularly associated with mucosal tissue)
[207] in the vagina of mice. Transport of mucus-penetrating
NPs (and drugs) can further be enhanced by using hypotonic
vehicles that trigger fluid absorption and advective movement
towards the mucosal surface [208]. Interestingly, the develop-
ment of anti-PEG antibodies can reverse the mobility of densely
PEG-coated NPs [209], which could be a downside for repeated
administration of this type of nanocarriers. Alternative mucus-
inert coating materials such as poly(2-ethyl-2-oxazoline) [210]
or certain grades of partially hydrolyzed poly(vinyl alcohol)
[211] have been proposed and could help circumvent this prob-
lem. Additionally, the safety of using intravaginal PEG-modified
poly(lactic-co-glycolic acid) (PLGA) NPs has been recently chal-
lenged, namely in the presence of C. albicans infection
[212,213]. Thus, additional work is recommend in order to clar-
ify whether toxicity issues could jeopardize future applications
of such nanosystems.

In general, NPs (75–200 nm) administered in the vagina of mice
are largely restricted to the lower genital tract, although some
studies indicate that such systems can migrate up to the uterus
and, possibly, the ovaries [214–218]. Limited observations in
humans following the vaginal administration of technetium
99 m-sulfur NPs (100 nm) appear to corroborate these findings
[219]. Leakage is also typically extensive following vaginal instilla-
tion in mice [207,216]. Furthermore, NPs are able to penetrate
deep into murine mucosal tissues and undergo cell uptake
[214,216,218], and even reach distant anatomical sites such as
proximal lymph nodes [220,221]. These last observations, in par-
ticular, suggest that the vaginal administration of nanocarriers
could be an interesting approach for the delivery of antigens in
order to elicit an immune response. One important consequence
of the distribution of drug-loaded NPs is the modification of phar-
macokinetics. For example, dapivirine-loaded polycaprolactone
NPs were able to enhance drug levels in vaginal fluids (4.2-fold
increase in the area-under-the-curve) and vaginal tissues (5.1-



Fig. 8. Distribution of NPs bearing different degrees of PEG-modification in the mouse vagina in vivo. The distribution of red fluorescent (A, E) PLGA (0% PEG; mucoadhesive),
(B, F) PLGA-PEG3% (3% PEG), (C, G) PLGA-PEG10% (10% PEG), and (D, H) PLGA-PEG25% (25% PEG; mucus-penetrating) in transverse cryosections of estrus phase mouse vaginal
tissue (upper row) and on flattened estrus phase mouse vaginal tissue (bottom row). (I) The percent surface coverage by NPs on the flattened vaginal tissue surface was
quantified as percent coverage ± standard error of the mean. Reprinted with permission from [205]. Copyright (2015) American Chemical Society. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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fold increase) up to 24 h after administration to mice, as compared
to the free active molecule [216]. In another study using pregnant
mice, Hoang et al. showed that a mucus-penetrating nanosuspen-
sion of progesterone (260 nm drug particles coated with polox-
amer 407) allowed obtaining higher drug levels at the cervix
(2.3-fold increase) and blood plasma (4.9-fold increase) up to 6 h
post-administration when compared to a commercially available
gel [222]. A trend towards higher uterine drug levels was also
noted in the case of animals treated with the nanosuspension. In
general, pharmacokinetics studies indicate that systemic drug
exposure is relatively low when drug-loaded nanocarriers are used
[216,222]. This does not necessarily mean that drugs are unable to
be absorbed and reach blood circulation, but rather reflects the
minute doses typically needed to obtain pharmacologically rele-
vant genital concentrations upon intravaginal administration.

Despite the considerable advances in understanding the behav-
ior of nanomaterials upon vaginal administration, generated data
are almost exclusively derived from studies using small rodents.
Howmuch of it actually applies to the human scenario is unknown
as translation from animal models to humans appears to be tricky
due to the stringent interspecies anatomical and physiological dif-
ferences. A central aspect of the use of nanocarriers relates to their
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safety, not only to women, but also to fetuses in case of pregnancy.
However, available data are meager, particularly regarding chronic
use. Another important issue of the use of drug-loaded nanocarri-
ers pertains to their administration. Although animal studies typi-
cally rely on the administration of nanosystems in the form of
aqueous suspensions, liquid systems may not be adequate for clin-
ical translation. Different platforms have been proposed for the
incorporation of nanocarriers in order to obtain putative dosage
forms that could be acceptable by women, and even enhance the
performance of incorporated drugs [223]. Some of the most
promising include polymeric films [175,177], electrospun fiber
mats [224,225], gels [226,227], thermosensitive gels [228–230],
foams [231], and vaginal rings [232,233]. Microarray patches have
also been recently proposed as an interesting platform for the
intravaginal administration of a nanosuspension of the NNRTI rilpi-
virine [234]. In this case, the nanosuspension was injected directly
into the vaginal epithelium of rats by means of dissolving micro-
needle tips and allowed prolonging local drug residence.

The range of potential clinical uses for which intravaginally
administered drug nanosystems have been proposed is wide, as
denoted in Table 1. Microbicides are the dominant application,
but important contributions have also been made for the purpose



Table 1
Examples of potential applications of different nanosystems intended for vaginal administration of drugs.

Intended
application

Nanosystem (average
diameter)

Drug payload Key findings Ref.

Prevention of
HIV-1
transmission

Eudragit� S-100/PLGA NPs
(250 nm)

Tenofovir In vitro drug release rate from NPs was approximately 4-times higher
when pH was increased to near neutral values

[235]

PLGA NPs functionalized
with an anti-CD4 antibody
(280 nm)

Saquinavir NPs were able to target CD4 + T Sup-T1 cells in vitro, resulting in higher
intracellular drug accumulation, as compared to non-functionalized NPs

[236]

Polycaprolactone NPs
(199 nm)

Dapivirine NPs were safe and were able to enhance vaginal dapivirine levels up to
24 h post-administration, as compared to the free drug in suspension

[216]

Anti-HLA-DR antibody-
functionalized PEG-PLGA
NPs (232 nm)

Anti-SNAP-23 siRNA NPs incorporated into a polymeric film crossed an epithelial cell
monolayer, targeted HLA-DR + KG-1 cells and knocked down SNAP-23
expression

[172]

PLGA NPs (66 nm) Rilpivirine NPs incorporated into a thermosensitive gel prevented vaginal HIV-1
transmission in humanized BLT mice; degree of protection was
dependent on the time mediating administration and viral challenge

[237]

PLGA NPs (275 nm) Efavirenz NPs incorporated into a polymeric film were safe and improved local
residence of efavirenz, namely when compared to films containing free
drug

[174]

Cell-adhesive HPG-PLA NPs
(131 nm)

Elvitegravir Cell-adhesive properties were achieved by converting vicinal diols on
HPG to aldehydes; these NPs exhibited higher vaginal retention in mice
and enhanced local drug levels, as compared to mucus-penetrating HPG-
PLA NPs

[238]

Poloxamer 288/HPMC-
stabilized drug
nanocrystals (243 nm)

CSIC Nanocrystals increased in vivo murine genital tissue penetration of the
NNRTI by roughly one order of magnitude, as compared to the drug in
suspension

[239]

Antibody-conjugated PEI/
PEG-PLGA NPs (251 nm)

Anti-alpha4beta7 integrin
antibody

NPs incorporated into a gel preferentially bounded to mucosal T cells
expressing high levels of alpha4beta7 integrin within 72 h after a single
administration to rhesus macaques

[240]

Lactoferrin NPs (74 nm) Tenofovir and curcumin NPs combining both drugs were safe and provided higher vaginal drug
levels in mice, as compared to free compounds

[241]

Prevention of
HSV-2
infection

Poloxamer 407-stabilized
drug:zinc nanosuspension
(65 nm)

Acyclovir monophosphate Mucus-penetrating NPs protected 53% of mice challenged intravaginally
with HSV-2 vs. 16% for animals treated with soluble drug

[204]

PLGA NPs (161 nm) Anti-nectin-1 siRNA Efficient, dose-dependent in vivo knockdown of murine nectin-1 by NPs
allowed protecting mice from HSV-2 infection

[242]

Treatment of
cervicovaginal
cancer

PLGA NPs (158 nm) Camptothecin NPs were safe to use and prevented the development of vaginal tumors in
a mouse model

[243]

Poloxamer 407-coated
PLGA NPs (239 nm)

Paclitaxel NPs were more effective than mucoadhesive counterparts (i.e., without
poloxamer 407) and the free drug (topical Taxol�) in suppressing tumor
growth and prolonging survival in a mouse model

[244]

Poly(acrylic acid)/beta-
cyclodextrin-based nanogel
(71 nm)

Paclitaxel The mucoadhesive nanogel was safe, increased drug residence and
improved tumor growth suppression in an orthotopic cervical cancer
mouse model, as compared to free paclitaxel

[245]

Treatment of
HPV infection

PEG-modified liposomes
(181 nm)

Interferon alpha-2b Liposomes improved ex vivo penetration of interferon alpha-2b across
sheep vaginal tissue

[246]

Treatment of
VVC

Lecithin-stabilized drug
nanosuspension (247 nm)

Amphotericin B Nanosuspension incorporated into a thermosensitive gel was more
efficient than a commercial effervescent tablet containing the drug in
reducing inflammation associated with C. albicans vaginitis in mice

[247]

Chitosan NPs (207 nm) Miconazole Therapeutic efficacy of NPs was similar to that of a commercial
miconazole cream when tested in a mouse model of C. albicans vaginitis

[248]

Chitosan NPs (294 nm) Miconazole and farnesol Fungal burden reduction using NPs was comparable to that of a
commercial miconazole cream (albeit with less inflammatory response)
in a mouse model of C. albicans vaginitis

[249]

Gene therapy Poly(beta-amino ester) NPs
(240 nm)

CRISPR/Cas9 single guide RNAs
targeting porcine endogenous
retroviruses

Efficient local genome editing was achieved when NPs incorporated into a
montmorillonite-based gel was tested in a pig model

[227]

HIV-1 mucosal
vaccine

TAT-coated APS/rAd
nanocomplexes (96 nm)

HIV-1 gag p24 encoding vector PEG corona provided by APS rendered mucus-penetrating properties,
while TAT enhanced uptake by epithelial and immune cells;
nanocomplexes elicited robust mucosal immune response in mice

[250]

Prevention of
pre-term
birth

Poloxamer 407-stabilized
nanosuspension (261 nm)

Progesterone The mucus-penetrating nanosuspension dispersed in a hypotonic vehicle
was safer and more effective than a commercial micronized progesterone
gel in preventing pre-term birth in a mouse model

[222]

Poloxamer 407-stabilized
nanosuspensions (216 nm
or 306 nm)

Trichostatin A or progesterone Combination of intravaginal trichostatin A and progesterone
nanosuspensions was effective in preventing inflammation-induced pre-
term birth in mice, rendering live neurotypical offspring (intraperitoneal
administration of the combination was ineffective)

[251]

Treatment of
polycystic
ovary
syndrome

Transethosomes (133 nm) Progesterone Daily use of transethosomes incorporated into a mucoadhesive gel was
superior to commercial micronized progesterone capsules in improving
endometrial thickness, echogenicity, serum drug levels and pregnancy
rate when tested in women

[252]

Abbreviations – APS: Amino-(ethylene oxide)n-(allyl glycidyl ether-succinate)m; CSIC: 5-Chloro-3-phenylsulfonylindole-2-carboxamide; HLA-DR: Human Leukocyte Antigen-
DR isotype; HPMC: hydroxypropyl methylcellulose; HPG: hyper-branched polyglycerols; PLA: poly(lactic acid); rAd: recombinant adenovirus; TAT: transactivating tran-
scriptional activator peptide.
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of cancer treatment, management of vaginal infections, gene ther-
apy, mucosal vaccination, and prevention of pre-term birth.

2.2. Endocervical

The cervix provides a passageway between the vagina and the
uterus (Fig. 1). Although minute in size (2–3 cm in length and
width), the cervical canal undergoes considerable dimensional
changes along the menstrual cycle and, in particular, during preg-
nancy and labor [253]. Despite its direct contact with the vagina,
the cervix has distinctive features. For example, it is coated by a
locally produced mucus layer presenting near neutral pH [254].
The production and viscoelastic properties of this fluid are consid-
erably influenced by hormonal changes observed throughout the
menstrual cycle, which determines its barrier properties [255].
The cervix also marks the epithelial transition between the vaginal
and the endometrial mucosa. The ectocervix is lined by stratified
squamous nonkeratinized epithelium, while the endocervix com-
prises simple columnar epithelium. Data from studies using cervi-
cal explants indicate the ability of different microbicide
compounds to undergo extensive permeation across the mucosa
[256–259].

Endocervical (or intracervical) administration of drugs into this
restricted anatomical site has been utilized in clinical practice for a
few specific purposes. For instance, administration of silver nitrate
or ferric subsulfate (Monsel’s solution) can be useful in treating
bleeding following routine cervical polyp removal in the gynecolo-
gist office [260]. The endocervical route can also be used for local
instillation of prostaglandins in order to induce labor, although
its advantages over vaginal administration are questionable
[261]. This can be achieved by using a dinoprostone-containing
colloidal silicon dioxide/triacetin gel such as Prepidil� (Pfizer),
which is available in various countries for this specific purpose.
Different experimental gel formulations have further been found
useful for endocervical administration of dinoprostone in clinical
trials [262,263], while other labor inducing drugs have been tested
using this route [264,265]. Endocervical instillation needs to be
performed by a physician using sterile technique, and involves
the use of a syringe coupled to a catheter or an otherwise adequate
applicator that is inserted across the vagina. Poor retention in the
cervical canal is a common issue for fluid and even semi-solid for-
mulations, and the patient is usually recommended to remain in
the supine position for a few minutes after administration.

Solid systems have been proposed in order to provide better
endocervical residence of topically applied drugs, although with
little clinical translation. The simplest solution comprises the
insertion of tablets or suppositories that are available for other
routes of administration [266]. However, this practice is not rec-
Fig. 9. LamicelTM osmotic cervical dilator (67 mm � 3 mm tent is depicted). The
larger flat section stays on the vaginal side, and the string attached to the bottom is
intended for retrieving the medicated tent after usage. Adapted from [268],
Copyright (1991), with permission from AWHONN, the Association of Women’s
Health, Obstetric and Neonatal Nurses and Elsevier.
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ommended. Cervical tents (or cervical dilators) have also been
adapted for the endocervical administration of drugs. Tents are
typically rod-shaped, hygroscopic solid devices that swell upon
the absorption of local fluids, and have been in use at least since
the mid-nineteenth century in order to force the dilation of the cer-
vix and induce labor [267]. One example of a medicated tent is
LamicelTM (Medtronic Xomed), a polyvinyl alcohol-based endocer-
vical insert (67 mm in length and 3–5 mm in diameter) delivering
magnesium sulfate as a collagenolytic and osmotic agent (Fig. 9)
[268–270]. The product was commercially available in the United
States from the 1980s to 2008 for inducing labor or for cervical
preparation prior to surgical abortion, but ended up being with-
drawn due to futility. Other rod-shaped, non-degradable systems
have also been developed during the 1970s envisioning long-
term contraceptive use, but their inability to stay in place limited
their utility [271]. Alternative systems featuring more complex
designs were further developed in order to enhance residence for
prolonged periods of time (months to years). For example, T- or
Y-shaped, silicone-based devices impregnated with sex hormones
were devised and were shown able to control the release of various
compounds and prevent pregnancy in animal tests and even in
clinical trials during the 1980s [272–274]. Curiously, and despite
its hormonal content and release, such devices appear to act solely
at the cervical level by altering mucus and impairing the ability of
spermatozoids to migrate into the uterus. The development of
other more acceptable and equally effective contraceptives, how-
ever, led to the discontinuation of the development of these prod-
ucts. Even so, similar systems could find alternative applications
today, namely those requiring prolonged and localized drug deliv-
ery to the cervix (e.g., cervical cancer therapy). For instance, Sher-
wood et al. [275] recently developed different cervical inserts
composed of polycaprolactone and poloxamer blends for the local-
ized delivery of withaferin A, a steroidal lactone with potential
application in cancer treatment. In vivo testing in a goat model
showed that inserts were able to provide measurable tissue levels
after 90 days of use, but could not prevent considerable leaching of
the drug towards the vagina. Also, onset of tissue damage, inflam-
mation and infection were identified depending on the design of
inserts, which was optimized in order to allow retention [275].

Another use for the endocervical route involves the termination
of cervical ectopic pregnancy, which can be achieved by direct
injection of methotrexate into the gestational sac [276,277]. Less
toxic agents such as potassium chloride [278], vasopressin [279]
or ethanol [280] may be useful alternatives, and are particularly
interesting in cases of heterotopic pregnancy cases. Administration
is performed under ultrasonographic guidance and typically
involves transvaginal injection inside the gestational sac or, even-
tually, in its vicinities (e.g., in the case of vasopressin) using a nee-
dle guide device. Paracervical block (i.e., injection of a local
anesthetic such as lidocaine in the submucosa at the ectocervix
and/or at the cervical side of the fornices) is also usually performed
as a complementary measure for pain management during cervical
ectopic pregnancy termination [281].

2.3. Intrauterine

The uterus is an important route for the administration of drugs,
being particularly useful for long-term contraception. Other clini-
cal applications encompass local anesthesia in preparation of
biopsy [282] or surgery [283], and pregnancy termination (includ-
ing viable or cornual and cesarean scar ectopic cases) [284], which
will be discussed latter on under the sub-sections dealing with the
intra-amniotic and the extra-amniotic routes.

The uterus consists of a pear-shaped hollow organ (Fig. 1) that
is enlarged during reproductive years and even more pronouncedly
in pregnancy. Is natural inner chamber provides a relatively large



Fig. 10. Various current and historical intrauterine devices/systems. Reprinted
from [296], Copyright (2014), with permission from Elsevier.
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space in which differently shaped devices can be easily fitted and
retained for prolonged periods of time without being perceived
by users. The uterine wall, in particular, undergoes considerable
changes throughout life in response to ovarian hormones. The
luminal surface is covered by a mucous membrane – the endome-
trium – that is thicker around ovulation, but ends up shedding in
the absence of fertilization, thus leading to menses. The endome-
trium comprises a simple columnar epithelial layer associated to
the lamina propria resting upon the myometrium. The uterine wall
is highly vascularized and provides an excellent gateway for blood
and lymphatic drainage, while avoiding the hepatic first-pass
effect. A combined analysis of permeability data using uterine tis-
sue from rodents indicates that the endometrium is highly perme-
able to negatively- and non-charged compounds and even high
molecular weight molecules, without apparent influence of hor-
monal status [285]. In particular, when administered into the
uterus in the form of solution or incorporated into different sus-
tained release systems (e.g., osmotic mini-pumps, polyurethane
matrices and pellets), the bioavailability and pharmacological
effects of biopharmaceuticals such as calcitonin (3.4 kDa), insulin
(5.8 kDa) and erythropoietin (30.4 kDa) were close to that of
sub-cutaneous injection in rats [285,286]. Despite its potential to
provide access to systemic circulation, nuisance around adminis-
tration determines that the utility of the intrauterine route is
restricted to very potent drugs that allow sustaining pharmacolog-
ical effects over prolonged periods (months to years). One particu-
lar drug class has been studied: progestogens. The human uterus
appears to provide a preferential target and accumulation site for
these sex hormones, as demonstrated in an ex vivo human perfu-
sion model [66]. This effect is justified, at least partially, by the
local high expression of progesterone receptors, which appears to
be relatively stable throughout the menstrual cycle [287,288].
Moreover, clinical pharmacokinetics of intrauterine levonorgestrel
has been extensively studied and supports the preferential local
action of the drug, in striking contrast with its low systemic expo-
sure [289,290].

Intrauterine administration of drugs is a mildly invasive proce-
dure that needs to be performed by specifically trained physicians,
and involves risks such as mechanical injury and triggering of pel-
vic inflammatory disease. Access to the uterus is achieved
transvaginally, and aided by a catheter for liquids and semi-
solids, or by a specific insertion device in the case of solid systems.
Direct administration of drugs can also be performed during surgi-
cal procedures involving the uterus [291].Removal of drug delivery
systems may further be necessary in planned cases after intended
usage (e.g., non-degradable solid products), or due to the onset of
medical complications. Topical administration is usually intended,
but mucosal injections may also be useful in some particular cases,
such as in the administration of local anesthetics [283].

The most successful and well-established systems designed for
the administration of drugs are intrauterine devices (IUDs) or
intrauterine systems. These are typically intended for long-term
(up to several years) prevention of unplanned pregnancy [292],
and its origins can be traced back to the beginning of the twentieth
century [293]. According to numbers from 2019, IUDs are the most
widely used reversible female contraceptive method, with an esti-
mated 159 million users worldwide [294]. Their usefulness has
also been demonstrated for emergency contraception [295].
Although inert IUDs can have a contraceptive effect, devices based
on copper (Cu-IUDs) or releasing progestogens are preferred due to
their lower failure rates [296]. Different designs have been pro-
posed throughout the years, namely in order to enhance intrauter-
ine retention (Fig. 10). However, T-shape IUDs comprising one
central shaft attached to two flexible arms that allow the device
to stay in place are currently the most popular ones (Fig. 11)
[297]. These IUDs are placed by a physician deeply into the uterus
13
with the aid of an insertion tube or a specific insertion system
(Fig. 12) that maintains both arms retracted during the procedure
[298]. Insertion is relatively simple and safe to perform, although
expulsion, uterine perforation and infection may occur. A monofil-
ament thread attached to the bottom of the T is left within the cer-
vix and extending towards the vagina in order to allow easy
inspection of the correct placement of the device throughout its
use, as well as to aid removal by a physician.

Cu-IUDs were the first largely successful IUDs and are still in
use. For example, ParaGard� T 380A (CooperSurgical) is a commer-
cial Cu-IUD available in the United States since 1984. The device
comprises a T-shaped, polyethylene-based frame that is partially
covered by copper wire. Other Cu-IUDs featuring minor variations
in design are available worldwide, as well as frameless Cu-IUDs
(i.e., without the plastic T-shaped frame) or the intrauterine ball
(copper beads included in a nickel titanium alloy frame; Fig. 13)
[299,300]. These systems are able to release copper ions that
impair sperm mobility and induce an endometrial inflammatory
response opposing embryo implantation [301]. Main adverse
effects of these systems include increased menstrual pain and
bleeding, particularly in T-shaped Cu-IUDs. The modification of
Cu-IUDs with indomethacin has been proposed to mitigate these
problems. Drug incorporation within a matrix elastomeric reser-
voir [302] or by applying polyelectrolyte film coatings [303] allows
sustaining the release of indomethacin. For example, the gamma
Cu380 IUD is a T-shaped stainless steel/copper-wired systemmod-
ified with two indomethacin-loaded silicone elastomer beads at
the tip of each arm that is available in China [304].

