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Abstract: Preterm birth is a leading cause of infant morbidity and mortality in the world. In 

2020, 1 in 10 infants were born prematurely in the United States. Globally, the World Health 

Organization estimates 15 million infants are born prematurely. The efficacy of current ther-

apeutic interventions for preterm birth have been called into question due to limited repli-

cable success. Recent advancements in the field of nanomedicine have made it possible to 

utilize the vaginal administration route to effectively and locally deliver drugs to the female 

reproductive tract. Also, studies using murine models have provided important insights 

about the cervix as a gatekeeper for pregnancy and parturition. It seems plausible that the 

field of reproductive biology is on the cusp of a paradigm shift in the context of treating 

preterm birth. The present review focuses on the complexities associated with treating the 

condition and novel therapeutics that have produced promising results in preclinical studies.  
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1. Introduction 

With about 15 million babies born preterm each year, preterm birth (PTB), de-

fined as birth before 37 completed weeks of gestation, is the leading cause of neo-

natal morbidity and mortality worldwide [1-3]. According to the World Health Or-

ganization, the annual rate of PTB has not improved over the last several decades 

and exceeds 10% of all pregnancies in most countries [4]. Interestingly, the United 

States has the highest rate of PTB among industrialized nations [2]. Children born 

prematurely have an increased risk of developing neurological, respiratory and 

metabolic abnormalities, and effects on cognitive function are often lifelong [5]. The 

costs associated with PTB, both acute and lifelong, have broad and sustained effects 

on families and are enormously expensive for society. In the developed world, ad-

vances in neonatology have outpaced advances in the PTB field, so that more and 

more infants at the cusp of viability survive their neonatal intensive care unit stay, 

only to face a constellation of lifelong of medical challenges. Unfortunately, to date, 

the development of safe and effective drug therapy to prevent PTB has been im-

peded by the seemingly unsurmountable obstacles of 1) concern for teratogenic ef-

fects on the developing fetus, 2) concern for toxic effects on the mother and 3) lack 

of convincing evidence of improved neonatal outcomes. 
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2. Impediments to Treat Preterm Birth 

To some extent, preterm birth has not benefitted from advances in technology 

and practice in modern medicine over the last century. Numerous complex etiolo-

gies may contribute to the syndrome [6-9]. Assessing risk factors, demographics of 

the patient, biomarkers, and cervical length aids the screening for and management 

of preterm labor [10-12], but the challenge remains to accurately determine if or 

when preterm labor will occur. Bibliometric analyses show an exponential world-

wide