Progestogen-releasing IUDs were initially developed and shown
clinically effective in the early 1970s, leading to the approval of the
first commercial product Progestasert� (Alza) in 1976 [305,306].
This progesterone-releasing IUD was available until 2001 and
was effective for up to one year. Progestogens (mainly levonorges-
trel) act locally by causing endometrial atrophy and inhibiting



Fig. 11. Anatomy of modern T-shaped IUDs, levonorgestrel (LND)-releasing IUD, and non-hormonal copper-based IUD. Reprinted from [297], Copyright (2019), with
permission from Elsevier.

Fig. 12. Simulated insertion of a T-shaped IUD (in red). Release of the device in the
uterine cavity is achieved by pushing the slider toward the inserter (indicated by
the black arrow). Adapted from [298] by permission of Springer Nature, Copyright
(2020). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 13. The IUBTM (OCON Healthcare) intrauterine ball device with insertion kit
(top) and released (bottom). Reprinted from [299] by permission of Springer Nature
& Federation of Obstetric and Gynecological Societies of India, Copyright (2014).
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embryo implantation, as well as by thickening cervical mucus and
limiting the ability of spermatozoids to migrate into the uterus
[301]. Anovulation can occur with IUDs featuring high release rates
of levonorgestrel [289]. Reduction in menstrual bleeding is also
observed for this type of IUDs, thus justifying their use for the
treatment of menorrhagia [307]. Different levonorgestrel-
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releasing IUDs featuring similar T-shaped design are available in
the market today. One example is the Mirena� intrauterine system
(Bayer), the first of its kind to be approved by the FDA in 2000
(please refer to the review by Rose and colleagues [308], published
previously in Advanced Drug Delivery Reviews, for an excellent over-
view on the development of this product). The device contains
52 mg of levonorgestrel in a hollow cylindrical polydimethylsilox-



Fig. 14. The FibroPlant� levonorgestrel intrauterine system: (A) close-up of the system, and (B) after insertion in a uterine model. Reprinted from [310] with permission of
Taylor & Francis, Copyright (2001).
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ane reservoir coated by a release rate controlling silicone mem-
brane and mounted on the body of a T-shaped polyethylene frame
(32 mm � 32 mm). Mirena� also contains barium sulfate that
makes it radiopaque and readily traceable by X-ray examining.
The drug is initially released at a rate of approximately 20 mg/day
but decreases to around 10 mg/day and 9 mg/day after the fifth
and sixth years, respectively [296]. Even with such low amounts
of drug being released, Mirena� has been demonstrated effective,
and the FDA has recently approved an extension of its maximum
period of use from five to six years [309]. Contraceptive efficacy
at lower release rates also justified the development of other sim-
ilarly sized/shaped levonorgestrel-releasing IUDs such as Kylena�

(Bayer; 17.5 to 7.4 mg/day over 5 years) or Jaydess�/Skyla� (Bayer;
14 to 5 mg/day over 3 years). Frameless progestogen-releasing IUDs
have further been designed and are available in the market. One
example is FibroPlant� (Contrel Research), a small IUD
(30 mm � 0.12 mm) that releases 14 mg/day of levonorgestrel from
an ethylene–vinyl acetate copolymer rod covered by a non-
medicated membrane of the same material (Fig. 14) [310,311].
The reservoir is fixed to an anchoring filament by a metal clip,
and the whole system is intended to be implanted within the fun-
dal myometrium.

Despite extensive and successful clinical use of levonorgestrel-
releasing IUDs, accessible information regarding manufacturing
processes and availability of relevant in vitro characterization
methods of these systems is limited. Recent work by the group of
Diane Burgess at the University of Connecticut in collaboration
with the FDA attempted to mitigate these issues, and provided
important insights into how manufacturing parameters influence
the quality and release performance of drug reservoirs [312]. They
also contributed to the establishment of accelerated conditions for
in vitro testing and understanding of the mechanisms involved in
the release of levonorgestrel from IUDs [313]. Another exciting
and emerging topic in the field is the possibility for using additive
manufacturing in order to prepare drug-releasing IUDs. Technical
versatility of this technology allows fast development of personal-
ized systems (e.g., featuring different sizes, drug content, reservoir
geometry) that can be used to administer multiple compounds,
15
alone or in combination, thus opening a vast range of possibilities
for intrauterine administration of drugs [314–316].

Apart from IUDs, other approaches have been proposed for
intrauterine administration of drugs, particularly in order to
enhance the residence and distribution of drugs intended for the
management of discrete medical conditions. For example, ther-
mosensitive gels have been proposed for the intrauterine adminis-
tration of beta-estradiol for the treatment and prevention of
intrauterine adhesions – a common consequence of surgical or
otherwise invasive procedures involving the uterus [317]. The abil-
ity of these pharmaceutical formulations to undergo sol–gel transi-
tion upon heating to body temperature allows optimizing initial
distribution in the uterine cavity and further prevent leakage. Dif-
ferent poloxamer-based formulations were shown effective in
regenerating the endometrium and preventing uterine adhesions
in rats, namely by providing enhanced uterine residence and sus-
tained release of beta-estradiol for several days at the site of action
[318,319]. Similar thermosensitive gels containing keratinocyte
growth factor, alone or in combination with epsilon-polylysine
(used for increasing mucoadhesion), have also been shown effec-
tive in vivo using animal models [320,321]. In another approach
to the same clinical problem, Cai et al. [322] proposed a basic
fibroblast growth factor-loaded gelatin methacryloyl/alginate
composite porous scaffold fabricated using a microfluidics device,
which featured anti-adhesive properties and promoted endome-
trial healing in rats. Bovine serum albumin was incorporated into
the scaffold as a proxy of biopharmaceutical compounds, and
was shown able to be released in vitro in a sustained fashion up
to roughly 100 h.

2.4. Intrafallopian

Intrafallopian (or intratubal) administration of drugs is uncom-
mon, but may be of value in particular circumstances. For instance,
this route has been shown feasible for the relief of pain with topical
anesthetics upon surgery involving the fallopian tubes (e.g. salp-
ingectomy and tubal sterilization) [323,324], or the treatment of
unruptured ectopic pregnancy with different agents such as
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methotrexate, potassium chloride and hyperosmolar glucose,
among others [325,326]. Administration of liquid formulations
originally intended to be used by parenteral routes can be con-
ducted either transvaginally with sonographic guidance or via
laparoscopy under general anesthesia, using catheter assisted
injection. Reports vary regarding the volume of formulations being
administered, but are usually within 5–10 mL [323,324,327]. In
any case, sterility must be assured, and administration procedures
find parallel in well-established assisted reproduction techniques
such as transvaginal intratubal insemination (ITI) and laparoscopic
gamete/zygote intrafallopian transfer (GIFT/ZIFT) [328].

Due to its restricted use, characterization of this mucosal route
is nearly non-existent, namely concerning local and systemic drug
exposure. Limited clinical data on the utilization of methotrexate
in women undergoing ectopic pregnancy management indicated
that serum drug levels obtained after transvaginal intrafallopian
administration, namely directly into the gestational sac, were over-
all similar to those obtained for intramuscular administration
[329,330]. These results appear to support the high permeability
of the oviducts, which can also be inferred from the histological
and anatomical properties of this area. Indeed, the mucosa is cov-
ered by leaky simple columnar epithelium and possesses a highly
vascularized lamina propria. The presence of fimbria (fingerlike
projections) at the infundibulum additionally increase the area
available for drug permeation/absorption [32]. Moreover, the vas-
cular permeability of the fallopian tubes and oviductal fluid pro-
duction is dependent on the menstrual cycle and appears to be
regulated, at least partially, by vascular endothelial growth factor
[331,332]. This could result in considerable variability in drug dis-
position depending on hormonal status, although further studies
are necessary in order to confirm such possibility.
2.5. Intraovarian

Clinical reports on the use of the intraovarian route are scarce
and usually involve experimental medical interventions. Despite
its relative small size (similar to that of an almond), the ovary
can accommodate relatively large volumes of liquid (up to about
5 mL) upon slow injection into the stroma, as inferred from cell
Fig. 15. The uterus accommodating the fetus and
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therapy procedures [333,334]. Access to the ovaries can be
achieved transvaginally [335] or through laparoscopy [334].
Transvaginal ultrasound imaging is used for guiding an adequate
administration device (e.g., an aspiration needle coupled to a
biopsy line) up to the ovary in the case of former, while forceps
may be used in the case of the laparoscopic approach in order to
immobilize the ovary and facilitate needle injection. Administra-
tion is always performed following aseptic technique and typically
under anesthesia, although associated discomfort/pain seems to be
tolerable to allow an anesthesia-free transvaginal intervention
[336]. Additionally, free access to the ovary is possible for the
administration of drugs during laparotomy [337].

Pre-clinical and clinical research in new applications for intrao-
varian administration of drugs has been limited. Recent studies
using animal models showed the potential of local administration
of neosaxitoxin [338] or a miRNA-expressing lentiviral vector [339]
for the management/diagnosis of polycystic ovaries. Clinical obser-
vations from a limited number of case studies published in the
1980s appear to indicate the potential efficacy of intraovarian
injections of carboprost for the termination of ovarian or tubal
ectopic pregnancies [340,341], but these have not been further val-
idated by randomized clinical trials. Direct administration of trac-
ers (e.g., activated charcoal solution [342], or 99mTc colloid albumin
and patent blue V [343]) into the ovaries has been suggested as a
possible approach for the detection of sentinel nodes in cancer
patients [344]. However, the procedure is not recommended due
to the risk of capsule rupture and tumor cell extravasation into
the abdominal cavity. The injection of tracers in the utero-
ovarian ligament may be a useful alternative [345,346].
3. Pregnancy-related routes

The genital tract, in particular the uterus, undergoes dramatic
changes in size and organization during pregnancy in order to
accommodate the growing fetus (Fig. 15). The development of
the placenta and the amniotic sac that divide the uterine space
between maternal and fetal sides creates the opportunity for the
establishment of new routes of administration for drugs – the
extra-amniotic, intra-amniotic and intraplacental routes. These
associated structures during late pregnancy.
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can be considered as particular cases of the intrauterine route, but
are considered separately due to their specificities, namely related
to the maternal-fetal coexistence.

3.1. Extra-amniotic

The extra-amniotic route comprises the uterine space defined
by the modified wall of the uterus (decidua) and the amniotic
sac. Its dimensions vary considerably depending on the stage of
pregnancy. Special care should be taken during access and admin-
istration of drugs in order to avoid unintentional damage of the
amniotic sac, which comprises two loosely attached fetal mem-
branes – the chorion and the amnion. The former faces the extra-
amniotic space and decidua, while the previous surrounds the
amniotic fluid and the fetus. The extra-amniotic administration
of drugs has been traditionally considered for the termination of
pregnancy, and may involve the use of hypertonic, prostaglandin
or ethacridine lactate solutions/gels administered via a transvagi-
nal catheter [347]. However, the availability of safer and less inva-
sive methods led to the near discontinuation of this approach in
clinical practice. The extra-amniotic route has also been shown
adequate for inducing labor using prostaglandins, but apparently
without any advantage over other less invasive methods [348].
Depending on the volume of fluid used, induction can also occur
as a result of mechanical action on the amniotic sac. This effect
can be obtained by simple extra-amniotic saline infusion (EASI)
at a rate of 30–60 mL/h using a Foley catheter, typically in combi-
nation with other methods [349].

Permeability of drugs across fetal membranes should be consid-
ered upon extra-amniotic administration of drugs, particularly if
fetal exposure is of concern. Both the chorion and the amnion con-
tribute to the selective semi-permeable nature of the amniotic sac
to water, electrolytes and small molecules, which can vary
throughout the course of pregnancy [350,351]. Such variations
appear to be at least partially related with hormonal stimuli
[352,353]. Definitive studies are missing, but there is a fair amount
of evidence that different drugs can extensively cross the amniotic
sac. For instance, Menjoge et al. [354] conducted ex vivo experi-
ments and found that fluorescein isothiocyanate (FITC; 0.39 kDa)
could permeate human fetal membranes, while a G4-PAMAM den-
drimer (16 kDa) had low transport rate. Both chorion and amnion
appeared to have contributed similarly to the barrier effect. Addi-
tional information on the permeability properties of the amnion
alone comes from the use of this membrane in ophthalmic recon-
structive transplantation [355]. In vitro experiments indicate that
drugs such as ofloxacin (0.36 kDa) [356], moxifloxacin (0.40 kDa)
[357] and, surprisingly, bevacizumab (149 kDa) [358] may not only
penetrate the amniotic membrane, but can also then be released
back in a sustained fashion over several hours/days. These data
suggest that the amniotic sac may be able to act as a natural reser-
voir site for drugs. The apparent permeability of macromolecules
(77 kDa FITC-dextran used as model) across human chorioamniotic
membranes may be increased by the use of penetration enhancers
(e.g., sodium lauryl sulfate, cetyltrimethylammonium bromide, N-
methyl-2-pyrrolidone, bupivacaine, lidocaine), as shown in
ex vivo experiments [359]. This effect was further enhanced when
combined with low frequency ultrasounds [360] and/or upon FITC-
dextran encapsulation in PLGA NPs (�135 nm) [361]. Even if safety
issues cannot be ignored, permeability enhancing approaches
could be useful for devising strategies for the delivery of drugs to
the fetus in a minimally invasive way. Another issue that needs
to be considered when considering extra-amniotic administration
of drugs is the presence of important molecular transporters at
chorioamniotic membranes. ATP-binding cassette transporters
such as MRP1, MRP2, MRP5, BCRP and CERP are present in the
amnion and the chorion, but with variable distribution [362–
17
364]. The role of these and possibly other transporters on the
transfer of drugs across the amniotic sac is not understood and fur-
ther studies are required.

3.2. Intra-amniotic

The intra-amniotic route encompasses the space inside the
amniotic sac that is partially occupied by the fetus and filled with
amniotic fluid. Composition, osmolality and volume of this natural
fluid vary throughout the course of pregnancy. In the second trime-
ster, when the intra-amniotic route is most frequently considered,
the amniotic fluid features lower osmolality than that of blood
plasma and high concentrations of urea, creatinine and uric acid
resulting from its content in fetal urine [365]. Average volume
steadily increases from around 20 mL to 770 mL between 10 and
28 weeks of pregnancy, peaking at around 900 mL around week
34; the amount of fluid remains relatively unaltered until week
38, but then starts reducing dramatically [365,366]. Such changes
need to be considered when calculating adequate doses in order
to achieve effective drug concentrations in the amniotic sac.
Importantly, the amount of amniotic fluid that is swallowed daily
by the fetus is remarkably high (50–140 mL/day/kg of fetal weight)
[367], and may provide a gateway for fetal enteral drug delivery.

Clinical use of the intra-amniotic route has been typically
restricted to the administration of prostaglandins or hypertonic
solutions for second trimester pregnancy termination, usually in
combination with other methods [347]. It can also be helpful for
the management of local pathological conditions such as infection,
or for the prevention of pre-term labor [368,369]. The procedures
involved in intra-amniotic administration of drugs are similar to
those of amniocentesis [370]. Access to the inside of the amniotic
sac is achieved using a needle inserted via abdominal puncture
and ultrasound imaging for guidance. Local anesthesia may be used
in order to minimize pain during insertion and removal of the nee-
dle. Fetal membranes are thought to limit exposure of the mother
to molecules administered in the amniotic fluid, but, as discussed
in the previous sub-section, drug transport towards the maternal
side can occur even if delayed. This may explain why the intra-
amniotic administration of prostaglandins can stimulate the uter-
ine wall and induce contractility, but its onset usually takes more
time as compared to the extra-amniotic route [347].

Fetal exposure to drugs administered in the amniotic space is
variable and may even be low [371]. Still, the continuous oral
intake of amniotic fluid by the fetus opens a window of opportu-
nity for achieving relevant fetal systemic drug levels, as shown in
different animal studies and in a few clinical studies. For example,
Mann et al. [372] demonstrated the ability of intra-amniotic
desmopressin to sustain marked fetal antidiuresis in ewes, pre-
sumably due to drug ingestion and intestinal absorption. Likewise,
Burd et al. [373] showed that G4-PAMAM dendrimers (3–5 nm)
could reach several fetal organs after intra-amniotic administra-
tion to pregnant mice. The amount of dendrimers recovered from
pups was, however, only around 1–2% of the total administered
dose. In a follow-up study in rabbits, dendrimers were shown to
have differential biodistribution depending on surface functional-
ization [374]. Around 20–30% and 10% of hydroxyl-terminated
and carboxyl-terminated dendrimers, respectively, were retained
in the fetal compartment at 24 h after administration. The remain-
ing fractions were found in maternal tissue and urine, presumably
due to transport via the placenta. Interestingly, dendrimers were
able to reach the fetal brain in quantities that were considered
by the authors of the study as still sufficient to allow their use as
nanocarriers for in utero therapy of neuro-inflammation and brain
injury [374]. In another study using a mouse model, Hermes et al.
[375] observed that an experimental therapeutic protein, EDI200,
could achieve sufficient fetal blood plasma levels for in utero treat-



Fig. 16. Biodistribution of DiD-loaded PLGA NPs 3 h after either vitelline vein (IV) or intra-amniotic (IA) injection in (A) individual fetuses, and (B) fetal organs (control n = 9
fetuses, E15.5 IV n = 10 fetuses, E16.5 IV n = 7 fetuses, E15.5 IA n = 7 fetuses, E16.5 IA n = 8 fetuses, E17.5 IA n = 9 fetuses, E18.5 IA n = 10 fetuses). Scale bars = 2 mm. ‘‘E”
indicates embryonic age in days. Fluorescence and x-ray imaging was performed on a Bruker Carestream In-Vivo MS FX PRO (Billerica, MA). Modified with permission from
[394], under the terms of the Creative Commons Attribution 4.0 International License (Copyright 2018, Ricciardi et al., https://doi.org/10.1038/s41467-018–04894-2).

José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
ment of X-linked hypohidrotic ectodermal dysplasia. This was pre-
sumably related with the ability of the protein to retain in the
amniotic sac due to poor transport across fetal membranes, and
to be extensively absorbed at the intestine of fetuses. Indeed,
EDI200 possesses an Fc fragment in its structure that can promote
neonatal Fc receptor-mediated absorption [375]. The therapeutic
merits and safety of the approach have been further observed in
dogs, non-human primates and, most significantly, in humans
[376–378]. Furthermore, the intra-amniotic administration of
levothyroxine was able to yield high fetal blood plasma levels
and was shown useful in the management of fetal hypothyroidism
in some clinical case reports [379,380].

The possibility of using the intra-amniotic route for in utero
gene therapy has been a particularly exciting topic of research over
the last couple of decades [381,382]. There are several potential
advantages for this approach, namely the avoidance of immune
response and disease onset, as well as high vector-to-cell ratio,
facilitated access to stem cells, and gene expression in daughter
cells as a result of early transduction of progenitors [381]. How-
ever, injection of gene delivery vectors into the amniotic fluid leads
to considerable dilution and may not allow achieving feasible con-
centrations for therapy. In fact, most animal studies typically con-
sider direct fetal administration (e.g., intravenous, intramuscular,
intraperitoneal, intracardiac or intratracheal) [383–389]. Although
technically challenging, data from studies involving sheep and
non-human primates sustain that direct fetal administration could
be feasible to implement in humans. Still, a few animal studies
have also demonstrated the feasibility of gene injection into the
amniotic fluid surrounding the fetus, mostly by using viral vectors
[390–392]. In one particularly interesting study, Alapati et al. [393]
tested an adenoviral vector for CRISPR-Cas9-mediated gene editing
in fetal lungs after intra-amniotic administration to female mice
bearing fetuses with severe diffuse parenchymal lung disease. Lung
targeting was enhanced by promoting fetal breathing movements
with the co-administration of intra-amniotic theophylline and by
maternal inhalation of carbon dioxide, thus leading to higher effi-
cacy of the treatment. In another recent work, Ricciardi et al.
[394] demonstrated the possibility of using PLGA NPs as carriers
for triplex-forming peptide nucleic acids (PNAs) and single-
stranded donor DNAs for intra-amniotic gene therapy. They
observed preferential accumulation of 200 nm NPs in fetal lungs
and gut (Fig. 16), and amelioration of anemia in a thalassemic
mouse model. Overall, these studies support the tremendous
potential of the intra-amniotic route for fetal gene therapy and
clinical translation may be expectable in the near future.

Apart from pre-clinical studies in gene therapy, direct access to
the fetus through the intra-amniotic route can also be useful in
very particular clinical situations. One such case is the in utero
management of fetal tachycardia along with abnormal buildup of
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fluids (hydrops fetalis). The onset of edema is associated with the
failure of the transplacental route (i.e., passage through or across
the placenta of oral or intravenous drugs administered to the
mother) and an alternative access to the fetus is required. Drugs
such as amiodarone [395–397], digoxin [398], adenosine [399] or
flecainide [400] have been described has effective in different clin-
ical cases of fetal tachycardia. Initial access to the amniotic sac is
conducted as described above. Drugs can then be injected through
the umbilical vein (similarly to what happens with cordocentesis)
or directly to the fetus. Intraumbilical and intracardiac injections
provide rapid access to fetal blood circulation, but are riskier and
more traumatic than intraperitoneal or intramuscular administra-
tion [401,402]. Naturally, direct administration of drugs to the
fetus comprises considerable risk and needs to be conducted by
highly-specialized personnel.

3.3. Intraplacental

The placenta constitutes a remarkable exchange hub between
mother and fetus, but also an important barrier to the transport
of several drugs [403,404]. In such cases, the direct administration
of drugs into the placenta may be of value. Animal data support the
feasibility of this approach for the management of extrauterine
pregnancy [405], treatment of hematopoietic disorders [406] and
gene therapy [407,408]. Direct injection of drugs in the placenta
during pregnancy is rare in clinical practice, but may be useful in
singular cases such as the in utero treatment of large chorioan-
giomas with ethanol (intratumoral injection) [409,410]. Access to
the placenta is typically achieved by ultrasound-guided transab-
dominal puncture (paralleling chorionic villus sampling used for
prenatal genetic testing), although transvaginal access to the pla-
centa may also be feasible. Another relevant application of this
route involves the management of post-partum retained placenta.
Expulsion of the placenta can be promoted by administering utero-
tonic drugs such as oxytocin (10–100 IU) or misoprostol (800 mg)
through the umbilical vein [411,412]. Efficacy of the procedure is
dependent on proper administration. Uterotonics are usually
injected in 30 mL of saline using the technique introduced by
Pipingas and colleagues [413], which involves deep insertion of
an infant nasogastric feeding tube into the umbilical vein
(Fig. 17) [414].

4. Breast intraductal route

Contrary to the previous routes that find support on anatomical
structures exclusively present in women, the breast is ubiquitous
to all humans. However, anatomical and functional particularities
– as well as the high incidence of associated pathologies (namely
cancer) – make the breast a potentially relevant target for focal

https://doi.org/10.1038/s41467-018


Fig. 17. The Pipingas technique for umbilical vein injection. A nasogastric tube is threaded down the umbilical vein to the placental bed, and then withdrawn by 5 cm and
tied. Next, 30 mL of solution are injected down the catheter. This technique achieved optimal filling of the placental bed capillaries in the clinical study conducted by Pipingas
et al. [413]. Adapted from [414], Copyright (2008), with permission from Elsevier.

Fig. 18. The anatomy of the breast and associated structures in women (sagittal
section).

Fig. 19. Insertion of cannulas into multiple ducts. Adapted from [418], by
permission of Springer Nature, Copyright (2013).
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drug delivery in women (Fig. 18). The administration of drugs
directly into the lactiferous ducts via the nipple opening is a rela-
tively new approach for the treatment of ductal carcinoma in situ
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(DCIS) [415,416]. This form of non-invasive breast cancer affects
the epithelial cell lining of the lactiferous ducts and can precede
invasive forms of the disease. Breast intraductal administration
of antineoplastic drugs seems particularly interesting for low-
grade forms of DCIS and could provide a minimally invasive alter-
native to standard treatment, which often includes breast-
conserving surgery or even mastectomy [417]. One readily identi-
fiable advantage relates to its localized effects and need for lower
drug amounts, which helps avoiding systemic adverse events.
Moreover, therapy can be precisely directed to the affected region
of the breast and reach terminal duct lobular units [415,416].
Drugs are administered through a sialography catheter inserted
into one or more pre-selected ducts (Fig. 19) after local anesthesia
at the base of the nipple [418–420]. The correct cannulation can be
assessed by pre-administering a contrast agent and performing a
ductogram (Fig. 20) [421,422]. The drug of interest is typically dis-
solved or dispersed in normal saline or 5% dextrose and injected
slowly over 30–90 min at volumes that vary between 0.5 and
10 mL/duct. Discomfort and mild pain are associated with the pro-
cedure, but are usually well tolerated and fade within 48–72 h
[419–422].

Seminal work in the mid-2000s by Okugawa et al. [423] and
Murata et al. [424] demonstrated the efficacy of breast intraductal
administration of anti-cancer agents such as paclitaxel, 4-
hydroxytamoxifen or PEGylated liposomal doxorubicin (Doxil�)
in the prevention and treatment of breast cancer in rodent models.
Additional animal studies demonstrated the potential of using
other clinically approved drugs such as 5-fluorouracil or carbo-
platin, but not albumin-bound paclitaxel NPs or methotrexate
[421]. Multiple preliminary reports from early clinical studies have
soon followed and confirmed the feasibility of breast intraductal
injection for the treatment of DCIS [425–429]. Although generally
safe, breast intraductal injection of Doxil� or carboplatin can still
induce local inflammatory response on a dose-dependent manner
[419,420]. Higher doses of carboplatin were also shown able to
determine the onset of mild systemic adverse effects, namely vom-
iting and nausea, which were correlated with the extensive and
rapid transfer of the drug into the blood circulation. Systemic dis-
tribution of doxorubicin was delayed when liposomes were admin-
istered intraductally, and overall lower than what would be
expectable for the intravenous administration of Doxil� [419–
421]. Despite these promising results, future complementary effi-
cacy and long-term safety studies are needed in order to clinically
validate breast intraductal administration of anti-cancer drugs for
the management of DCIS. Of particular concern is the report by
Chun et al. [430] on the long-term development of malignant



Fig. 20. Representative ductograms from two women participating in a clinical trial. (A) A ductogram from a 29 year-old participant, which outlines dilated ducts
surrounding the area of the tumor, located in the upper aspect of the right breast (arrow). (B) A ductogram from a 37 year-old participant. The ductogram outlines a normal
branching duct coursing superior to the site of malignant calcifications in the tail of the left breast. Adapted from [421] with permission from AAAS, Copyright (2011).

José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
mammary tumors in mice treated intraductally with PEGylated
liposomal doxorubicin.

Interest originated by early promising clinical results triggered
additional pre-clinical work for advancing breast intraductal
administration of drugs. Animal studies recently conducted by
Wang et al. [431] were able to show the potential of clinically
approved fulvestrant, an estrogen receptor antagonist, for intra-
ductal treatment of DCIS. In another interesting study, Yoshida
et al. [432] proposed alpha-particle emitting 225Ac linked-
trastuzumab for targeted delivery to HER-2-expressing tumor cells.
Breast intraductal administration of the immunoconjugate not
only allowed prolonged retention of the radioactive isotope in
the mammary gland (thus ameliorating systemic toxicity), but also
appeared to reduce the onset of tumors in a DCIS mouse model, as
compared to the intravenous route. The potential of nanomedicine
has also been explored for breast intraductal administration of dif-
ferent anti-cancer compounds. For example, curcumin-loaded NPs
were shown useful for chemoprevention of breast cancer in a rat
model [433]. The association of breast intraductal administration
and the use of NPs based on an N-isopropylacrylamide/vinylpyrro
lidone/acrylic acid co-polymer not only allowed using lower doses
of curcumin than what would be required by the oral route, but
also resulted in a larger reduction of the size of tumors as com-
pared to the intraductal administration of the free drug. The bene-
fit of using drug-loaded NPs for breast intraductal
chemoprevention was also recently demonstrated by Al-Zubaydi
et al. [434,435] for ciclopirox-zinc complexes and ciclopirox pro-
drugs using a DCIS rat model. Lastly, Brock et al. [436] identified
the HoxA1 gene as a potential driver of DCIS progression and were
able to successfully silence it in transgenic C3(1)-SV40TAg mice
using siRNA. The genetic material was associated to lipid-like
amino alcohols-based NPs that were administered bi-weekly for
nine weeks by intraductal instillation. The nanosystem was shown
able to reduce tumor incidence by 75% as compared to untreated
mice. Collectively, these positive results seem to be largely justified
with the prolonged intraductal retention of nanocarriers and drugs
for up to several days, as evidenced by various studies in rats [437–
440]. The association of cytotoxic drugs to nanocarriers may addi-
tionally be helpful in improving safety and reducing the onset of
local adverse effects [441,442].
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5. Concluding remarks

Distinctive anatomical features of women provide unique
opportunities for the establishment of specific routes for drug
delivery that have been used in clinical practice. Vaginal adminis-
tration of drugs is particularly prominent due to its long-standing
use and current applicability, namely for contraception and treat-
ment of local infection, as well as for the management of other
women’s health issues. Considerable advances made over recent
years regarding the vaginal route were intrinsically related to the
development of topical microbicides intended to prevent the sex-
ual transmission of pathogens, namely HIV-1. The dapivirine ring,
in particular, is on the verge of being the first vaginal product
licensed for topical pre-exposure prophylaxis. General but valuable
lessons have also been learned during the development process of
microbicides, namely regarding the onset of sub-clinical toxicity by
drugs and products administered intravaginally, as well as issues
concerning women’s acceptability and preferences that have been
previously overlooked by those working with this route. At the
same time, research efforts for developing nanotechnology-based
carriers for vaginal drug delivery have been considerable, and
nanomedicine is standing out as a promising approach for innova-
tion in the field.

The worldwide utilization of IUDs for preventing unplanned
pregnancy justifies alone the importance of the intrauterine route,
but the accumulated experience with these systems could also sus-
tain other clinical applications, namely by using innovative mate-
rials and engineering strategies. Even so, practical utility of IUDs
is limited by the need for highly potent drugs that are compatible
with long-term intrauterine use. Major safety concerns regarding
IUDs seem to be long gone, although their nature (large amounts
of potent drugs incorporated into a reservoir and extended uterine
residence) justifies continuous research on potential toxicity issues
and clinical monitoring. Other genital routes also have properly
justified, but more restricted applications in drug therapeutics.
Pregnancy offers challenges for local drug delivery (e.g., toxicity
to the fetus), but also exciting possibilities. Extra-amniotic and
intra-amniotic administration of drugs has gone a long way over
the last few decades, from being a last resort clinical option, to
standing as a consolidated medical practice in obstetrics and
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maternal-fetal medicine. Recent and expectable advances in pre-
natal diagnostics may justify the need for increasing pharmacolog-
ical interventions targeting the fetus in the years to come, which
could thrust the development of new approaches involving local-
ized drug delivery. Finally, the breast intraductal route is the new-
est addition to women-specific routes for the administration of
(anticancer) drugs, but still requires further clinical validation in
order to stand as a firm option for pharmacotherapeutics.

Despite the considerable advances in the development of
women-specific drug delivery systems – in many cases with suc-
cessful translation into commercial products – different challenges
remain, particularly for disruptive technologies. Progress along the
development pipeline may be impaired by technical and scientific
issues such as insufficient regulatory guidance and standards, lack
of suitable animal models for pre-clinical testing, or difficulties in
manufacturing scale-up that are often associated with the need
for specialized equipment. Ethical issues related with pre-clinical
testing (e.g., use of non-human primate models for microbicide
research) and clinical trials during sensitive phases of women’s
lives – particularly in pregnancy – may further constitute major
barriers for successful development. These hurdles seem to, at least
partially, justify the poor interest of most pharmaceutical compa-
nies in investing in the field.
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vaginal administration of insulin-chitosan formulations: an experimental
study in rabbits, J. Drug Target. 13 (2005) 563–572.

[52] D.F. Gibbs, A.H. Labrum, B.H. Stagg, Vaginal fluid enzymology. A new assay
method with enzyme-potassium ratios, Am. J. Obstet. Gynecol. 102 (1968)
982–988.

[53] F. Acartürk, Z.I. Parlatan, O.F. Saracoglu, Comparison of vaginal
aminopeptidase enzymatic activities in various animals and in humans, J.
Pharm. Pharmacol. 53 (2001) 1499–1504.

[54] D.E. O’Hanlon, R.A. Come, T.R. Moench, Vaginal pH measured in vivo:
lactobacilli determine pH and lactic acid concentration, BMC Microbiol. 19
(2019) 13.

[55] M. Farage, H. Maibach, Lifetime changes in the vulva and vagina, Arch.
Gynecol. Obstet. 273 (2006) 195–202.

[56] O. Zirafi, K.A. Kim, N.R. Roan, S.F. Kluge, J.A. Muller, S. Jiang, B. Mayer, W.C.
Greene, F. Kirchhoff, J. Munch, Semen enhances HIV infectivity and impairs
the antiviral efficacy of microbicides, Sci. Transl. Med. 6 (2014) 262ra157.

[57] S.K. Lai, Y.Y. Wang, R. Cone, D. Wirtz, J. Hanes, Altering mucus rheology to
‘‘solidify” human mucus at the nanoscale, PLoS ONE 4 (2009) e4294.

[58] S.K. Lai, K. Hida, S. Shukair, Y.Y. Wang, A. Figueiredo, R. Cone, T.J. Hope, J.
Hanes, Human immunodeficiency virus type 1 is trapped by acidic but not by
neutralized human cervicovaginal mucus, J. Virol. 83 (2009) 11196–11200.

[59] S.K. Lai, Y.Y. Wang, K. Hida, R. Cone, J. Hanes, Nanoparticles reveal that human
cervicovaginal mucus is riddled with pores larger than viruses, Proc. Natl.
Acad. Sci. USA 107 (2010) 598–603.

[60] K.L. Nunn, Y.Y. Wang, D. Harit, M.S. Humphrys, B. Ma, R. Cone, J. Ravel, S.K. Lai,
Enhanced trapping of HIV-1 by human cervicovaginal mucus is associated
with Lactobacillus crispatus-dominant microbiota, MBio 6 (2015) e01084–
01015.

[61] H. Borgdorff, R. Gautam, S.D. Armstrong, D. Xia, G.F. Ndayisaba, N.H. van
Teijlingen, T.B. Geijtenbeek, J.M. Wastling, J.H. van de Wijgert, Cervicovaginal
microbiome dysbiosis is associated with proteome changes related to
alterations of the cervicovaginal mucosal barrier, Mucosal Immunol. 9
(2016) 621–633.

[62] T. Hoang, E. Toler, K. DeLong, N.A. Mafunda, S.M. Bloom, H.C. Zierden, T.R.
Moench, J.S. Coleman, J. Hanes, D.S. Kwon, S.K. Lai, R.A. Cone, L.M. Ensign, The
cervicovaginal mucus barrier to HIV-1 is diminished in bacterial vaginosis,
PLoS Pathog. 16 (2020) e1008236.

[63] N.R. Klatt, R. Cheu, K. Birse, A.S. Zevin, M. Perner, L. Noel-Romas, A. Grobler, G.
Westmacott, I.Y. Xie, J. Butler, L. Mansoor, L.R. McKinnon, J.S. Passmore, Q.
Abdool Karim, S.S. Abdool Karim, A.D. Burgener, Vaginal bacteria modify HIV
tenofovir microbicide efficacy in African women, Science 356 (2017) 938–
945.

[64] E. Taneva, S. Sinclair, P.M. Mesquita, B. Weinrick, S.A. Cameron, N. Cheshenko,
K. Reagle, B. Frank, S. Srinivasan, D. Fredricks, M.J. Keller, B.C. Herold, Vaginal
microbiome modulates topical antiretroviral drug pharmacokinetics, JCI
Insight 3 (2018) e99545.

[65] A.S. Hinderfeld, N. Phukan, A.K. Bär, A.M. Roberton, A. Simoes-Barbosa,
Cooperative interactions between Trichomonas vaginalis and associated
bacteria enhance paracellular permeability of the cervicovaginal epithelium
by dysregulating tight junctions, Infect. Immun. 87 (2019).
22
[66] C. Bulletti, D. de Ziegler, C. Flamigni, E. Giacomucci, V. Polli, G. Bolelli, F.
Franceschetti, Targeted drug delivery in gynaecology: the first uterine pass
effect, Hum. Reprod. 12 (1997) 1073–1079.

[67] E. Cicinelli, E. Di Naro, D. De Ziegler, M. Matteo, S. Morgese, P. Galantino, P.A.
Brioschi, A. Schonauer, Placement of the vaginal 17beta-estradiol tablets in
the inner or outer one third of the vagina affects the preferential delivery of
17beta-estradiol toward the uterus or periurethral areas, thereby modifying
efficacy and endometrial safety, Am. J. Obstet. Gynecol. 189 (2003) 55–58.

[68] E. Cicinelli, Intravaginal oestrogen and progestin administration: advantages
and disadvantages, Best Pract. Res. Clin. Obstet. Gynaecol. 22 (2008) 391–405.

[69] J. das Neves, E. Pinto, B. Teixeira, G. Dias, P. Rocha, T. Cunha, B. Santos, M.H.
Amaral, M.F. Bahia, Local treatment of vulvovaginal candidosis: general and
practical considerations, Drugs 68 (2008) 1787-1802.

[70] K.A. Workowski, G.A. Bolan, Centers for Disease Control and Prevention,
Sexually transmitted diseases treatment guidelines, 2015, MMWR Recomm.
Rep. 64 (2015) 1-137.

[71] A.C. Senok, H. Verstraelen, M. Temmerman, G.A. Botta, Probiotics for the
treatment of bacterial vaginosis, Cochrane Database Syst. Rev. (2009)
CD006289.

[72] C.J. Watson, M. Pirotta, S.P. Myers, Use of complementary and alternative
medicine in recurrent vulvovaginal candidiasis–results of a practitioner
survey, Complement. Ther. Med. 20 (2012) 218–221.

[73] M.C. Mardegan, M.C. Ramos, S.J. Adad, M.A. Michelin, D. Shimba, E.F. Murta,
Immunological evaluation of vaginal secretion in patients with high-grade
cervical intraepithelial neoplasia treated with intralesional interferon alpha-
2b, Eur. J. Gynaecol. Oncol. 32 (2011) 297–302.

[74] D.A. Grimes, L.M. Lopez, E.G. Raymond, V. Halpern, K. Nanda, K.F. Schulz,
Spermicide used alone for contraception, Cochrane Database Syst. Rev. (2013)
CD005218.

[75] A.Y. Miklavcic, Over-the-counter contraceptives, Top. Obstet. Gynecol. 31
(2011) 1–5.

[76] J.W. McCaul, Barrier contraception, in: C. Heath, S. Sulik (Eds.), Primary Care
Procedures in Women’s Health, Springer, Cham, Switzerland, 2020, pp. 101–
122.

[77] J.H. van deWijgert, R.J. Shattock, Vaginal microbicides: moving ahead after an
unexpected setback, AIDS 21 (2007) 2369–2376.

[78] G.F. Doncel, N. Chandra, R.N. Fichorova, Preclinical assessment of the
proinflammatory potential of microbicide candidates, J. Acquir. Immune
Defic. Syndr. 37 (Suppl 3) (2004) S174–180.

[79] D.R. Mishell Jr., M. Talas, A.F. Parlow, D.L. Moyer, Contraception by means of a
silastic vaginal ring impregnated with medroxyprogesterone acetate, Am. J.
Obstet. Gynecol. 107 (1970) 100–107.

[80] R.K. Malcolm, S.M. Fetherston, C.F. McCoy, P. Boyd, I. Major, Vaginal rings for
delivery of HIV microbicides, Int. J. Womens Health 4 (2012) 595–605.

[81] F.J. Roumen, The contraceptive vaginal ring compared with the combined oral
contraceptive pill: a comprehensive review of randomized controlled trials,
Contraception 75 (2007) 420–429.

[82] V. Brache, L.J. Payán, A. Faundes, Current status of contraceptive vaginal rings,
Contraception 87 (2013) 264–272.

[83] M.W. van den Heuvel, A.J. van Bragt, A.K. Alnabawy, M.C. Kaptein,
Comparison of ethinylestradiol pharmacokinetics in three hormonal
contraceptive formulations: the vaginal ring, the transdermal patch and an
oral contraceptive, Contraception 72 (2005) 168–174.

[84] R.A. Lobo, Hormone-replacement therapy: current thinking, Nat. Rev.
Endocrinol. 13 (2017) 220–231.

[85] M. van der Linden, K. Buckingham, C. Farquhar, J.A. Kremer, M. Metwally,
Luteal phase support for assisted reproduction cycles, Cochrane Database
Syst. Rev. (2015) CD009154.

[86] A. Jarde, O. Lutsiv, J. Beyene, S.D. McDonald, Vaginal progesterone, oral
progesterone, 17-OHPC, cerclage, and pessary for preventing preterm birth in
at-risk singleton pregnancies: an updated systematic review and network
meta-analysis, BJOG 126 (2019) 556–567.

[87] J.E. Norman, N. Marlow, C.M. Messow, A. Shennan, P.R. Bennett, S. Thornton,
S.C. Robson, A. McConnachie, S. Petrou, N.J. Sebire, T. Lavender, S. Whyte, J.
Norrie, O.s. group, Vaginal progesterone prophylaxis for preterm birth (the
OPPTIMUM study): a multicentre, randomised, double-blind trial, Lancet 387
(2016) 2106–2116.

[88] R. Nave, Development of an intravaginal ring delivering simultaneously
anastrozole and levonorgestrel: a pharmacokinetic perspective, Drug Deliv.
26 (2019) 586–594.

[89] E.L. Mozurkewich, J.L. Chilimigras, D.R. Berman, U.C. Perni, V.C. Romero, V.J.
King, K.L. Keeton, Methods of induction of labour: a systematic review, BMC
Pregnancy Childbirth 11 (2011) 84.

[90] P. Nagdeve, A. Shetty, Review of use of Mysodelle as a method of induction of
labour, J. Obstet. Gynaecol. 38 (2018) 726.

[91] M. Shirley, Dinoprostone vaginal insert: A review in cervical ripening, Drugs
78 (2018) 1615–1624.

[92] World Health Organization, Medical management of abortion, 2018.
Available at URL: www.who.int/reproductivehealth/publications/medical-
management-abortion/en/ (last accessed Apr 29, 2021).

[93] R. Kulier, N. Kapp, A.M. Gulmezoglu, G.J. Hofmeyr, L. Cheng, A. Campana,
Medical methods for first trimester abortion, Cochrane Database Syst. Rev.
(2011) CD002855.

[94] H. Wildschut, M.I. Both, S. Medema, E. Thomee, M.F. Wildhagen, N. Kapp,
Medical methods for mid-trimester termination of pregnancy, Cochrane
Database Syst. Rev. (2011) CD005216.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h0205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0245
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0245
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0245
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0250
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0250
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0250
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0265
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0265
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0265
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0270
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0270
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0270
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0275
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0275
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0280
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0280
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0280
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0285
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0285
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0285
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0295
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0295
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0295
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0340
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0340
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0355
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0355
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0355
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0365
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0365
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0365
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0365
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0370
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0370
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0370
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0385
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0385
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0390
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0390
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0390
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0405
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0405
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0405
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0410
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0410
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0420
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0420
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0425
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0425
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0425
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0450
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0450
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0455
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0455
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0465
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0465
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0465
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0470
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0470
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0470


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[95] M. Zieman, S.K. Fong, N.L. Benowitz, D. Banskter, P.D. Darney, Absorption
kinetics of misoprostol with oral or vaginal administration, Obstet. Gynecol.
90 (1997) 88–92.

[96] L. Rahangdale, Q.K. Lippmann, K. Garcia, D. Budwit, J.S. Smith, L. van Le,
Topical 5-fluorouracil for treatment of cervical intraepithelial neoplasia 2: a
randomized controlled trial, Am. J. Obstet. Gynecol. 210 (2014) 314 e311-314
e318.

[97] C.J. de Witte, A.J. van de Sande, H.J. van Beekhuizen, M.M. Koeneman, A.J.
Kruse, C.G. Gerestein, Imiquimod in cervical, vaginal and vulvar
intraepithelial neoplasia: a review, Gynecol. Oncol. 139 (2015) 377–384.

[98] W. Zhang, A. Zhang, W. Sun, Y. Yue, H. Li, Efficacy and safety of photodynamic
therapy for cervical intraepithelial neoplasia and human papilloma virus
infection: A systematic review and meta-analysis of randomized clinical
trials, Medicine (Baltimore). 97 (2018) e10864.

[99] X. Wang, S. Liu, Y. Guan, J. Ding, C. Ma, Z. Xie, Vaginal drug delivery
approaches for localized management of cervical cancer, Adv. Drug Deliv.
Rev. 174 (2021) 114–126.

[100] C. Coggins, C.J. Elias, R. Atisook, M.T. Bassett, V. Ettiegnene-Traore, P.D. Ghys,
L. Jenkins-Woelk, E. Thongkrajai, N.L. VanDevanter, Women’s preferences
regarding the formulation of over-the-counter vaginal spermicides, AIDS 12
(1998) 1389–1391.

[101] E. Hardy, K.S. de Padua, A.L. Jimenez, L.J. Zaneveld, Women’s preferences for
vaginal antimicrobial contraceptives. II. Preferred characteristics according to
women’s age and socioeconomic status, Contraception 58 (1998) 239–244.

[102] E. Hardy, A.L. Jimenez, K.S. de Padua, L.J. Zaneveld, Women’s preferences for
vaginal antimicrobial contraceptives. III. Choice of a formulation, applicator,
and packaging, Contraception 58 (1998) 245–249.

[103] T.M. Hammett, T.H. Mason, C.L. Joanis, S.E. Foster, P. Harmon, R.R. Robles, H.A.
Finlinson, R. Feudo, S. Vining-Bethea, G. Jeter, K.H. Mayer, P. Doherty-Iddings,
G.R. Seage 3rd, Acceptability of formulations and application methods for
vaginal microbicides among drug-involved women: results of product trials
in three cities, Sex. Transm. Dis. 27 (2000) 119–126.

[104] E.G. Raymond, P.L. Chen, S. Condon, J. Luoto, K.T. Barnhart, M.D. Creinin, A.
Poindexter, L. Wan, M. Martens, R. Schenken, R. Blackwell, Acceptability of
five nonoxynol-9 spermicides, Contraception 71 (2005) 438–442.

[105] E. Hardy, E.M. Hebling, M.H. Sousa, A.F. Almeida, E. Amaral, Delivery of
microbicides to the vagina: difficulties reported with the use of three devices,
adherence to use and preferences, Contraception 76 (2007) 126–131.

[106] A.M. Nel, L.B. Mitchnick, P. Risha, L.T. Muungo, P.M. Norick, Acceptability of
vaginal film, soft-gel capsule, and tablet as potential microbicide delivery
methods among African women, J. Womens Health (Larchmt.) 20 (2011)
1207–1214.

[107] R. Palmeira-de-Oliveira, P. Duarte, A. Palmeira-de-Oliveira, J. das Neves, M.H.
Amaral, L. Breitenfeld, J. Martinez-de-Oliveira, What do portuguese women
prefer regarding vaginal products? Results from a cross-sectional web-based
survey, Pharmaceutics 6 (2014) 543-556.

[108] M.D. Fan, L.F. Kramzer, S.L. Hillier, J.C. Chang, L.A. Meyn, L.C. Rohan, Preferred
physical characteristics of vaginal film microbicides for HIV prevention in
Pittsburgh women, Arch. Sex. Behav. 46 (2016) 1111–1119.

[109] J.B. Griffin, K. Ridgeway, E. Montgomery, K. Torjesen, R. Clark, J. Peterson, R.
Baggaley, A. van der Straten, Vaginal ring acceptability and related
preferences among women in low- and middle-income countries: A
systematic review and narrative synthesis, PLoS ONE 14 (2019) e0224898.

[110] E.T. Montgomery, M. Beksinska, N. Mgodi, J. Schwartz, R. Weinrib, E.N.
Browne, N. Mphili, P. Musara, M. Jaggernath, S. Ju, J. Smit, Z.M. Chirenje, G.F.
Doncel, A. van der Straten, End-user preference for and choice of four
vaginally delivered HIV prevention methods among young women in South
Africa and Zimbabwe: the Quatro Clinical Crossover Study, J. Int. AIDS Soc. 22
(2019) e25283.

[111] A.J. Bakke, T. Zaveri, M.J. Higgins, G.R. Ziegler, J.E. Hayes, Design aspects of
vaginal applicators that influence acceptance among target users, Sci. Rep. 11
(2021) 9802.

[112] Z.A. Stein, HIV prevention: the need for methods women can use, Am. J.
Public Health 80 (1990) 460–462.

[113] M.M. Lederman, R.E. Offord, O. Hartley, Microbicides and other topical
strategies to prevent vaginal transmission of HIV, Nat. Rev. Immunol. 6
(2006) 371–382.

[114] R.E. Roddy, L. Zekeng, K.A. Ryan, U. Tamoufe, S.S. Weir, E.L. Wong, A
controlled trial of nonoxynol 9 film to reduce male-to-female transmission of
sexually transmitted diseases, N. Engl. J. Med. 339 (1998) 504–510.

[115] L. Van Damme, G. Ramjee, M. Alary, B. Vuylsteke, V. Chandeying, H. Rees, P.
Sirivongrangson, L. Mukenge-Tshibaka, V. Ettiegne-Traore, C. Uaheowitchai,
S.S. Karim, B. Masse, J. Perriens, M. Laga, Effectiveness of COL-1492, a
nonoxynol-9 vaginal gel, on HIV-1 transmission in female sex workers: a
randomised controlled trial, Lancet 360 (2002) 971–977.

[116] P.J. Feldblum, A. Adeiga, R. Bakare, S. Wevill, A. Lendvay, F. Obadaki, M.O.
Olayemi, L. Wang, K. Nanda, W. Rountree, SAVVY vaginal gel (C31G) for
prevention of HIV infection: a randomized controlled trial in Nigeria, PLoS
ONE 3 (2008) e1474.

[117] S. Skoler-Karpoff, G. Ramjee, K. Ahmed, L. Altini, M.G. Plagianos, B. Friedland,
S. Govender, A. De Kock, N. Cassim, T. Palanee, G. Dozier, R. Maguire, P.
Lahteenmaki, Efficacy of Carraguard for prevention of HIV infection in
women in South Africa: a randomised, double-blind, placebo-controlled trial,
Lancet 372 (2008) 1977–1987.

[118] L. Van Damme, R. Govinden, F.M. Mirembe, F. Guedou, S. Solomon, M.L.
Becker, B.S. Pradeep, A.K. Krishnan, M. Alary, B. Pande, G. Ramjee, J. Deese, T.
23
Crucitti, D. Taylor, Lack of effectiveness of cellulose sulfate gel for the
prevention of vaginal HIV transmission, N. Engl. J. Med. 359 (2008) 463–472.

[119] S. McCormack, G. Ramjee, A. Kamali, H. Rees, A.M. Crook, M. Gafos, U. Jentsch,
R. Pool, M. Chisembele, S. Kapiga, R. Mutemwa, A. Vallely, T. Palanee, Y.
Sookrajh, C.J. Lacey, J. Darbyshire, H. Grosskurth, A. Profy, A. Nunn, R. Hayes, J.
Weber, PRO2000 vaginal gel for prevention of HIV-1 infection (Microbicides
Development Programme 301): a phase 3, randomised, double-blind,
parallel-group trial, Lancet 376 (2010) 1329–1337.

[120] C.K. Mauck, D.H. Weiner, J.J. Lai, J.L. Schwartz, Colposcopy: still useful in
microbicide safety trials?, Sex Transm. Dis. 39 (2012) 465–469.

[121] M.C. Eastment, R.S. McClelland, Vaginal microbiota and susceptibility to HIV,
AIDS 32 (2018) 687–698.

[122] L. Bayigga, D.P. Kateete, D.J. Anderson, M. Sekikubo, D. Nakanjako, Diversity of
vaginal microbiota in sub-Saharan Africa and its effects on HIV transmission
and prevention, Am. J. Obstet. Gynecol. 220 (2019) 155–166.

[123] R.N. Fichorova, Guiding the vaginal microbicide trials with biomarkers of
inflammation, J. Acquir. Immune Defic. Syndr. 37 (Suppl 3) (2004) S184–193.

[124] S.L. Hillier, T. Moench, R. Shattock, R. Black, P. Reichelderfer, F. Veronese, In
vitro and in vivo: the story of nonoxynol 9, J. Acquir. Immune Defic. Syndr. 39
(2005) 1–8.

[125] S. Fields, B. Song, B. Rasoul, J. Fong, M.G. Works, K. Shew, Y. Yiu, J. Mirsalis, A.
D’Andrea, New candidate biomarkers in the female genital tract to evaluate
microbicide toxicity, PLoS ONE 9 (2014) e110980.

[126] K. Smith-McCune, J.C. Chen, R.M. Greenblatt, U. Shanmugasundaram, B.L.
Shacklett, J.F. Hilton, B. Johnson, J.C. Irwin, L.C. Giudice, Unexpected
inflammatory effects of intravaginal gels (Universal Placebo gel and
nonoxynol-9) on the upper female reproductive tract: a randomized
crossover study, PLoS ONE 10 (2015) e0129769.

[127] Y. Gali, O. Delezay, J. Brouwers, N. Addad, P. Augustijns, T. Bourlet, H.
Hamzeh-Cognasse, K.K. Ariën, B. Pozzetto, G. Vanham, In vitro evaluation of
viability, integrity and inflammation in genital epithelia upon exposure to
pharmaceutical excipients and candidate microbicides, Antimicrob. Agents
Chemother. 54 (2010) 5105–5114.

[128] C.S. Dezzutti, E.R. Brown, B. Moncla, J. Russo, M. Cost, L. Wang, K. Uranker, R.P.
Kunjara Na Ayudhya, K. Pryke, J. Pickett, M.A. Leblanc, L.C. Rohan, Is wetter
better? An evaluation of over-the-counter personal lubricants for safety and
anti-HIV-1 activity, PLoS One 7 (2012) e48328.

[129] A.R. Cunha, R.M. Machado, A. Palmeira-de-Oliveira, J. Martinez-de-Oliveira, J.
das Neves, R. Palmeira-de-Oliveira, Characterization of commercially
available vaginal lubricants: a safety perspective, Pharmaceutics 6 (2014)
530-542.

[130] R.M. Machado, A. Palmeira-de-Oliveira, L. Breitenfeld, J. Martinez-de-Oliveira,
R. Palmeira-de-Oliveira, Optimization and application of in vitro and ex vivo
models for vaginal semisolids safety evaluation, J. Pharm. Sci. 108 (2019)
3289–3301.

[131] World Health Organization, WHO/United Nations Population Fund (UNFPA)
specifications for plain lubricants, WHO Drug Inf. 33 (2019) 562-572.

[132] Q. Abdool Karim, S.S. Abdool Karim, J.A. Frohlich, A.C. Grobler, C. Baxter, L.E.
Mansoor, A.B. Kharsany, S. Sibeko, K.P. Mlisana, Z. Omar, T.N. Gengiah, S.
Maarschalk, N. Arulappan, M. Mlotshwa, L. Morris, D. Taylor, Effectiveness
and safety of tenofovir gel, an antiretroviral microbicide, for the prevention of
HIV infection in women, Science 329 (2010) 1168–1174.

[133] S.S. Abdool Karim, Q. Abdool Karim, A.B. Kharsany, C. Baxter, A.C. Grobler, L.
Werner, A. Kashuba, L.E. Mansoor, N. Samsunder, A. Mindel, T.N. Gengiah,
CAPRISA Trial Group, Tenofovir gel for the prevention of herpes simplex virus
type 2 infection, N. Engl. J. Med. 373 (2015) 530–539.

[134] J.M. Marrazzo, G. Ramjee, B.A. Richardson, K. Gomez, N. Mgodi, G. Nair, T.
Palanee, C. Nakabiito, A. van der Straten, L. Noguchi, C.W. Hendrix, J.Y. Dai, S.
Ganesh, B. Mkhize, M. Taljaard, U.M. Parikh, J. Piper, B. Masse, C. Grossman, J.
Rooney, J.L. Schwartz, H. Watts, M.A. Marzinke, S.L. Hillier, I.M. McGowan, Z.
M. Chirenje, VOICE Study Team, Tenofovir-based preexposure prophylaxis for
HIV infection among African women, N. Engl. J. Med. 372 (2015) 509–518.

[135] S. Delany-Moretlwe, C. Lombard, D. Baron, L.G. Bekker, B. Nkala, K. Ahmed, M.
Sebe, W. Brumskine, M. Nchabeleng, T. Palanee-Philips, J. Ntshangase, S.
Sibiya, E. Smith, R. Panchia, L. Myer, J.L. Schwartz, M. Marzinke, L. Morris, E.R.
Brown, G.F. Doncel, G. Gray, H. Rees, Tenofovir 1% vaginal gel for prevention
of HIV-1 infection in women in South Africa (FACTS-001): a phase 3,
randomised, double-blind, placebo-controlled trial, Lancet Infect. Dis. 18
(2018) 1241–1250.

[136] J. das Neves, J.P. Martins, B. Sarmento, Will dapivirine redeem the promises of
anti-HIV microbicides? Overview of product design and clinical testing, Adv.
Drug Deliv. Rev. 103 (2016) 20-32.

[137] A.D. Woolfson, R.K. Malcolm, R.J. Morrow, C.F. Toner, S.D. McCullagh,
Intravaginal ring delivery of the reverse transcriptase inhibitor TMC 120 as
an HIV microbicide, Int. J. Pharm. 325 (2006) 82–89.

[138] J.M. Baeten, T. Palanee-Phillips, E.R. Brown, K. Schwartz, L.E. Soto-Torres, V.
Govender, N.M. Mgodi, F. Matovu Kiweewa, G. Nair, F. Mhlanga, S. Siva, L.G.
Bekker, N. Jeenarain, Z. Gaffoor, F. Martinson, B. Makanani, A. Pather, L.
Naidoo, M. Husnik, B.A. Richardson, U.M. Parikh, J.W. Mellors, M.A. Marzinke,
C.W. Hendrix, A. van der Straten, G. Ramjee, Z.M. Chirenje, C. Nakabiito, T.E.
Taha, J. Jones, A. Mayo, R. Scheckter, J. Berthiaume, E. Livant, C. Jacobson, P.
Ndase, R. White, K. Patterson, D. Germuga, B. Galaska, K. Bunge, D. Singh, D.
W. Szydlo, E.T. Montgomery, B.S. Mensch, K. Torjesen, C.I. Grossman, N.
Chakhtoura, A. Nel, Z. Rosenberg, I. McGowan, S. Hillier, MTN-Aspire Study
Team, Use of a vaginal ring containing dapivirine for HIV-1 prevention in
women, N. Engl. J. Med. 375 (2016) 2121–2132.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h0475
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0475
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0475
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0485
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0485
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0485
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0495
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0495
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0495
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0505
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0505
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0505
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0510
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0510
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0510
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0525
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0525
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0525
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0555
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0555
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0555
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0560
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0560
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0565
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0565
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0565
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0600
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0600
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0610
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0610
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0610
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0615
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0615
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0620
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0620
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0620
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0625
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0625
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0625
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0685
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0685
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0685
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0690


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[139] A. Nel, N. van Niekerk, S. Kapiga, L.G. Bekker, C. Gama, K. Gill, A. Kamali, P.
Kotze, C. Louw, Z. Mabude, N. Miti, S. Kusemererwa, H. Tempelman, H.
Carstens, B. Devlin, M. Isaacs, M. Malherbe, W. Mans, J. Nuttall, M. Russell, S.
Ntshele, M. Smit, L. Solai, P. Spence, J. Steytler, K. Windle, M. Borremans, S.
Resseler, J. Van Roey, W. Parys, T. Vangeneugden, B. Van Baelen, Z. Rosenberg,
Ring Study Team, Safety and efficacy of a dapivirine vaginal ring for HIV
prevention in women, N. Engl. J. Med. 375 (2016) 2133–2143.

[140] J.M. Baeten, T. Palanee-Phillips, N.M. Mgodi, A.J. Mayo, D.W. Szydlo, G.
Ramjee, B. Gati Mirembe, F. Mhlanga, P. Hunidzarira, L.E. Mansoor, S. Siva, V.
Govender, B. Makanani, L. Naidoo, N. Singh, G. Nair, L. Chinula, U.M. Parikh, J.
W. Mellors, I.C. Balan, K. Ngure, A. van der Straten, R. Scheckter, M. Garcia, M.
Peda, K. Patterson, E. Livant, K. Bunge, D. Singh, C. Jacobson, Y. Jiao, C.W.
Hendrix, Z.M. Chirenje, C. Nakabiito, T.E. Taha, J. Jones, K. Torjesen, A. Nel, Z.
Rosenberg, L.E. Soto-Torres, S.L. Hillier, E.R. Brown, MTN-Hope Study Team,
Safety, uptake, and use of a dapivirine vaginal ring for HIV-1 prevention in
African women (HOPE): an open-label, extension study, Lancet HIV 8 (2021)
e87–e95.

[141] A. Nel, N. van Niekerk, B. Van Baelen, M. Malherbe, W. Mans, A. Carter, J.
Steytler, E. van der Ryst, C. Craig, C. Louw, T. Gwetu, Z. Mabude, P. Kotze, R.
Moraba, H. Tempelman, K. Gill, S. Kusemererwa, L.G. Bekker, B. Devlin, Z.
Rosenberg, D.S. Team, Safety, adherence, and HIV-1 seroconversion among
women using the dapivirine vaginal ring (DREAM): an open-label, extension
study, Lancet HIV 8 (2021) e77-e86.

[142] European Medicines Agency, Dapivirine Vaginal Ring 25 mg H-W-2168.
Available from URL: https://www.ema.europa.eu/en/dapivirine-vaginal-ring-
25-mg-h-w-2168 (last accessed Apr 30, 2021).

[143] World Health Organization, WHO recommends the dapivirine vaginal ring as
a new choice for HIV prevention for women at substantial risk of HIV
infection. Available from URL: https://www.who.int/news/item/26-01-2021-
who-recommends-the-dapivirine-vaginal-ring-as-a-new-choice-for-hiv-
prevention-for-women-at-substantial-risk-of-hiv-infection (last accessed
Apr 14, 2021).

[144] D.J. Murphy, D. Desjardins, N. Dereuddre-Bosquet, P. Brochard, L. Perrot, A.
Pruvost, R. Le Grand, O. Lagatie, L. Vanhooren, M. Feyaerts, J. van Roey, R.K.
Malcolm, Pre-clinical development of a combination microbicide vaginal ring
containing dapivirine and darunavir, J. Antimicrob. Chemother. 69 (2014)
2477–2488.

[145] B.A. Chen, L. Panther, M.A. Marzinke, C.W. Hendrix, C.J. Hoesley, A. van der
Straten, M.J. Husnik, L. Soto-Torres, A. Nel, S. Johnson, N. Richardson-Harman,
L.K. Rabe, C.S. Dezzutti, Phase 1 safety, pharmacokinetics, and
pharmacodynamics of dapivirine and maraviroc vaginal rings: A double-
blind randomized trial, J. Acquir. Immune Defic. Syndr. 70 (2015) 242–249.

[146] Y.H. Dallal Bashi, C.F. McCoy, D.J. Murphy, P. Boyd, P. Spence, K. Kleinbeck, B.
Devlin, R.K. Malcolm, Towards a dapivirine and levonorgestrel multipurpose
vaginal ring: Investigations into the reaction between levonorgestrel and
addition-cure silicone elastomers, Int. J. Pharm. 569 (2019) 118574.

[147] A.R. Thurman, J.L. Schwartz, V. Brache, M.R. Clark, T. McCormick, N. Chandra,
M.A. Marzinke, F.Z. Stanczyk, C.S. Dezzutti, S.L. Hillier, B.C. Herold, R.
Fichorova, S.N. Asin, C. Rollenhagen, D. Weiner, P. Kiser, G.F. Doncel,
Randomized, placebo controlled phase I trial of safety, pharmacokinetics,
pharmacodynamics and acceptability of tenofovir and tenofovir plus
levonorgestrel vaginal rings in women, PLoS ONE 13 (2018) e0199778.

[148] A.R. Thurman, J.L. Schwartz, J. Ravel, P. Gajer, M.A. Marzinke, N. Yousefieh, S.
M. Anderson, G.F. Doncel, Vaginal microbiota and mucosal pharmacokinetics
of tenofovir in healthy women using tenofovir and tenofovir/levonorgestrel
vaginal rings, PLoS ONE 14 (2019) e0217229.

[149] R.K. Malcolm, P.J. Boyd, C.F. McCoy, D.J. Murphy, Microbicide vaginal rings:
technological challenges and clinical development, Adv. Drug Deliv. Rev. 103
(2016) 33–56.

[150] J.A. Moss, A.M. Malone, T.J. Smith, S. Kennedy, C. Nguyen, K.L. Vincent, M.
Motamedi, M.M. Baum, Pharmacokinetics of a multipurpose pod-intravaginal
ring simultaneously delivering five drugs in an ovine model, Antimicrob.
Agents Chemother. 57 (2013) 3994–3997.

[151] M. Gunawardana, M.M. Baum, T.J. Smith, J.A. Moss, An intravaginal ring for
the sustained delivery of antibodies, J. Pharm. Sci. 103 (2014) 3611–3620.

[152] D.J. Murphy, K. Amssoms, G. Pille, A. Clarke, M. O’Hara, J. van Roey, R.K.
Malcolm, Sustained release of the candidate antiretroviral peptides T-1249
and JNJ54310516-AFP from a rod insert vaginal ring, Drug Deliv. Transl. Res. 6
(2016) 234–242.

[153] C. Zhao, M. Gunawardana, F. Villinger, M.M. Baum, M. Remedios-Chan, T.R.
Moench, L. Zeitlin, K.J. Whaley, O. Bohorov, T.J. Smith, D.J. Anderson, J.A. Moss,
Pharmacokinetics and preliminary safety of pod-intravaginal rings delivering
the monoclonal antibody VRC01-N for HIV prophylaxis in a macaque model,
Antimicrob. Agents Chemother. 61 (2017) e02465–02416.

[154] K.L. Vincent, J.A. Moss, M.A. Marzinke, C.W. Hendrix, P.A. Anton, R.B. Pyles, K.
M. Guthrie, L. Dawson, T.J. Olive, I. Butkyavichene, S.A. Churchman, J.M.
Cortez Jr., R. Fanter, M. Gunawardana, C.S. Miller, F. Yang, R.K. Rosen, S.E.
Vargas, M.M. Baum, Safety and pharmacokinetics of single, dual, and triple
antiretroviral drug formulations delivered by pod-intravaginal rings designed
for HIV-1 prevention: A Phase I trial, PLoS Med. 15 (2018) e1002655.

[155] J.M. Smith, J.A. Moss, P. Srinivasan, I. Butkyavichene, M. Gunawardana, R.
Fanter, C.S. Miller, D. Sanchez, F. Yang, S. Ellis, J. Zhang, M.A. Marzinke, C.W.
Hendrix, A. Kapoor, M.M. Baum, Novel multipurpose pod-intravaginal ring
for the prevention of HIV, HSV, and unintended pregnancy: Pharmacokinetic
evaluation in a macaque model, PLoS ONE 12 (2017) e0185946.
24
[156] M.M. Peet, V. Agrahari, S.M. Anderson, H. Hanif, O.N. Singh, A.R. Thurman, G.F.
Doncel, M.R. Clark, Topical inserts: A versatile delivery form for HIV
prevention, Pharmaceutics 11 (2019) 374.

[157] L.E. Pereira, M.R. Clark, D.R. Friend, D.A. Garber, J.M. McNicholl, R.M. Hendry,
G.F. Doncel, J.M. Smith, Pharmacokinetic and safety analyses of tenofovir and
tenofovir-emtricitabine vaginal tablets in pigtailed macaques, Antimicrob.
Agents Chemother. 58 (2014) 2665–2674.

[158] F. Notario-Pérez, R. Cazorla-Luna, A. Martín-Illana, R. Ruiz-Caro, A. Tamayo, J.
Rubio, M.D. Veiga, Optimization of tenofovir release from mucoadhesive
vaginal tablets by polymer combination to prevent sexual transmission of
HIV, Carbohydr. Polym. 179 (2018) 305–316.

[159] M. Lal, M. Lai, S. Ugaonkar, A. Wesenberg, L. Kizima, A. Rodriguez, K.
Levendosky, O. Mizenina, J. Fernandez-Romero, T. Zydowsky, Development of
a vaginal fast-dissolving insert combining griffithsin and carrageenan for
potential use against sexually transmitted infections, J. Pharm. Sci. 107
(2018) 2601–2610.

[160] N. Derby, M. Lal, M. Aravantinou, L. Kizima, P. Barnable, A. Rodriguez, M. Lai,
A. Wesenberg, S. Ugaonkar, K. Levendosky, O. Mizenina, K. Kleinbeck, J.D.
Lifson, M.M. Peet, Z. Lloyd, M. Benson, W. Heneine, B.R. O’Keefe, M. Robbiani,
E. Martinelli, B. Grasperge, J. Blanchard, A. Gettie, N. Teleshova, J.A.
Fernández-Romero, T.M. Zydowsky, Griffithsin carrageenan fast dissolving
inserts prevent SHIV HSV-2 and HPV infections in vivo, Nat. Commun. 9
(2018) 3881.

[161] K.R. Crakes, C. Herrera, J.L. Morgan, K. Olstad, A.J. Hessell, P. Ziprin, P.J.
LiWang, S. Dandekar, Efficacy of silk fibroin biomaterial vehicle for in vivo
mucosal delivery of Griffithsin and protection against HIV and SHIV infection
ex vivo, J. Int. AIDS Soc. 23 (2020) e25628.

[162] F. Notário-Perez, A. Martín-Illana, R. Cazorla-Luna, R. Ruiz-Caro, J. Peña, M.D.
Veiga, Improvement of Tenofovir vaginal release from hydrophilic matrices
through drug granulation with hydrophobic polymers, Eur. J. Pharm. Sci. 117
(2018) 204–215.

[163] F. Notario-Pérez, R. Cazorla-Luna, A. Martín-Illana, R. Ruiz-Caro, J. Peña, M.-D.
Veiga, Tenofovir hot-melt granulation using Gelucire((R)) to develop
sustained-release vaginal systems for weekly protection against sexual
transmission of HIV, Pharmaceutics 11 (2019) 137.

[164] R. Rastogi, R.S. Teller, P.M. Mesquita, B.C. Herold, P.F. Kiser, Osmotic pump
tablets for delivery of antiretrovirals to the vaginal mucosa, Antiviral Res. 100
(2013) 255–258.

[165] L.A. Lagenaur, I. Swedek, P.P. Lee, T.P. Parks, Robust vaginal colonization of
macaques with a novel vaginally disintegrating tablet containing a live
biotherapeutic product to prevent HIV infection in women, PLoS ONE 10
(2015) e0122730.

[166] S. Kalusche, K. Vanshylla, F. Kleipass, H. Gruell, B. Müller, Z. Zeng, K. Koch, S.
Stein, H. Marcotte, F. Klein, U. Dietrich, Lactobacilli expressing broadly
neutralizing nanobodies against HIV-1 as potential vectors for HIV-1
prophylaxis?, Vaccines 8 (2020) 758

[167] E.H. Luecke, H. Cheng, K. Woeber, T. Nakyanzi, I.C. Mudekunye-Mahaka, A.
van der Straten, M.-D.S. Team, Stated product formulation preferences for
HIV pre-exposure prophylaxis among women in the VOICE-D (MTN-003D)
study, J. Int. AIDS Soc. 19 (2016) 20875.

[168] R.J. Primrose, T. Zaveri, A.J. Bakke, G.R. Ziegler, H.R. Moskowitz, J.E. Hayes,
Drivers of vaginal drug delivery system acceptability from internet-based
conjoint analysis, PLoS ONE 11 (2016) e0150896.

[169] A.M. Minnis, E.T. Montgomery, S. Napierala, E.N. Browne, A. van der Straten,
Insights for implementation science from 2 multiphased studies with end-
users of potential multipurpose prevention technology and HIV prevention
products, J. Acquir. Immune Defic. Syndr. 82 (Suppl 3) (2019) S222–S229.

[170] R.M. Machado, A. Palmeira-de-Oliveira, J. Martinez-de-Oliveira, R. Palmeira-
de-Oliveira, Vaginal films for drug delivery, J. Pharm. Sci. 102 (2013) 2069–
2081.

[171] K.E. Bunge, C.S. Dezzutti, L.C. Rohan, C.W. Hendrix, M.A. Marzinke, N.
Richardson-Harman, B.J. Moncla, B. Devlin, L.A. Meyn, H.M. Spiegel, S.L.
Hillier, A Phase 1 trial to assess the safety, acceptability, pharmacokinetics
and pharmacodynamics of a novel dapivirine vaginal film, J. Acquir. Immune
Defic. Syndr. 71 (2015) 498–505.

[172] J.Gu,S.Yang,E.A.Ho,BiodegradablefilmforthetargeteddeliveryofsiRNA-loaded
nanoparticlestovaginalimmunecells,Mol.Pharm.12(2015)2889–2903.

[173] W. Zhang, M. Hu, Y. Shi, T. Gong, C.S. Dezzutti, B. Moncla, S.G. Sarafianos, M.A.
Parniak, L.C. Rohan, Vaginal microbicide film combinations of two reverse
transcriptase inhibitors, EFdA and CSIC, for the prevention of HIV-1 sexual
transmission, Pharm. Res. 32 (2015) 2960–2972.

[174] C. Cunha-Reis, A. Machado, L. Barreiros, F. Araújo, R. Nunes, V. Seabra, D.
Ferreira, M.A. Segundo, B. Sarmento, J. das Neves, Nanoparticles-in-film for
the combined vaginal delivery of anti-HIV microbicide drugs, J. Control.
Release 243 (2016) 43-53.

[175] P. Srinivasan, J. Zhang, A. Martin, K. Kelley, J.M. McNicholl, R.W. Buckheit Jr., J.
M. Smith, A.S. Ham, Safety and pharmacokinetics of quick dissolving
polymeric vaginal films delivering the antiretroviral IQP-0528 for pre-
exposure prophylaxis, Antimicrob. Agents Chemother. 60 (2016) 4140–4150.

[176] K. Kay, D.K. Shah, L. Rohan, R. Bies, Physiologically-based pharmacokinetic
model of vaginally administered dapivirine ring and film formulations, Br. J.
Clin. Pharmacol. 84 (2018) 1950–1969.

[177] M.P. Cautela, H. Moshe, A. Sosnik, B. Sarmento, J. das Neves, Composite films
for vaginal delivery of tenofovir disoproxil fumarate and emtricitabine, Eur. J.
Pharm. Biopharm. 138 (2019) 3-10.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0740
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0740
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0740
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0740
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0745
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0745
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0745
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0755
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0755
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0780
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0780
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0780
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0820
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0820
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0820
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0825
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0825
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0825
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0825
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0830
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0830
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0830
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0830
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0850
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0850
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0850
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0860
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0860
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0880


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[178] F. Notario-Pérez, J. Galante, A. Martín-Illana, R. Cazorla-Luna, B. Sarmento, R.
Ruiz-Caro, J. das Neves, M.-D. Veiga, Development of pH-sensitive vaginal
films based on methacrylate copolymers for topical HIV-1 pre-exposure
prophylaxis, Acta Biomater. 121 (2021) 316-327.

[179] F. Notario-Pérez, R. Cazorla-Luna, A. Martín-Illana, J. Galante, R. Ruiz-Caro, B.
Sarmento, J. das Neves, M.-D. Veiga, Influence of plasticizers on the pH-
dependent drug release and cellular interactions of hydroxypropyl
methylcellulose/zein vaginal anti-HIV films containing tenofovir,
Biomacromolecules 22 (2021) 938-948.

[180] B. Shrestha, K. Vincent, A. Schaefer, Y. Zhu, G. Vargas, M. Motamedi, K. Swope,
J. Morton, C. Simpson, H. Pham, M.B. Brennan, M.H. Pauly, L. Zeitlin, B.
Bratcher, K.J. Whaley, T.R. Moench, S.K. Lai, Hexavalent sperm-binding IgG
antibody released from self-dissolving vaginal film enables potent, on-
demand non-hormonal female contraception, bioRxiv (2021)
2021.2004.2019.440503.

[181] A.K. Blakney, E.A. Krogstad, Y.H. Jiang, K.A. Woodrow, Delivery of
multipurpose prevention drug combinations from electrospun nanofibers
using composite microarchitectures, Int. J. Nanomedicine 9 (2014) 2967–
2978.

[182] E.A. Krogstad, K.A. Woodrow, Manufacturing scale-up of electrospun poly
(vinyl alcohol) fibers containing tenofovir for vaginal drug delivery, Int. J.
Pharm. 475 (2014) 282–291.

[183] D. Carson, Y. Jiang, K.A. Woodrow, Tunable release of multiclass anti-HIV
drugs that are water-soluble and loaded at high drug content in polyester
blended electrospun fibers, Pharm. Res. 33 (2016) 125–136.

[184] S. Kim, Y.L. Traoré, E.A. Ho, M. Shafiq, S.H. Kim, S. Liu, Design and
development of pH-responsive polyurethane membranes for intravaginal
release of nanomedicines, Acta Biomater. 82 (2018) 12–23.

[185] K.M. Tyo, A.B. Lasnik, L. Zhang, M. Mahmoud, A.B. Jenson, J.L. Fuqua, K.E.
Palmer, J.M. Steinbach-Rankins, Sustained-release Griffithsin nanoparticle-
fiber composites against HIV-1 and HSV-2 infections, J. Control. Release 321
(2020) 84–99.

[186] N.D. Laborde, J. Leslie, E. Krogstad, N. Morar, P. Mutero, J. Etima, K. Woodrow,
A. van der Straten, Perceptions of the ‘‘Fabric” - An exploratory study of a
novel multi-purpose technology among women in Sub Saharan Africa, PLoS
ONE 13 (2018) e0204821.

[187] I. Major, P. Boyd, M. Kilbourne-Brook, G. Saxon, J. Cohen, R.K. Malcolm, A
modified SILCS contraceptive diaphragm for long-term controlled release of
the HIV microbicide dapivirine, Contraception 88 (2013) 58–66.

[188] L.F. Kramzer, J. Cohen, J. Schubert, C.S. Dezzutti, B.J. Moncla, D. Friend, L.C.
Rohan, Assessing the potential of the Woman’s Condom for vaginal drug
delivery, Contraception 92 (2015) 254–260.

[189] I. Major, C. McConville, Vaginal drug delivery for the localised treatment of
cervical cancer, Drug Deliv. Transl. Res. 7 (2017) 817–828.

[190] L.S. Hodge, L.S. Downs Jr., J.C. Chura, S.G. Thomas, P.S. Callery, A.P. Soisson, P.
Kramer, S.S. Wolfe, T.S. Tracy, Localized delivery of chemotherapy to the
cervix for radiosensitization, Gynecol. Oncol. 127 (2012) 121–125.

[191] C. Varan, H. Wickström, N. Sandler, Y. Aktas�, E. Bilensoy, Inkjet printing of
antiviral PCL nanoparticles and anticancer cyclodextrin inclusion complexes
on bioadhesive film for cervical administration, Int. J. Pharm. 531 (2017)
701–713.

[192] C. Varan, M. S�en, N. Sandler, Y. Aktas�, E. Bilensoy, Mechanical characterization
andexvivoevaluationofanticancer andantiviraldrugprintedbioadhesivefilm
for the treatment of cervical cancer, Eur. J. Pharm. Sci. 130 (2019) 114–123.

[193] S. Zong, X. Wang, Y. Yang, W. Wu, H. Li, Y. Ma, W. Lin, T. Sun, Y. Huang, Z. Xie,
Y. Yue, S. Liu, X. Jing, The use of cisplatin-loaded mucoadhesive nanofibers for
local chemotherapy of cervical cancers in mice, Eur. J. Pharm. Biopharm. 93
(2015) 127–135.

[194] U. Aggarwal, A.K. Goyal, G. Rath, Development and characterization of the
cisplatin loaded nanofibers for the treatment of cervical cancer, Mater. Sci.
Eng. C 75 (2017) 125–132.

[195] L.M. Ensign, R. Cone, J. Hanes, Nanoparticle-based drug delivery to the
vagina: a review, J. Control. Release 190 (2014) 500–514.

[196] J. das Neves, R. Nunes, F. Rodrigues, B. Sarmento, Nanomedicine in the
development of anti-HIVmicrobicides, Adv. DrugDeliv. Rev. 103 (2016) 57-75.

[197] J. das Neves, R. Nunes, A. Machado, B. Sarmento, Polymer-based nanocarriers
for vaginal drug delivery, Adv. Drug Deliv. Rev. 92 (2015) 53-70.

[198] J. das Neves, M. Amiji, B. Sarmento, Mucoadhesive nanosystems for vaginal
microbicide development: friend or foe?, Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 3 (2011) 389-399.

[199] R.A. Cone, Barrier properties of mucus, Adv. Drug Deliv. Rev. 61 (2009) 75–85.
[200] S.K. Lai, D.E. O’Hanlon, S. Harrold, S.T. Man, Y.Y. Wang, R. Cone, J. Hanes, Rapid

transport of large polymeric nanoparticles in fresh undiluted human mucus,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 1482–1487.

[201] Y.Y. Wang, S.K. Lai, J.S. Suk, A. Pace, R. Cone, J. Hanes, Addressing the PEG
mucoadhesivity paradox to engineer nanoparticles that ‘‘slip” through the
human mucus barrier, Angew. Chem. Int. Ed. Engl. 47 (2008) 9726–9729.

[202] M. Yang, S.K. Lai, Y.Y. Wang, W. Zhong, C. Happe, M. Zhang, J. Fu, J. Hanes,
Biodegradable nanoparticles composed entirely of safe materials that rapidly
penetrate human mucus, Angew. Chem. Int. Ed. Engl. 50 (2011) 2597–2600.

[203] Y.Y. Wang, S.K. Lai, C. So, C. Schneider, R. Cone, J. Hanes, Mucoadhesive
nanoparticles may disrupt the protective humanmucus barrier by altering its
microstructure, PLoS ONE 6 (2011) e21547.

[204] L.M. Ensign, B.C. Tang, Y.Y. Wang, T.A. Tse, T. Hoen, R. Cone, J. Hanes, Mucus-
penetrating nanoparticles for vaginal drug delivery protect against herpes
simplex virus, Sci. Transl. Med. 4 (2012) 138ra179.
25
[205] Q. Xu, L.M. Ensign, N.J. Boylan, A. Schon, X. Gong, J.C. Yang, N.W. Lamb, S. Cai,
T. Yu, E. Freire, J. Hanes, Impact of surface polyethylene glycol (PEG) density
on biodegradable nanoparticle transport in mucus ex vivo and distribution
in vivo, ACS Nano 9 (2015) 9217–9227.

[206] K. Maisel, M. Reddy, Q. Xu, S. Chattopadhyay, R. Cone, L.M. Ensign, J. Hanes,
Nanoparticles coated with high molecular weight PEG penetrate mucus and
provide uniform vaginal and colorectal distribution in vivo, Nanomedicine 11
(2016) 1337–1343.

[207] Y. Cu, C.J. Booth, W.M. Saltzman, In vivo distribution of surface-modified
PLGA nanoparticles following intravaginal delivery, J. Control. Release 156
(2011) 258–264.

[208] L.M. Ensign, T.E. Hoen, K. Maisel, R.A. Cone, J.S. Hanes, Enhanced vaginal drug
delivery through the use of hypotonic formulations that induce fluid uptake,
Biomaterials 34 (2013) 6922–6929.

[209] C.E. Henry, Y.Y. Wang, Q. Yang, T. Hoang, S. Chattopadhyay, T. Hoen, L.M.
Ensign, K.L. Nunn, H. Schroeder, J. McCallen, T. Moench, R. Cone, S.R. Roffler, S.
K. Lai, Anti-PEG antibodies alter the mobility and biodistribution of densely
PEGylated nanoparticles in mucus, Acta Biomater. 43 (2016) 61–70.

[210] E.D. Mansfield, K. Sillence, P. Hole, A.C. Williams, V.V. Khutoryanskiy,
POZylation: a new approach to enhance nanoparticle diffusion through
mucosal barriers, Nanoscale 7 (2015) 13671–13679.

[211] A. Popov, E. Enlow, J. Bourassa, H. Chen, Mucus-penetrating nanoparticles
made with ‘‘mucoadhesive” poly(vinyl alcohol), Nanomedicine 12 (2016)
1863–1871.

[212] R.D. Wagner, S.J. Johnson, Z.Y. Danielsen, J.H. Lim, T. Mudalige, S. Linder,
Polyethylene glycol-functionalized poly (lactic acid-co-glycolic acid) and
graphene oxide nanoparticles induce pro-inflammatory and apoptotic
responses in Candida albicans-infected vaginal epithelial cells, PLoS ONE 12
(2017) e0175250.

[213] T.T. Lina, S.J. Johnson, R.D. Wagner, Intravaginal poly-(D, L-lactic-co-glycolic
acid)-(polyethylene glycol) drug-delivery nanoparticles induce pro-
inflammatory responses with Candida albicans infection in a mouse model,
PLoS ONE 15 (2020) e0240789.

[214] K.A. Woodrow, Y. Cu, C.J. Booth, J.K. Saucier-Sawyer, M.J. Wood, W.M.
Saltzman, Intravaginal gene silencing using biodegradable polymer
nanoparticles densely loaded with small-interfering RNA, Nat. Mater. 8
(2009) 526–533.

[215] R. Malik, J.P. Maikhuri, G. Gupta, A. Misra, Biodegradable nanoparticles in the
murine vagina: trans-cervical retrograde transport and induction of
proinflammatory cytokines, J. Biomed. Nanotechnol. 7 (2011) 45–46.

[216] J. das Neves, F. Araújo, F. Andrade, M. Amiji, M.F. Bahia, B. Sarmento,
Biodistribution and pharmacokinetics of dapivirine-loaded nanoparticles
after vaginal delivery in mice, Pharm. Res. 31 (2014) 1834-1845.

[217] A. Leporati, S. Gupta, E. Bolotin, G. Castillo, J. Alfaro, M.B. Gottikh, A.A.
Bogdanov Jr., Antiretroviral hydrophobic core graft-copolymer nanoparticles:
The effectiveness against mutant HIV-1 strains and in vivo distribution after
topical application, Pharm. Res. 36 (2019) 73.

[218] A. Awaad, M. Nakamura, Size-dependent biodistribution of thiol-organosilica
nanoparticles and F4/80 protein expression in the genital tract of female mice
after intravaginal administration, Histochem. Cell Biol. (2021), https://doi.
org/10.1007/s00418-00021-01974-00411.

[219] N.A. Louissaint, E.J. Fuchs, R.P. Bakshi, S. Nimmagadda, Y. Du, K.J. Macura, K.E.
King, R. Wahl, A.J. Goldsmith, B. Caffo, Y.J. Cao, J. Anderson, C.W. Hendrix,
Distributionof cell-freeandcell-associatedHIVsurrogates in the femalegenital
tract after simulated vaginal intercourse, J. Infect. Dis. 205 (2012) 725–732.

[220] B. Ballou, S.K. Andreko, E. Osuna-Highley, M. McRaven, T. Catalone, M.P.
Bruchez, T.J. Hope, M.E. Labib, Nanoparticle transport from mouse vagina to
adjacent lymph nodes, PLoS ONE 7 (2012) e51995.

[221] R. Ramanathan, J. Park, S.M. Hughes, W.R. Lykins, H.R. Bennett, F. Hladik, K.A.
Woodrow, Effect of mucosal cytokine administration on selective expansion
of vaginal dendritic cells to support nanoparticle transport, Am. J. Reprod.
Immunol. 74 (2015) 333–344.

[222] T. Hoang, H. Zierden, A. Date, J. Ortiz, S. Gumber, N. Anders, P. He, J. Segars, J.
Hanes, M. Mahendroo, L.M. Ensign, Development of a mucoinert
progesterone nanosuspension for safer and more effective prevention of
preterm birth, J. Control. Release 295 (2019) 74–86.

[223] L. Mesquita, J. Galante, R. Nunes, B. Sarmento, J. das Neves, Pharmaceutical
vehicles for vaginal and rectal administration of anti-HIV microbicide
nanosystems, Pharmaceutics 11 (2019) 145.

[224] E.A. Krogstad, R. Ramanathan, C. Nhan, J.C. Kraft, A.K. Blakney, S. Cao, R.J.Y.
Ho, K.A. Woodrow, Nanoparticle-releasing nanofiber composites for
enhanced in vivo vaginal retention, Biomaterials 144 (2017) 1–16.

[225] R. Nunes, S. Bogas, M.J. Faria, H. Gonçalves, M. Lúcio, T. Viseu, B. Sarmento, J.
das Neves, Electrospun fibers for vaginal administration of tenofovir
disoproxil fumarate and emtricitabine in the context of topical pre-
exposure prophylaxis, J. Control. Release 334 (2021) 453–462.

[226] M.W. Jøraholmen, M. Johannessen, K. Gravningen, M. Puolakkainen, G.
Acharya, P. Basnet, N. Škalko-Basnet, Liposomes-in-hydrogel delivery
system enhances the potential of resveratrol in combating vaginal
chlamydia infection, Pharmaceutics 12 (2020) 1203.

[227] G. Niu, Z. Jin, C. Zhang, D. He, X. Gao, C. Zou, W. Zhang, J. Ding, B.C. Das, K.
Severinov, P.R. Hitzeroth II, X. Debata, X. Ma, Q. Tian, J. Gao, Z. Wu, R. You, Z.
Tian, W. Cui, W. Fan, Z. Xie, C. Huang, W. Cao, H. Xu, H. Xie, X. Xu, Y. Tang, Z.
Wang, H. Yu, S. Han, S. Tan, Z.Hu. Chen, An effective vaginal gel to deliver
CRISPR/Cas9 system encapsulated in poly (beta-amino ester) nanoparticles
for vaginal gene therapy, EBioMedicine 58 (2020) 102897.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h0905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0910
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0910
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0910
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0945
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0945
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0950
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0950
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0950
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0975
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0975
http://refhub.elsevier.com/S0169-409X(21)00257-X/h0995
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1005
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1005
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1005
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1005
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1010
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1010
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1010
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1015
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1015
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1015
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1020
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1020
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1020
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1035
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1035
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1035
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1070
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1070
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1070
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1070
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1075
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1075
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1075
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1085
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1085
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1085
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1085
https://doi.org/10.1007/s00418-00021-01974-00411
https://doi.org/10.1007/s00418-00021-01974-00411
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1100
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1100
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1100
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1120
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1120
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1120
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1125
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1125
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1125
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1125
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1135


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[228] A.A. Date, A. Shibata, E. McMullen, K. La Bruzzo, P. Bruck, M. Belshan, Y. Zhou,
C.J. Destache, Thermosensitive gel containing cellulose acetate phthalate-
efavirenz combination nanoparticles for prevention of HIV-1 infection, J.
Biomed. Nanotechnol. 11 (2015) 416–427.

[229] C.J. Destache, S. Mandal, Z. Yuan, G. Kang, A.A. Date, W. Lu, A. Shibata, R.
Pham, P. Bruck, M. Rezich, Y. Zhou, R. Vivekanandan, C.V. Fletcher, Q. Li,
Topical tenofovir disoproxil fumarate nanoparticles prevent HIV-1 vaginal
transmission in a humanized mouse model, Antimicrob. Agents Chemother.
60 (2016) 3633–3639.

[230] S. Mandal, K. Khandalavala, R. Pham, P. Bruck, M. Varghese, A. Kochvar, A.
Monaco, P.K. Prathipati, C. Destache, A. Shibata, Cellulose acetate phthalate
and antiretroviral nanoparticle fabrications for HIV pre-exposure
prophylaxis, Polymers 9 (2017) 423.

[231] B.N. Vedha Hari, N. Narayanan, K. Dhevedaran, Efavirenz-Eudragit E-100
nanoparticle-loaded aerosol foam for sustained release: in-vitro and ex-vivo
evaluation, Chem. Pap. 69 (2015) 358–367.

[232] S. Kim, Y.L. Traoré, Y. Chen, E.A. Ho, S. Liu, Switchable on-demand release of a
nanocarrier from a segmented reservoir type intravaginal ring filled with a
ph-responsive supramolecular polyurethane hydrogel, ACS Appl. Bio Mater. 1
(2018) 652–662.

[233] Y.L. Traoré, Y. Chen, F. Padilla, E.A. Ho, Segmented intravaginal ring for the
combination delivery of hydroxychloroquine and anti-CCR5 siRNA
nanoparticles as a potential strategy for preventing HIV infection, Drug
Deliv, Transl. Res. (2021).

[234] M.T.C. Mc Crudden, E. Larraneta, A. Clark, C. Jarrahian, A. Rein-Weston, B.
Creelman, Y. Moyo, S. Lachau-Durand, N. Niemeijer, P. Williams, H.O.
McCarthy, D. Zehrung, R.F. Donnelly, Design, formulation, and evaluation of
novel dissolving microarray patches containing rilpivirine for intravaginal
delivery, Adv. Healthc. Mater. 8 (2019) e1801510.

[235] T. Zhang, T.F. Sturgis, B.B. Youan, pH-responsive nanoparticles releasing
tenofovir intended for the prevention of HIV transmission, Eur. J. Pharm.
Biopharm. 79 (2011) 526–536.

[236] S. Yang, Y. Chen, K. Gu, A. Dash, C.L. Sayre, N.M. Davies, E.A. Ho, Novel
intravaginal nanomedicine for the targeted delivery of saquinavir to CD4(+)
immune cells, Int. J. Nanomedicine 8 (2013) 2847–2858.

[237] M. Kovarova, O.D. Council, A.A. Date, J.M. Long, T. Nochi, M. Belshan, A.
Shibata, H. Vincent, C.E. Baker, W.O. Thayer, G. Kraus, S. Lachaud-Durand, P.
Williams, C.J. Destache, J.V. Garcia, Nanoformulations of rilpivirine for topical
pericoital and systemic coitus-independent administration efficiently
prevent HIV transmission, PLoS Pathog. 11 (2015) e1005075.

[238] M. Mohideen, E. Quijano, E. Song, Y. Deng, G. Panse, W. Zhang, M.R. Clark, W.
M. Saltzman, Degradable bioadhesive nanoparticles for prolonged
intravaginal delivery and retention of elvitegravir, Biomaterials 144 (2017)
144–154.

[239] T. Gong, S.K. Patel, M.A. Parniak, B. Ballou, L.C. Rohan, Nanocrystal
formulation improves vaginal delivery of csic for HIV prevention, AAPS
PharmSciTech 20 (2019) 286.

[240] S. Yang, G. Arrode-Bruses, I. Frank, B. Grasperge, J. Blanchard, A. Gettie, E.
Martinelli, E.A. Ho, Anti-a4b7monoclonal antibody-conjugated nanoparticles
block integrin a4b7 on intravaginal T cells in rhesus macaques, Sci. Adv. 6
(2020) eabb9853.

[241] S.L. Yeruva, P. Kumar, S. Deepa, A.K. Kondapi, Lactoferrin nanoparticles
coencapsulated with curcumin and tenofovir improve vaginal defense
against HIV-1 infection, Nanomedicine (Lond.) 16 (2021) 569–586.

[242] J.M. Steinbach, C.E. Weller, C.J. Booth, W.M. Saltzman, Polymer nanoparticles
encapsulating siRNA for treatment of HSV-2 genital infection, J. Control.
Release 162 (2012) 102–110.

[243] J.S. Blum, C.E. Weller, C.J. Booth, I.A. Babar, X. Liang, F.J. Slack, W.M. Saltzman,
Prevention of K-Ras- and Pten-mediated intravaginal tumors by treatment
with camptothecin-loaded PLGA nanoparticles, Drug Deliv. Transl. Res. 1
(2011) 383–394.

[244] M. Yang, T. Yu, Y.Y. Wang, S.K. Lai, Q. Zeng, B. Miao, B.C. Tang, B.W. Simons, L.
M. Ensign, G. Liu, K.W. Chan, C.Y. Juang, O. Mert, J. Wood, J. Fu, M.T.
McMahon, T.C. Wu, C.F. Hung, J. Hanes, Vaginal delivery of paclitaxel via
nanoparticles with non-mucoadhesive surfaces suppresses cervical tumor
growth, Adv. Healthc. Mater. 3 (2014) 1044–1052.

[245] Q. Qian, L. Shi, X. Gao, Y. Ma, J. Yang, Z. Zhang, J. Qian, X. Zhu, A paclitaxel-
based mucoadhesive nanogel with multivalent interactions for cervical
cancer therapy, Small 15 (2019) e1903208.

[246] M.W. Jøraholmen, P. Basnet, G. Acharya, N. Škalko-Basnet, PEGylated
liposomes for topical vaginal therapy improve delivery of interferon alpha,
Eur. J. Pharm. Biopharm. 113 (2017) 132–139.

[247] T. Ci, L. Yuan, X. Bao, Y. Hou, H. Wu, H. Sun, D. Cao, X. Ke, Development and
anti-Candida evaluation of the vaginal delivery system of amphotericin B
nanosuspension-loaded thermogel, J. Drug Target. 26 (2018) 829–839.

[248] A.C. Amaral, P.H.V. Saavedra, A.C. Oliveira Souza, M.T. de Melo, A.C. Tedesco,
P.C. Morais, M.S. Soares Felipe, A.L. Bocca, Miconazole loaded chitosan-based
nanoparticles for local treatment of vulvovaginal candidiasis fungal
infections, Colloids Surf. B Biointerfaces 174 (2019) 409–415.

[249] A. Fernandes Costa, D. Evangelista Araujo, M. Santos Cabral, I. Teles Brito, L.
Borges de Menezes Leite, M. Pereira, A. Correa Amaral, Development,
characterization, and in vitro-in vivo evaluation of polymeric nanoparticles
containing miconazole and farnesol for treatment of vulvovaginal
candidiasis, Med. Mycol. 57 (2019) 52-62.

[250] Z. Ji, Z. Xie, Z. Zhang, T. Gong, X. Sun, Engineering intravaginal vaccines to
overcome mucosal and epithelial barriers, Biomaterials 128 (2017) 8–18.
26
[251] H.C. Zierden, J.I. Ortiz, K. DeLong, J. Yu, G. Li, P. Dimitrion, S. Bensouda, V.
Laney, A. Bailey, N.M. Anders, M. Scardina, M. Mahendroo, S. Mesiano, I. Burd,
G. Wagner, J. Hanes, L.M. Ensign, Enhanced drug delivery to the reproductive
tract using nanomedicine reveals therapeutic options for prevention of
preterm birth, Sci. Transl. Med. 13 (2021) eabc6245.

[252] H.F. Salem, R.M. Kharshoum, H.A. Abou-Taleb, H.A. AbouTaleb, K.M.
AbouElhassan, Progesterone-loaded nanosized transethosomes for vaginal
permeation enhancement: formulation, statistical optimization, and clinical
evaluation in anovulatory polycystic ovary syndrome, J. Liposome Res. 29
(2019) 183–194.

[253] J.P. Nott, E.A. Bonney, J.D. Pickering, N.A.B. Simpson, The structure and
function of the cervix during pregnancy, Transl. Res. Anat. 2 (2016) 1–7.

[254] W. Eggert-Kruse, I. Botz, S. Pohl, G. Rohr, T. Strowitzki, Antimicrobial activity
of human cervical mucus, Hum. Reprod. 15 (2000) 778–784.

[255] D.F. Katz, Human cervical mucus: research update, Am. J. Obstet. Gynecol.
165 (1991) 1984–1986.

[256] C. Hiller, U. Bock, S. Balser, E. Haltner-Ukomadu, M. Dahm, Establishment and
validation of an ex vivo human cervical tissue model for local delivery
studies, Eur. J. Pharm. Biopharm. 68 (2008) 390–399.

[257] L.C. Rohan, B.J. Moncla, R.P. Kunjara Na Ayudhya, M. Cost, Y. Huang, F. Gai, N.
Billitto, J.D. Lynam, K. Pryke, P. Graebing, N. Hopkins, J.F. Rooney, D. Friend, C.
S. Dezzutti, In vitro and ex vivo testing of tenofovir shows it is effective as an
HIV-1 microbicide, PLoS One 5 (2010) e9310.

[258] A. Akil, M.A. Parniak, C.S. Dezzutti, B.J. Moncla, M.R. Cost, M. Li, L.C. Rohan,
Development and characterization of a vaginal film containing dapivirine, a
non-nucleoside reverse transcriptase inhibitor (NNRTI), for prevention of
HIV-1 sexual transmission, Drug Deliv. Transl. Res. 1 (2011) 209–222.

[259] W. Zhang, M.A. Parniak, S.G. Sarafianos, M.R. Cost, L.C. Rohan, Development of
a vaginal delivery film containing EFdA, a novel anti-HIV nucleoside reverse
transcriptase inhibitor, Int. J. Pharm. 461 (2014) 203–213.

[260] R. Planer, Cervical polyp removal, in: C. Heath and S. Sulik (Eds.), 2nd ed.,
Primary Care Procedures in Women’s Health, Springer, Cham, Switzerland,
2020, pp. 93-100.

[261] M. Boulvain, A. Kelly, O. Irion, Intracervical prostaglandins for induction of
labour, Cochrane Database Syst. Rev. (2008) CD006971.

[262] L. Wingerup, K.E. Andersson, U. Ulmsten, Ripening of the uterine cervix and
induction of labour at term with prostaglandin E2 in viscous gel, Acta Obstet.
Gynecol. Scand. 57 (1978) 403–406.

[263] U. Ulmsten, L. Wingerup, P. Belfrage, G. Ekman, N. Wiqvist, Intracervical
application of prostaglandin gel for induction of term labor, Obstet. Gynecol.
59 (1982) 336–339.

[264] S.A. Chen, A.J. Perlman, N. Spanski, C.M. Peterson, S.W. Sanders, R. Jaffe, M.
Martin, T. Yalcinkaya, R.C. Cefalo, N.C. Chescheir, M.K. Menard, J. Mordenti,
The pharmacokinetics of recombinant human relaxin in nonpregnant women
after intravenous, intravaginal, and intracervical administration, Pharm. Res.
10 (1993) 834–838.

[265] C.C. Chan, O.S. Tang, E.H. Ng, C.F. Li, P.C. Ho, Intracervical sodium
nitroprusside versus vaginal misoprostol in first trimester surgical
termination of pregnancy: a randomized double-blinded controlled trial,
Hum. Reprod. 20 (2005) 829–833.

[266] S.K. Chattopadhyay, B.S. Sengupta, Y.B. Edrees, Intracervical application of
prostaglandin E2 tablets for elective induction of labor in grand multiparae: a
prospective controlled study, Eur. J. Obstet. Gynecol. Reprod. Biol. 22 (1986)
7–15.

[267] N. Johnson, Seaweed and its synthetic analogues in obstetrics and
gynaecology 450BC-1990AD, J. R. Soc. Med. 83 (1990) 387–389.

[268] L. Mueller, Second-trimester termination of pregnancy: nursing care, J.
Obstet. Gynecol. Neonatal Nurs. 20 (1991) 284–289.

[269] M.C. Fox, J.L. Hayes, Society of Family Planning, Cervical preparation for
second-trimester surgical abortion prior to 20 weeks of gestation,
Contraception 76 (2007) 486–495.

[270] D. Durie, A. Lawal, P. Zegelbone, Other mechanical methods for pre-induction
cervical ripening, Semin. Perinatol. 39 (2015) 444–449.

[271] P.F. Wadsworth, R. Heywood, D.G. Allen, R.J. Sortwell, R.M. Walton,
Treatment of rhesus monkeys (Macaca mulatta) with intrauterine devices
loaded with levonorgestrel, Contraception 20 (1979) 177–184.

[272] G.E. Dagle, M.R. Sikov, S.E. Rowe, F.G. Burton, W.E. Skiens, Effects of d-
norgestrel-releasing intracervical devices in the nonhuman primate,
Erythrocebus patas, Contraception 22 (1980) 409–423.

[273] S. El Mahgoub, Long-term intracervical contraception with a levonorgestrel
device, Contraception 25 (1982) 357–374.

[274] H. Kurunmäki, J. Toivonen, P.L. Lähteenmäki, T. Luukkainen, Intracervical
release of ST-1435 for contraception, Contraception 29 (1984) 411–421.

[275] L.C. Sherwood, F. Aqil, M.V. Vadhanam, J. Jeyabalan, R. Munagala, D. Hoetker,
S. Srivastava, I.P. Singh, S. Cambron, M. O’Toole, W. Spencer, L.P. Parker, R.C.
Gupta, Development of a goat model for evaluation of withaferin A: Cervical
implants for the treatment of cervical intraepithelial neoplasia, Exp. Mol.
Pathol. 103 (2017) 320–329.

[276] H. Marret, A. Fauconnier, G. Dubernard, H. Misme, L. Lagarce, M. Lesavre, H.
Fernandez, C. Mimoun, C. Tourette, S. Curinier, B. Rabishong, A. Agostini,
Overview and guidelines of off-label use of methotrexate in ectopic
pregnancy: report by CNGOF, Eur. J. Obstet. Gynecol. Reprod. Biol. 205
(2016) 105–109.

[277] S.Z. Uludag, M.S. Kutuk, E.M. Aygen, Y. Sahin, Conservative management of
cervical ectopic pregnancy: Single-center experience, J. Obstet. Gynaecol. Res.
43 (2017) 1299–1304.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h1140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1215
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1220
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1225
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1230
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1235
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1240
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1250
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1250
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1255
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1260
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1265
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1265
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1270
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1270
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1275
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1275
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1280
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1280
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1280
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1290
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1295
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1295
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1295
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1305
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1310
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1315
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1320
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1325
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1330
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1335
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1340
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1340
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1345
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1345
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1345
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1350
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1350
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1355
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1355
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1355
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1360
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1360
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1360
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1365
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1365
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1370
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1370
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1375
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1380
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1385
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1385
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1385


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[278] P.M. Doubilet, C.B. Benson, M.C. Frates, E. Ginsburg, Sonographically guided
minimally invasive treatment of unusual ectopic pregnancies, J. Ultrasound
Med. 23 (2004) 359–370.

[279] H. Ishikawa, Y. Unno, A. Omoto, M. Shozu, Local injection of diluted
vasopressin followed by suction curettage for cervical ectopic pregnancy,
Eur. J. Obstet. Gynecol. Reprod. Biol. 207 (2016) 173–177.

[280] H. Osada, S. Teramoto, H. Kaijima, T. Segawa, O. Miyauchi, M. Nagaishi, M.
Shozu, K. Kato, V. Gomel, A novel treatment for cervical and cesarean section
scar pregnancies by transvaginal injection of absolute ethanol to
trophoblasts: Efficacy in 19 cases, J. Minim. Invasive Gynecol. 26 (2019)
129–134.

[281] R.H. Allen, R. Singh, Society of Family Planning clinical guidelines pain control
in surgical abortion part 1 - local anesthesia and minimal sedation,
Contraception 97 (2018) 471–477.

[282] N. Kosus, A. Kosus, R.I. Demircioglu, S.A. Simavli, A. Derbent, E.A. Keskin, N.O.
Turhan, Transcervical intrauterine levobupivacaine or lidocaine infusion for
pain control during endometrial biopsy, Pain Res. Manage. 19 (2014) 82–86.

[283] I. Reinders, P. Geomini, A. Timmermans, M.E. de Lange, M.Y. Bongers, Local
anaesthesia during endometrial ablation: a systematic review, BJOG 124
(2017) 190–199.

[284] M.J. Raughley, G.N. Frishman, Local treatment of ectopic pregnancy, Semin.
Reprod. Med. 25 (2007) 99–115.

[285] G. Golomb, I. Shaked, A. Hoffman, Intrauterine administration of peptide
drugs for systemic effect, Adv. Drug Deliv. Rev. 17 (1995) 179–190.

[286] A. Huffman, I. Shaked, A. Avramoff, G. Golomb, Pharmacokinetics and
pharmacodynamics of trans-endometrial administered peptides and
macromolecules, Adv. Drug Deliv. Rev. 17 (1995) 191–203.

[287] B.A. Lessey, A.P. Killam, D.A. Metzger, A.F. Haney, G.L. Greene, K.S. McCarty Jr.,
Immunohistochemical analysis of human uterine estrogen and progesterone
receptors throughout the menstrual cycle, J. Clin. Endocrinol. Metab. 67
(1988) 334–340.

[288] M.P. Snijders, A.F. de Goeij, M.J. Debets-Te Baerts, M.J. Rousch, J. Koudstaal, F.
T. Bosman, Immunocytochemical analysis of oestrogen receptors and
progesterone receptors in the human uterus throughout the menstrual
cycle and after the menopause, J. Reprod. Fertil. 94 (1992) 363–371.

[289] D. Apter, K. Gemzell-Danielsson, B. Hauck, K. Rosen, C. Zurth,
Pharmacokinetics of two low-dose levonorgestrel-releasing intrauterine
systems and effects on ovulation rate and cervical function: pooled
analyses of phase II and III studies, Fertil. Steril. 101 (1656–1662) (2014)
e1651–1654.

[290] I. Reinecke, B. Hofmann, E. Mesic, H.J. Drenth, D. Garmann, An integrated
population pharmacokinetic analysis to characterize levonorgestrel
pharmacokinetics after different administration routes, J. Clin. Pharmacol.
58 (2018) 1639–1654.

[291] M.W. Healy, B. Schexnayder, M.T. Connell, N. Terry, A.H. DeCherney, J.M.
Csokmay, B.J. Yauger, M.J. Hill, Intrauterine adhesion prevention after
hysteroscopy: a systematic review and meta-analysis, Am. J. Obstet.
Gynecol. 215 (2016) 267–275 e267.

[292] B. Winner, J.F. Peipert, Q. Zhao, C. Buckel, T. Madden, J.E. Allsworth, G.M.
Secura, Effectiveness of long-acting reversible contraception, N. Engl. J. Med.
366 (2012) 1998–2007.

[293] M. Thiery, Pioneers of the intrauterine device, Eur. J. Contracept. Reprod.
Health Care 2 (1997) 15–23.

[294] UN Department of Economical and Social Affairs, Contraceptive Use by
Method 2019. Available at URL: https://www.un.org/development/desa/pd/
sites/www.un.org.development.desa.pd/files/files/documents/2020/Jan/
un_2019_contraceptiveusebymethod_databooklet.pdf (last access Apr 8,
2021).

[295] D.K. Turok, A. Gero, R.G. Simmons, J.E. Kaiser, G.J. Stoddard, C.D. Sexsmith, L.
M. Gawron, J.N. Sanders, Levonorgestrel vs. copper intrauterine devices for
emergency contraception, N. Engl. J. Med. 384 (2021) 335–344.

[296] E.S. Searle, The intrauterine device and the intrauterine system, Best Pract.
Res. Clin. Obstet. Gynaecol. 28 (2014) 807–824.

[297] A.T. Evans, K. Szlachetka, L.L. Thornburg, Ultrasound assessment of the
intrauterine device, Obstet. Gynecol. Clin. North Am. 46 (2019) 661–681.

[298] K.G. Bhatt, Levonorgestrel intrauterine system insertion, in: C.B. Heath, S.M.
Sulik (Eds.), Primary Care Procedures in Women’s Health, Springer Nature,
Cham, Switzerland, 2020, pp. 135–153.

[299] I. Baram, A. Weinstein, D.S. Seidman, A three-dimensional way to prevent
pregnancy: the IUB intra uterine ball-a newly introduced IUD in clinical
trials, J. Obstet. Gynaecol. India 64 (2014) 152–154.

[300] D.K. Turok, L.M. Gawron, S. Lawson, New developments in long-acting
reversible contraception: the promise of intrauterine devices and implants to
improve family planning services, Fertil. Steril. 106 (2016) 1273–1281.

[301] J.B. Stanford, R.T. Mikolajczyk, Mechanisms of action of intrauterine devices:
update and estimation of postfertilization effects, Am. J. Obstet. Gynecol. 187
(2002) 1699–1708.

[302] S. Zhang, Y. Li, P. Yu, T. Chen, W. Zhou, W. Zhang, J. Liu, In vitro release of
cupric ion from intrauterine devices: influence of frame, shape, copper
surface area and indomethacin, Biomed. Microdevices 17 (2015) 19.

[303] K. Tian, C. Xie, X. Xia, Chitosan/alginate multilayer film for controlled release
of IDM on Cu/LDPE composite intrauterine devices, Colloids Surf. B
Biointerfaces 109 (2013) 82–89.

[304] X. Bilian, Chinese experience with intrauterine devices, Contraception 75
(2007) S31–34.
27
[305] A. Scommegna, G.N. Pandya, M. Christ, A.W. Lee, M.R. Cohen, Intrauterine
administration of progesterone by a slow releasing device, Fertil. Steril. 21
(1970) 201–210.

[306] G. Zador, B.A. Nilsson, B. Nilsson, N.O. Sjoberg, L. Westrom, J. Wiese, Clinical
experience with the uterine progesterone system, Progestasert R,
Contraception 13 (1976) 559–569.

[307] R. Hurskainen, J. Teperi, P. Rissanen, A.M. Aalto, S. Grenman, A. Kivela, E.
Kujansuu, S. Vuorma, M. Yliskoski, J. Paavonen, Clinical outcomes and costs
with the levonorgestrel-releasing intrauterine system or hysterectomy for
treatment of menorrhagia: randomized trial 5-year follow-up, JAMA 291
(2004) 1456–1463.

[308] S. Rose, A. Chaudhari, C.M. Peterson, Mirena (Levonorgestrel intrauterine
system): a successful novel drug delivery option in contraception, Adv. Drug
Deliv. Rev. 61 (2009) 808–812.

[309] B. Park, Mirena approved for pregnancy prevention for up to 6 years, Monthly
Prescribing Reference (2020). Available at URL: https://www.empr.com/
home/news/mirena-levonorgestrel-releasing-intrauterine-system-
pregnancy-prevention/ (last accessed Apr 7, 2021).

[310] D. Wildemeersch, E. Schacht, Treatment of menorrhagia with a novel
’frameless’ intrauterine levonorgestrel-releasing drug delivery system: a
pilot study, Eur. J. Contracept. Reprod. Health Care 6 (2001) 93–101.

[311] A. Andrade, D. Wildemeersch, Menstrual blood loss in women using the
frameless FibroPlant LNG-IUS, Contraception 79 (2009) 134–138.

[312] Q. Bao, B. Gu, C.F. Price, Y. Zou, Y. Wang, D. Kozak, S. Choi, D.J. Burgess,
Manufacturing and characterization of long-acting levonorgestrel
intrauterine systems, Int. J. Pharm. 550 (2018) 447–454.

[313] Q. Bao, Y. Zou, Y. Wang, D. Kozak, S. Choi, D.J. Burgess, Drug release testing of
long-acting intrauterine systems, J. Control. Release 316 (2019) 349–358.

[314] J. Hollander, N. Genina, H. Jukarainen, M. Khajeheian, A. Rosling, E. Makila, N.
Sandler, Three-dimensional printed PCL-based implantable prototypes of
medical devices for controlled drug delivery, J. Pharm. Sci. 105 (2016) 2665–
2676.

[315] K. Tappa, U. Jammalamadaka, D.H. Ballard, T. Bruno, M.R. Israel, H. Vemula, J.
M. Meacham, D.K. Mills, P.K. Woodard, J.A. Weisman, Medication eluting
devices for the field of OBGYN (MEDOBGYN): 3D printed biodegradable
hormone eluting constructs, a proof of concept study, PLoS ONE 12 (2017)
e0182929.

[316] G.V. Salmoria, F.E. Vieira, E.A. Muenz, I.M. Gindri, M.S. Marques, L.A. Kanis,
Additive Manufacturing of PE/fluorouracil/progesterone intrauterine device
for endometrial and ovarian cancer treatments, Polym. Test. 71 (2018) 312–
317.

[317] R. Deans, J. Abbott, Review of intrauterine adhesions, J. Minim. Invasive
Gynecol. 17 (2010) 555–569.

[318] S.S. Zhang, W.T. Xia, J. Xu, H.L. Xu, C.T. Lu, Y.Z. Zhao, X.Q. Wu, Three-
dimensional structure micelles of heparin-poloxamer improve the
therapeutic effect of 17beta-estradiol on endometrial regeneration for
intrauterine adhesions in a rat model, Int. J. Nanomedicine 12 (2017)
5643–5657.

[319] Q. Yao, Y.W. Zheng, Q.H. Lan, L.F. Wang, Z.W. Huang, R. Chen, Y. Yang, H.L. Xu,
L. Kou, Y.Z. Zhao, Aloe/poloxamer hydrogel as an injectable beta-estradiol
delivery scaffold with multi-therapeutic effects to promote endometrial
regeneration for intrauterine adhesion treatment, Eur. J. Pharm. Sci. 148
(2020) 105316.

[320] H.L. Xu, J. Xu, S.S. Zhang, Q.Y. Zhu, B.H. Jin, D.L. ZhuGe, B.X. Shen, X.Q. Wu, J.
Xiao, Y.Z. Zhao, Temperature-sensitive heparin-modified poloxamer hydrogel
with affinity to KGF facilitate the morphologic and functional recovery of the
injured rat uterus, Drug Deliv. 24 (2017) 867–881.

[321] H.L. Xu, J. Xu, B.X. Shen, S.S. Zhang, B.H. Jin, Q.Y. Zhu, D.L. ZhuGe, X.Q. Wu, J.
Xiao, Y.Z. Zhao, Dual regulations of thermosensitive heparin-poloxamer
hydrogel using epsilon-polylysine: Bioadhesivity and controlled KGF release
for enhancing wound healing of endometrial injury, ACS Appl. Mater.
Interfaces 9 (2017) 29580–29594.

[322] Y. Cai, F. Wu, Y. Yu, Y. Liu, C. Shao, H. Gu, M. Li, Y. Zhao, Porous scaffolds from
droplet microfluidics for prevention of intrauterine adhesion, Acta Biomater.
84 (2019) 222–230.

[323] F.E. Luscombe, D. Pounder, A.V. Geraghty, J.R. Bevan, Pericervical
intrafallopian bupivacaine instillation to reduce postoperative pain after
laparoscopic tubal sterilisation, J. Obstet. Gynaecol. 10 (1989) 145–148.

[324] M. Fajardo-Arcia, L. Orozco-Saborío, G. Montiel-Larios, Evaluation of the local
infiltration with bupivacaine in the management of pain post partial bilateral
salpingectomy, Acta Med. Costarric. 53 (2011) 199–204.

[325] A. Nazac, A. Gervaise, J. Bouyer, R. de Tayrac, S. Capella-Allouc, H. Fernandez,
Predictors of success in methotrexate treatment of women with unruptured
tubal pregnancies, Ultrasound Obstet. Gynecol. 21 (2003) 181–185.

[326] P.J. Hajenius, F. Mol, B.W. Mol, P.M. Bossuyt, W.M. Ankum, F. van der Veen,
Interventions for tubal ectopic pregnancy, Cochrane Database Syst. Rev.
(2007) CD000324.

[327] A. Shulman, R. Maymon, N. Zmira, M. Lotan, M. Holtzinger, C. Bahary,
Conservative treatment of ectopic pregnancy and its effect on corpus luteum
activity, Gynecol. Obstet. Invest. 33 (1992) 161–164.

[328] T. Falcone, W.W. Hurd, eds. Clinical Reproductive Medicine and Surgery.
2017, Springer: Cham, Switzerland.

[329] E. Schiff, E. Shalev, M. Bustan, A. Tsabari, S. Mashiach, E. Weiner,
Pharmacokinetics of methotrexate after local tubal injection for
conservative treatment of ectopic pregnancy, Fertil. Steril. 57 (1992) 688–
690.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h1390
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1390
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1390
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1395
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1395
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1395
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1400
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1405
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1405
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1405
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1410
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1410
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1410
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1415
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1420
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1420
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1425
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1425
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1430
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1435
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1440
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1445
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1450
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1450
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1450
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1450
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1455
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1455
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1455
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1455
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1460
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1460
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1460
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1465
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1465
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1475
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1475
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1475
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1480
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1480
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1485
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1485
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1490
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1495
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1495
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1495
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1500
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1505
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1505
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1505
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1510
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1510
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1510
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1515
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1520
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1520
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1525
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1525
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1525
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1530
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1535
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1535
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1535
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1535
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1535
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1540
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1540
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1540
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1550
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1555
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1555
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1560
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1560
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1560
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1565
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1565
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1570
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1575
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1580
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1585
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1590
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1595
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1600
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1600
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1600
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1600
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1605
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1610
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1610
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1610
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1615
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1615
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1615
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1620
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1620
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1620
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1625
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1625
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1625
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1630
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1635
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1645
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1645
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1645
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1645


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[330] H. Fernandez, P. Bourget, Y. Ville, C. Lelaidier, R. Frydman, Treatment of
unruptured tubal pregnancy with methotrexate: pharmacokinetic analysis of
local versus intramuscular administration, Fertil. Steril. 62 (1994) 943–947.

[331] J.D. Gordon, S. Mesiano, C.J. Zaloudek, R.B. Jaffe, Vascular endothelial growth
factor localization in human ovary and fallopian tubes: possible role in
reproductive function and ovarian cyst formation, J. Clin. Endocrinol. Metab.
81 (1996) 353–359.

[332] P.M. Lam, C. Briton-Jones, C.K. Cheung, I.H. Lok, P.M. Yuen, L.P. Cheung, C.
Haines, Vascular endothelial growth factor in the human oviduct:
localization and regulation of messenger RNA expression in vivo, Biol.
Reprod. 68 (2003) 1870–1876.

[333] S. Stojkovska, G. Dimitrov, N. Stamenkovska, M. Hadzi-Lega, Z. Petanovski,
Live birth rates in poor responders’ group after previous treatment with
autologous platelet-rich plasma and low dose ovarian stimulation compared
with poor responders used only low dose ovarian stimulation before in vitro
fertilization, Open Access Maced. J. Med. Sci. 7 (2019) 3184–3188.

[334] P. Igboeli, A. El Andaloussi, U. Sheikh, H. Takala, A. ElSharoud, A. McHugh, L.
Gavrilova-Jordan, S. Levy, A. Al-Hendy, Intraovarian injection of autologous
human mesenchymal stem cells increases estrogen production and reduces
menopausal symptoms in women with premature ovarian failure: two case
reports and a review of the literature, J. Med. Case Rep. 14 (2020) 108.

[335] S. Zafardoust, S. Kazemnejad, M. Darzi, M. Fathi-Kazerooni, H. Rastegari, A.
Mohammadzadeh, Improvement of pregnancy rate and live birth rate in poor
ovarian responders by intraovarian administration of autologous menstrual
blood derived- mesenchymal stromal cells: phase I/II clinical trial, Stem Cell
Rev. Rep. 16 (2020) 755–763.

[336] E.S. Sills, N.S. Rickers, X. Li, G.D. Palermo, First data on in vitro fertilization
and blastocyst formation after intraovarian injection of calcium gluconate-
activated autologous platelet rich plasma, Gynecol. Endocrinol. 34 (2018)
756–760.

[337] C.B. Morse, J.F. McLaren, D. Roy, E.S. Siegelman, V.A. Livolsi, C.R. Gracia,
Ovarian preservation in a young patient with Gorlin syndrome and multiple
bilateral ovarian masses, Fertil. Steril. 96 (2011) e47–50.

[338] M. del Campo, N. Lagos, H. Lara, In vivo blockade of ovarian sympathetic
activity by Neosaxitoxin prevents polycystic ovary in rats, J. Endocrinol. 244
(2020) 523–533.

[339] M. Vahdat-Lasemi, S. Hosseini, V. Jajarmi, B. Kazemi, M. Salehi, Intraovarian
injection of miR-224 as a marker of polycystic ovarian syndrome declines
oocyte competency and embryo development, J. Cell. Physiol. 234 (2019)
13858–13866.

[340] B. Lindblom, M. Hahlin, B. Kallfelt, L. Hamberger, Local prostaglandin F2 alpha
injection for termination of ectopic pregnancy, Lancet 1 (1987) 776–777.

[341] H. Koike, Y. Chuganji, H. Watanabe, M. Kaneko, S. Noda, N. Mori, Conservative
treatment of ovarian pregnancy by local prostaglandin F2 alpha injection,
Am. J. Obstet. Gynecol. 163 (1990) 696.

[342] H. Negishi, M. Takeda, T. Fujimoto, Y. Todo, Y. Ebina, H. Watari, R. Yamamoto,
H. Minakami, N. Sakuragi, Lymphatic mapping and sentinel node
identification as related to the primary sites of lymph node metastasis in
early stage ovarian cancer, Gynecol. Oncol. 94 (2004) 161–166.

[343] R.H. Nyberg, P. Korkola, J. Maenpaa, Ovarian sentinel node: is it feasible?, Int
J. Gynecol. Cancer 21 (2011) 568–572.

[344] F. Giammarile, M.F. Bozkurt, D. Cibula, J. Pahisa, W.J. Oyen, P. Paredes, R.V.
Olmos, S.V. Sicart, The EANM clinical and technical guidelines for
lymphoscintigraphy and sentinel node localization in gynaecological
cancers, Eur. J. Nucl. Med. Mol. Imaging 41 (2014) 1463–1477.

[345] S.C. Speth, R.F. Kruitwagen, M. Kleppe, I.N. Pooters, T. Van Gorp, B.F. Slangen,
B. Brans, Comparison of intraoperative gamma-probe imaging and
postoperative SPECT/CT in detection of sentinel nodes related to the ovary,
J. Nucl. Med. 58 (2017) 243–245.

[346] V. Lago, P. Bello, B. Montero, L. Matute, P. Padilla-Iserte, S. Lopez, T. Marina,
M. Agudelo, S. Domingo, Sentinel lymph node technique in early-stage
ovarian cancer (SENTOV): a phase II clinical trial, Int. J. Gynecol. Cancer 30
(2020) 1390–1396.

[347] M. Toppozada, A.A. Ismail, Intrauterine administration of drugs for
termination of pregnancy in the second trimester, Baillieres Clin. Obstet.
Gynaecol. 4 (1990) 327–349.

[348] E. Hutton, E. Mozurkewich, Extra-amniotic prostaglandin for induction of
labour, Cochrane Database Syst. Rev. (2001) CD003092.

[349] M.D. de Vaan, M.L. Ten Eikelder, M. Jozwiak, K.R. Palmer, M. Davies-Tuck, K.
W. Bloemenkamp, B.W.J. Mol, M. Boulvain, Mechanical methods for induction
of labour, Cochrane Database Syst. Rev. (2019) CD001233.

[350] A. Guiet-Bara, M. Bara, Comparative study of the human amnion, chorion and
chorioamnion permeability to monovalent cations, Eur. J. Obstet. Gynecol.
Reprod. Biol. 16 (1983) 1–7.

[351] R.A. Brace, Progress toward understanding the regulation of amniotic fluid
volume: water and solute fluxes in and through the fetal membranes,
Placenta 16 (1995) 1–18.

[352] C.H. Verikouki, C.H. Hatzoglou, K.I. Gourgoulianis, P.A. Molyvdas, A.
Kallitsaris, I.E. Messinis, Rapid effect of progesterone on transepithelial
resistance of human fetal membranes: evidence for non-genomic action, Clin.
Exp. Pharmacol. Physiol. 35 (2008) 174–179.

[353] C. Verikouki, C. Hatzoglou, A.I. Zavos, K.I. Gourgoulianis, P.A. Molyvdas, A.
Kallitsaris, I.E. Messinis, Evidence for non genomic action of 17beta estradiol
on transepithelial resistance of human fetal membranes, J. Endocrinol. Invest.
34 (2011) 510–514.
28
[354] A.R. Menjoge, R.S. Navath, A. Asad, S. Kannan, C.J. Kim, R. Romero, R.M.
Kannan, Transport and biodistribution of dendrimers across human fetal
membranes: implications for intravaginal administration of dendrimer-drug
conjugates, Biomaterials 31 (2010) 5007–5021.

[355] A. Walkden, Amniotic membrane transplantation in ophthalmology: An
updated perspective, Clin. Ophthalmol. 14 (2020) 2057–2072.

[356] M.D. Resch, B.E. Resch, E. Csizmazia, L. Imre, J. Nemeth, P. Szabo-Revesz, E.
Csanyi, Drug reservoir function of human amniotic membrane, J. Ocul.
Pharmacol. Ther. 27 (2011) 323–326.

[357] M.L. Yelchuri, B. Madhavi, N. Gohil, H.S. Sajeev, N. Venkatesh Prajna, S.
Srinivasan, In vitro evaluation of the drug reservoir function of human
amniotic membrane using moxifloxacin as a model drug, Cornea 36 (2017)
594–599.

[358] W.J. Mayer, M. Gruterich, D. Kook, W. Sigg, M. Kernt, E.M. Messmer, C.
Haritoglou, A. Kampik, A. Wolf, Modification of amniotic membrane as a
depot carrier for bevacizumab - an in-vitro model for a slow release
mechanism, Curr. Eye Res. 38 (2013) 445–450.

[359] A. Azagury, E. Amar-Lewis, E. Mann, R. Goldbart, T. Traitel, R. Jelinek, M.
Hallak, J. Kost, A novel approach for noninvasive drug delivery and sensing
through the amniotic sac, J. Control. Release 183 (2014) 105–113.

[360] A. Azagury, L. Khoury, Y. Adato, L. Wolloch, I. Ariel, M. Hallak, J. Kost, The
synergistic effect of ultrasound and chemical penetration enhancers on
chorioamnion mass transport, J. Control. Release 200 (2015) 35–41.

[361] A. Azagury, E. Amar-Lewis, R. Appel, M. Hallak, J. Kost, Amplified CPEs
enhancement of chorioamnion membrane mass transport by encapsulation
in nano-sized PLGA particles, Eur. J. Pharm. Biopharm. 117 (2017) 292–299.

[362] I.L. Aye, J.W. Paxton, D.A. Evseenko, J.A. Keelan, Expression, localisation and
activity of ATP binding cassette (ABC) family of drug transporters in human
amnion membranes, Placenta 28 (2007) 868–877.

[363] D. Yeboah, G.M. Kalabis, M. Sun, R.C. Ou, S.G. Matthews, W. Gibb, Expression
and localisation of breast cancer resistance protein (BCRP) in human fetal
membranes and decidua and the influence of labour at term, Reprod. Fertil.
Dev. 20 (2008) 328–334.

[364] L. Nikitina, F. Wenger, M. Baumann, D. Surbek, M. Korner, C. Albrecht,
Expression and localization pattern of ABCA1 in diverse human placental
primary cells and tissues, Placenta 32 (2011) 420–430.

[365] M.H. Beall, J.P. van den Wijngaard, M.J. van Gemert, M.G. Ross, Amniotic fluid
water dynamics, Placenta 28 (2007) 816–823.

[366] R.A. Brace, E.J. Wolf, Normal amniotic fluid volume changes throughout
pregnancy, Am. J. Obstet. Gynecol. 161 (1989) 382–388.

[367] J.A. Pritchard, Fetal swallowing and amniotic fluid volume, Obstet. Gynecol.
28 (1966) 606–610.

[368] L.F. Stinson, D.J. Ireland, M.W. Kemp, M.S. Payne, S.J. Stock, J.P. Newnham, J.A.
Keelan, Effects of cytokine-suppressive anti-inflammatory drugs on
inflammatory activation in ex vivo human and ovine fetal membranes,
Reproduction 147 (2014) 313–320.

[369] D.J. Ireland, E.A. Nathan, S. Li, A.K. Charles, L.F. Stinson, M.W. Kemp, J.P.
Newnham, J.A. Keelan, Preclinical evaluation of drugs to block inflammation-
driven preterm birth, Innate Immun. 23 (2017) 20–33.

[370] J. Nizard, Amniocentesis: technique and education, Curr. Opin. Obstet.
Gynecol. 22 (2010) 152–154.

[371] J.A. Keelan, M.W. Kemp, M.S. Payne, D. Johnson, S.J. Stock, M. Saito, P.
Fernandes, J.P. Newnham, Maternal administration of solithromycin, a new,
potent, broad-spectrum fluoroketolide antibiotic, achieves fetal and intra-
amniotic antimicrobial protection in a pregnant sheep model, Antimicrob.
Agents Chemother. 58 (2014) 447–454.

[372] S.E. Mann, M.J. Nijland, M.G. Ross, Ovine fetal adaptations to chronically
reduced urine flow: preservation of amniotic fluid volume, J. Appl. Physiol. 81
(1996) 2588–2594.

[373] I. Burd, F. Zhang, T. Dada, M.K. Mishra, T. Borbiev, W.G. Lesniak, H. Baghlaf, S.
Kannan, R.M. Kannan, Fetal uptake of intra-amniotically delivered
dendrimers in a mouse model of intrauterine inflammation and preterm
birth, Nanomedicine 10 (2014) 1343–1351.

[374] F. Zhang, E. Nance, Z. Zhang, V. Jasty, S.P. Kambhampati, M.K. Mishra, I. Burd,
R. Romero, S. Kannan, R.M. Kannan, Surface functionality affects the
biodistribution and microglia-targeting of intra-amniotically delivered
dendrimers, J. Control. Release 237 (2016) 61–70.

[375] K. Hermes, P. Schneider, P. Krieg, A. Dang, K. Huttner, H. Schneider, Prenatal
therapy in developmental disorders: drug targeting via intra-amniotic
injection to treat X-linked hypohidrotic ectodermal dysplasia, J. Invest.
Dermatol. 134 (2014) 2985–2987.

[376] H. Schneider, F. Faschingbauer, S. Schuepbach-Mallepell, I. Körber, S.
Wohlfart, A. Dick, M. Wahlbuhl, C. Kowalczyk-Quintas, M. Vigolo, N. Kirby,
C. Tannert, O. Rompel, W. Rascher, M.W. Beckmann, P. Schneider, Prenatal
correction of X-linked hypohidrotic ectodermal dysplasia, N. Engl. J. Med. 378
(2018) 1604–1610.

[377] C.A. Margolis, P. Schneider, K. Huttner, N. Kirby, T.P. Houser, L. Wildman, G.L.
Grove, H. Schneider, M.L. Casal, Prenatal treatment of X-linked hypohidrotic
ectodermal dysplasia using recombinant ectodysplasin in a canine model, J.
Pharmacol. Exp. Ther. 370 (2019) 806–813.

[378] I. Körber, O.D. Klein, P. Morhart, F. Faschingbauer, D.K. Grange, A. Clarke, C.
Bodemer, S. Maitz, K. Huttner, N. Kirby, C. Durand, H. Schneider, Safety and
immunogenicity of Fc-EDA, a recombinant ectodysplasin A1 replacement
protein, in human subjects, Br. J. Clin. Pharmacol. 86 (2020) 2063–2069.

[379] A.Z. Abuhamad, D.A. Fisher, S.L. Warsof, R.N. Slotnick, P.G. Pyle, S.Y. Wu, A.T.
Evans, Antenatal diagnosis and treatment of fetal goitrous hypothyroidism:

http://refhub.elsevier.com/S0169-409X(21)00257-X/h1650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1650
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1655
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1655
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1655
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1655
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1660
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1665
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1670
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1675
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1680
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1680
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1680
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1680
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1685
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1685
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1685
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1690
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1695
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1700
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1705
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1705
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1705
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1710
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1710
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1710
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1710
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1715
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1715
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1720
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1725
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1730
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1735
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1740
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1740
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1745
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1745
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1745
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1750
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1755
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1755
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1755
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1760
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1765
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1770
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1775
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1780
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1780
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1780
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1785
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1790
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1795
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1800
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1805
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1810
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1815
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1820
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1820
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1820
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1825
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1825
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1830
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1830
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1835
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1835
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1840
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1845
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1850
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1850
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1855
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1860
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1860
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1860
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1865
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1870
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1870
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1870
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1870
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1875
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1880
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1885
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1885
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1885
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1885
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1890
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1890
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1890
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1890
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1895
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1895


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
case report and review of the literature, Ultrasound Obstet. Gynecol. 6 (1995)
368–371.

[380] M. Kobayashi, H. Yagasaki, T. Saito, A. Nemoto, A. Naito, K. Sugita, Fetal
goitrous hypothyroidism treated by intra-amniotic levothyroxine
administration: case report and review of the literature, J. Pediatr.
Endocrinol. Metab. 30 (2017) 1001–1005.

[381] S.N. Waddington, M.G. Kramer, R. Hernandez-Alcoceba, S.M. Buckley, M.
Themis, C. Coutelle, J. Prieto, In utero gene therapy: current challenges and
perspectives, Mol. Ther. 11 (2005) 661–676.

[382] W.H. Peranteau, A.W. Flake, The future of in utero gene therapy, Molecular
Diagnosis and Therapy 24 (2020) 135–142.

[383] T.C. MacKenzie, G.P. Kobinger, N.A. Kootstra, A. Radu, M. Sena-Esteves, S.
Bouchard, J.M. Wilson, I.M. Verma, A.W. Flake, Efficient transduction of liver
and muscle after in utero injection of lentiviral vectors with different
pseudotypes, Mol. Ther. 6 (2002) 349–358.

[384] M. Sampaolesi, Y. Torrente, A. Innocenzi, R. Tonlorenzi, G. D’Antona, M.A.
Pellegrino, R. Barresi, N. Bresolin, M.G. De Angelis, K.P. Campbell, R. Bottinelli,
G. Cossu, Cell therapy of alpha-sarcoglycan null dystrophic mice through
intra-arterial delivery of mesoangioblasts, Science 301 (2003) 487–492.

[385] M. Carlon, J. Toelen, A. Van der Perren, L.H. Vandenberghe, V. Reumers, L.
Sbragia, R. Gijsbers, V. Baekelandt, U. Himmelreich, J.M. Wilson, J. Deprest, Z.
Debyser, Efficient gene transfer into the mouse lung by fetal intratracheal
injection of rAAV2/6.2, Mol. Ther. 18 (2010) 2130–2138.

[386] A.L. David, J. McIntosh, D.M. Peebles, T. Cook, S. Waddington, B. Weisz, V.
Wigley, K. Abi-Nader, M. Boyd, A.M. Davidoff, A.C. Nathwani, Recombinant
adeno-associated virus-mediated in utero gene transfer gives therapeutic
transgene expression in the sheep, Hum. Gene Ther. 22 (2011) 419–426.

[387] A.C. Rossidis, J.D. Stratigis, A.C. Chadwick, H.A. Hartman, N.J. Ahn, H. Li, K.
Singh, B.E. Coons, L. Li, W. Lv, P.W. Zoltick, D. Alapati, W. Zacharias, R. Jain, E.E.
Morrisey, K. Musunuru, W.H. Peranteau, In utero CRISPR-mediated
therapeutic editing of metabolic genes, Nat. Med. 24 (2018) 1513–1518.

[388] J.K.Y. Chan, I. Gil-Farina, N. Johana, C. Rosales, Y.W. Tan, J. Ceiler, J. McIntosh,
B. Ogden, S.N. Waddington, M. Schmidt, A. Biswas, M. Choolani, A.C.
Nathwani, C.N.Z. Mattar, Therapeutic expression of human clotting factors
IX and X following adeno-associated viral vector-mediated intrauterine gene
transfer in early-gestation fetal macaques, FASEB J. 33 (2019) 3954–3967.

[389] R. Palanki, W.H. Peranteau, M.J. Mitchell, Delivery technologies for in utero
gene therapy, Adv. Drug Deliv. Rev. 169 (2021) 51–62.

[390] H.S. Sekhon, J.E. Larson, In utero gene transfer into the pulmonary epithelium,
Nat. Med. 1 (1995) 1201–1203.

[391] A.M. Douar, S. Adebakin, M. Themis, A. Pavirani, T. Cook, C. Coutelle, Foetal
gene delivery in mice by intra-amniotic administration of retroviral producer
cells and adenovirus, Gene Ther. 4 (1997) 883–890.

[392] H. Ito, H. Shiwaku, C. Yoshida, H. Homma, H. Luo, X. Chen, K. Fujita, L.
Musante, U. Fischer, S.G. Frints, C. Romano, Y. Ikeuchi, T. Shimamura, S.
Imoto, S. Miyano, S.I. Muramatsu, T. Kawauchi, M. Hoshino, M. Sudol, A.
Arumughan, E.E. Wanker, T. Rich, C. Schwartz, F. Matsuzaki, A. Bonni, V.M.
Kalscheuer, H. Okazawa, In utero gene therapy rescues microcephaly caused
by Pqbp1-hypofunction in neural stem progenitor cells, Mol. Psychiatry 20
(2015) 459–471.

[393] D. Alapati, W.J. Zacharias, H.A. Hartman, A.C. Rossidis, J.D. Stratigis, N.J. Ahn,
B. Coons, S. Zhou, H. Li, K. Singh, J. Katzen, Y. Tomer, A.C. Chadwick, K.
Musunuru, M.F. Beers, E.E. Morrisey, W.H. Peranteau, In utero gene editing
for monogenic lung disease, Sci. Transl. Med. 11 (2019) eaav8375.

[394] A.S. Ricciardi, R. Bahal, J.S. Farrelly, E. Quijano, A.H. Bianchi, V.L. Luks, R.
Putman, F. Lopez-Giraldez, S. Coskun, E. Song, Y. Liu, W.C. Hsieh, D.H. Ly, D.H.
Stitelman, P.M. Glazer, W.M. Saltzman, In utero nanoparticle delivery for site-
specific genome editing, Nat. Commun. 9 (2018) 2481.

[395] C.A. Capone, J. Gebb, P. Dar, R.U. Shenoy, Favorable neurodevelopmental
outcome in a hypothyroid neonate following intracordal amiodarone for
cardioversion of refractory supraventricular tachycardia in a fetus, J. Neonatal
Perinatal Med. 7 (2014) 305–309.

[396] S.L. Kang, D. Howe, M. Coleman, K. Roman, J. Gnanapragasam, Foetal
supraventricular tachycardia with hydrops fetalis: a role for direct
intraperitoneal amiodarone, Cardiol. Young 25 (2015) 447–453.

[397] P.H. Lin, H.H. Wu, H.D. Tsai, C.T. Hsieh, Successful treatment of atrial flutter
by repeated intraperitoneal and intra-amniotic injections of amiodarone in a
fetus with hydrops, Taiwan. J. Obstet. Gynecol. 55 (2016) 434–436.

[398] B.V. Parilla, J.F. Strasburger, M.L. Socol, Fetal supraventricular tachycardia
complicated by hydrops fetalis: a role for direct fetal intramuscular therapy,
Am. J. Perinatol. 13 (1996) 483–486.

[399] J.H. Dangel, T. Roszkowski, K. Bieganowska, K. Kubicka, J. Ganowicz,
Adenosine triphosphate for cardioversion of supraventricular tachycardia in
two hydropic fetuses, Fetal Diagn. Ther. 15 (2000) 326–330.

[400] C. Vedel, N. Vejlstrup, L.N. Jensen, C.K. Ekelund, L.N. Norgaard, L. Harmsen, O.
B. Petersen, E. Jaeggi, U. Gembruch, K. Sundberg, Refractory fetal
supraventricular tachycardia with hydrops successfully converted by
intraperitoneal flecainide in the fetus: A case report, Fetal Diagn. Ther. 47
(2020) 717–720.

[401] B.B. Zoeller, Treatment of fetal supraventricular tachycardia, Curr. Treat.
Options Cardiovasc. Med. 19 (2017) 7.

[402] S.M. Yuan, Z.Y. Xu, Fetal arrhythmias: prenatal evaluation and intrauterine
therapeutics, Ital. J. Pediatr. 46 (2020) 21.

[403] S. Al-Enazy, S. Ali, N. Albekairi, M. El-Tawil, E. Rytting, Placental control of
drug delivery, Adv. Drug Deliv. Rev. 116 (2017) 63–72.
29
[404] C.G. Figueroa-Espada, S. Hofbauer, M.J. Mitchell, R.S. Riley, Exploiting the
placenta for nanoparticle-mediated drug delivery during pregnancy, Adv.
Drug Deliv. Rev. 160 (2020) 244–261.

[405] I.S. Glinert, E. Geva, C. Tempel-Brami, A. Brandis, A. Scherz, Y. Salomon,
Photodynamic ablation of a selected rat embryo: a model for the treatment of
extrauterine pregnancy, Hum. Reprod. 23 (2008) 1491–1498.

[406] S.C. Derderian, P.W. Moradi, T.C. MacKenzie, Placental drug delivery for
treatment of congenital hematopoietic disorders, J. Pediatr. Surg. 50 (2015)
1517–1520.

[407] N. Abd Ellah, L. Taylor, W. Troja, K. Owens, N. Ayres, G. Pauletti, H. Jones,
Development of Non-Viral, Trophoblast-Specific Gene Delivery for Placental
Therapy, PLoS ONE 10 (2015) e0140879.

[408] T. Alsaied, K. Omar, J.F. James, R.B. Hinton, T.M. Crombleholme, M. Habli, Fetal
origins of adult cardiac disease: a novel approach to prevent fetal growth
restriction induced cardiac dysfunction using insulin like growth factor,
Pediatr. Res. 81 (2017) 919–925.

[409] O. Deren, O. Ozyuncu, L.S. Onderoglu, T. Durukan, Alcohol injection for the
intrauterine treatment of chorioangioma in a pregnancy with transfusion
resistant fetal anemia: a case report, Fetal Diagn. Ther. 22 (2007) 203–205.

[410] C.M. Ercan, H. Coksuer, K.E. Karasahin, I. Alanbay, I. Baser, Combined
approach in a large placental chorioangioma case with intratumoral alcohol
injection, cordocentesis, IU transfusion, and amnioreduction, Fetal Pediatr.
Pathol. 31 (2012) 374–378.

[411] S.K. Alalaf, N.G. Al Tawil, A.K. Jawad, M.B. Mahmoud, B.Q. Muhamad, K.H.
Abdul Rahman, S.A. Sileem, J.N. Hassan, K.M. Ameen, S.A. Mustafa, A.A.
Bawadikji, Umbilical vein injection of 400 versus 800 mug misoprostol for
the treatment of retained placenta: A multicenter, randomized double-blind
controlled trial, J. Obstet. Gynaecol. Res. 46 (2020) 727–735.

[412] N. Kumar, S. Jahanfar, D.M. Haas, A.D. Weeks, Umbilical vein injection for
management of retained placenta, Cochrane Database Syst. Rev. (2021)
CD001337.

[413] A. Pipingas, G.J. Hofmeyr, K.R. Sesel, Umbilical vessel oxytocin administration
for retained placenta: in vitro study of various infusion techniques, Am. J.
Obstet. Gynecol. 168 (1993) 793–795.

[414] A.D. Weeks, The retained placenta, Best Pract. Res. Clin. Obstet. Gynaecol. 22
(2008) 1103–1117.

[415] M. Flanagan, S. Love, E.S. Hwang, Status of intraductal therapy for ductal
carcinoma in situ, Curr. Breast Cancer Rep. 2 (2010) 75–82.

[416] X.W. Kuang, J.H. Liu, Z.H. Sun, S. Sukumar, S.R. Sun, C. Chen, Intraductal
therapy in breast cancer: Current status and future prospective, J. Mammary
Gland Biol. Neoplasia 25 (2020) 133–143.

[417] B.A. Virnig, T.M. Tuttle, T. Shamliyan, R.L. Kane, Ductal carcinoma in situ of
the breast: a systematic review of incidence, treatment, and outcomes, J. Natl.
Cancer Inst. 102 (2010) 170–178.

[418] S.M. Love, Current and future direction in basic and translational research, in:
N.M. Hansen (Ed.), Management of the Patient at High Risk for Breast Cancer,
Springer, New York, NY, USA, 2013, pp. 169–184.

[419] S.M. Love, W. Zhang, E.J. Gordon, J. Rao, H. Yang, J. Li, B. Zhang, X. Wang, G.
Chen, B. Zhang, A feasibility study of the intraductal administration of
chemotherapy, Cancer Prev. Res. 6 (2013) 51–58.

[420] B. Zhang, S.M. Love, G. Chen, J. Wang, J. Gao, X. Xu, Z. Wang, X. Wang, The
safety parameters of the study on intraductal cytotoxic agent delivery to the
breast before mastectomy, Chin. J. Cancer Res. 26 (2014) 579–587.

[421] V. Stearns, T. Mori, L.K. Jacobs, N.F. Khouri, E. Gabrielson, T. Yoshida, S.L.
Kominsky, D.L. Huso, S. Jeter, P. Powers, K. Tarpinian, R.J. Brown, J.R. Lange, M.
A. Rudek, Z. Zhang, T.N. Tsangaris, S. Sukumar, Preclinical and clinical
evaluation of intraductally administered agents in early breast cancer, Sci.
Transl. Med. 3 (2011) 106ra108.

[422] M.E. Mahoney, E.J. Gordon, J.Y. Rao, Y. Jin, N. Hylton, S.M. Love, Intraductal
therapy of ductal carcinoma in situ: a presurgery study, Clin. Breast Cancer
13 (2013) 280–286.

[423] H. Okugawa, D. Yamamoto, Y. Uemura, N. Sakaida, A. Tanano, K. Tanaka, Y.
Kamiyama, Effect of perductal paclitaxel exposure on the development of
MNU-induced mammary carcinoma in female S-D rats, Breast Cancer Res.
Treat. 91 (2005) 29–34.

[424] S. Murata, S.L. Kominsky, M. Vali, Z. Zhang, E. Garrett-Mayer, D. Korz, D. Huso,
S.D. Baker, J. Barber, E. Jaffee, R.T. Reilly, S. Sukumar, Ductal access for
prevention and therapy of mammary tumors, Cancer Res. 66 (2006) 638–645.

[425] S. Sukumar, V. Stearns, N. Khouri, L. Jacobs, S. Jeter, P. Powers, M. Rudek, E.
Gabrielson, Z. Zhang, T. Tsangaris, Intraductal route of breast cancer
prevention and therapy: from preclinical studies to Phase I trials, Cancer
Prev. Res. 1 (2008) Abstract CN13-03.

[426] L.K. Jacobs, N. Khouri, S. Jeter, P. Powers, M. Rudek, E. Gabrielson, Z. Zhang, S.
Sukumar, T. Tsangaris, V. Stearns, A phase I study assessing the feasibility and
safety of intraductal pegylated liposomal doxorubicin (PLD) in women with
breast cancer, J. Clin. Oncol. 27 (2009) e11506.

[427] M.E. Mahoney, D.J. Mills, S.M. Love, Intraductal therapy of DCIS with
liposomal doxorubicin: a preoperative trial in rural California, BMC Proc. 3
(2009) S31.

[428] J. Rao, H. Yang, B. Zhang, W. Zhang, S. Love, Histopathological responses to a
short term intraductal cytotoxic agent treatment: results of a feasibility
study, BMC Proc. 3 (2009) S30.

[429] V. Stearns, L. Jacobs, N. Khouri, S. Jeter, P. Powers, K. Shahverdi, R. Brown, M.
Rudek, E. Gabrielson, Z. Zhang, A phase 1 study assessing the feasibility and
safety of intraductal pegylated liposomal doxorubicin (PLD) in women
awaiting mastectomy, BMC Proc. 3 (2009) S28.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h1895
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1895
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1900
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1900
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1900
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1900
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1905
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1910
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1910
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1915
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1920
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1925
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1930
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1935
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1940
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1945
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1945
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1950
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1950
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1955
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1960
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1965
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1970
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1975
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1975
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1975
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1975
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1980
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1980
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1980
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1985
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1985
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1985
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1990
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1990
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1990
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1995
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1995
http://refhub.elsevier.com/S0169-409X(21)00257-X/h1995
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2000
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2005
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2005
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2010
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2010
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2015
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2015
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2020
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2020
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2020
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2025
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2030
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2035
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2035
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2035
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2040
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2045
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2050
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2055
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2060
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2065
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2070
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2070
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2075
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2075
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2080
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2080
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2080
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2085
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2085
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2085
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2090
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2090
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2090
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2090
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2095
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2100
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2100
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2100
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2105
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2110
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2115
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2115
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2115
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2115
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2120
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2120
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2120
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2130
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2135
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2140
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2145
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2145


José das Neves, F. Notario-Pérez and B. Sarmento Advanced Drug Delivery Reviews 176 (2021) 113865
[430] Y.S. Chun, T. Yoshida, T. Mori, D.L. Huso, Z. Zhang, V. Stearns, B. Perkins, R.J.
Jones, S. Sukumar, Intraductally administered pegylated liposomal
doxorubicin reduces mammary stem cell function in the mammary gland
but in the long term, induces malignant tumors, Breast Cancer Res. Treat. 135
(2012) 201–208.

[431] G. Wang, C. Chen, P. Pai, P. Korangath, S. Sun, V.F. Merino, J. Yuan, S. Li, G. Nie,
V. Stearns, S. Sukumar, Intraductal fulvestrant for therapy of ERalpha-positive
ductal carcinoma in situ of the breast: a preclinical study, Carcinogenesis 40
(2019) 903–913.

[432] T. Yoshida, K. Jin, H. Song, S. Park, D.L. Huso, Z. Zhang, H. Liangfeng, C. Zhu, F.
Bruchertseifer, A. Morgenstern, G. Sgouros, S. Sukumar, Effective treatment of
ductal carcinoma in situ with a HER-2- targeted alpha-particle emitting
radionuclide in a preclinical model of human breast cancer, Oncotarget 7
(2016) 33306–33315.

[433] Y.S. Chun, S. Bisht, V. Chenna, D. Pramanik, T. Yoshida, S.M. Hong, R.F. de
Wilde, Z. Zhang, D.L. Huso, M. Zhao, M.A. Rudek, V. Stearns, A. Maitra, S.
Sukumar, Intraductal administration of a polymeric nanoparticle formulation
of curcumin (NanoCurc) significantly attenuates incidence of mammary
tumors in a rodent chemical carcinogenesis model: Implications for breast
cancer chemoprevention in at-risk populations, Carcinogenesis 33 (2012)
2242–2249.

[434] F. Al-Zubaydi, D. Gao, D. Kakkar, S. Li, D. Adler, J. Holloway, Z. Szekely, Z. Gu,
N. Chan, S. Kumar, S. Love, P.J. Sinko, Breast intraductal nanoformulations for
treating ductal carcinoma in situ I: Exploring metal-ion complexation to slow
ciclopirox release, enhance mammary persistence and efficacy, J. Control.
Release 323 (2020) 71–82.

[435] F. Al-Zubaydi, D. Gao, D. Kakkar, S. Li, J. Holloway, Z. Szekely, N. Chan, S.
Kumar, H.E. Sabaawy, S. Love, P.J. Sinko, Breast intraductal nanoformulations
for treating ductal carcinoma in situ II: Dose de-escalation using a slow
releasing/slow bioconverting prodrug strategy, Drug Deliv, Transl. Res.
(2021).
30
[436] A. Brock, S. Krause, H. Li, M. Kowalski, M.S. Goldberg, J.J. Collins, D.E. Ingber,
Silencing HoxA1 by intraductal injection of siRNA lipidoid nanoparticles
prevents mammary tumor progression in mice, Sci. Transl. Med. 6 (2014)
217ra212.

[437] Y. Singh, D. Gao, Z. Gu, S. Li, K.A. Rivera, S. Stein, S. Love, P.J. Sinko, Influence of
molecular size on the retention of polymeric nanocarrier diagnostic agents in
breast ducts, Pharm. Res. 29 (2012) 2377–2388.

[438] A. Migotto, V.F.M. Carvalho, G.C. Salata, F.W.M. da Silva, C.Y.I. Yan, K. Ishida, L.
V. Costa-Lotufo, A.A. Steiner, L.B. Lopes, Multifunctional nanoemulsions for
intraductal delivery as a new platform for local treatment of breast cancer,
Drug Deliv. 25 (2018) 654–667.

[439] V.F.M. Carvalho, G.C. Salata, J.K.R. de Matos, S. Costa-Fernandez, M. Chorilli, A.
A. Steiner, G.L.B. de Araujo, E.R. Silveira, L.V. Costa-Lotufo, L.B. Lopes,
Optimization of composition and obtainment parameters of biocompatible
nanoemulsions intended for intraductal administration of piplartine
(piperlongumine) and mammary tissue targeting, Int. J. Pharm. 567 (2019)
118460.

[440] M.K. Joseph, M. Islam, J. Reineke, M. Hildreth, T. Woyengo, A. Pillatzki, A.
Baride, O. Perumal, Intraductal drug delivery to the breast: Effect of particle
size and formulation on breast duct and lymph node retention, Mol. Pharm.
17 (2020) 441–452.

[441] Z. Gu, D. Gao, F. Al-Zubaydi, S. Li, Y. Singh, K. Rivera, J. Holloway, Z. Szekely, S.
Love, P.J. Sinko, The effect of size and polymer architecture of doxorubicin-
poly(ethylene) glycol conjugate nanocarriers on breast duct retention,
potency and toxicity, Eur. J. Pharm. Sci. 121 (2018) 118–125.

[442] Z. Gu, F. Al-Zubaydi, D. Adler, S. Li, S. Johnson, P. Prasad, J. Holloway, Z.
Szekely, S. Love, D. Gao, P.J. Sinko, Evaluation of intraductal delivery of poly
(ethylene glycol)-doxorubicin conjugate nanocarriers for the treatment of
ductal carcinoma in situ (DCIS)-like lesions in rats, J. Interdiscip. Nanomed. 3
(2018) 146–159.

http://refhub.elsevier.com/S0169-409X(21)00257-X/h2150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2150
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2155
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2160
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2165
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2170
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2175
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2180
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2185
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2190
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2195
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2200
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2205
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2210
http://refhub.elsevier.com/S0169-409X(21)00257-X/h2210

	Women-specific routes of administration for drugs: A critical overview
	1 Introduction
	2 Genital routes
	2.1 Vaginal
	2.1.1 Background
	2.1.2 Features of the vagina and impact on drug performance
	2.1.3 Role in current clinical practice
	2.1.4 Recent advances
	2.1.5 Nanotechnology-based drug delivery

	2.2 Endocervical
	2.3 Intrauterine
	2.4 Intrafallopian
	2.5 Intraovarian

	3 Pregnancy-related routes
	3.1 Extra-amniotic
	3.2 Intra-amniotic
	3.3 Intraplacental

	4 Breast intraductal route
	5 Concluding remarks
	Declaration of Competing Interest
	Acknowledgements
	References


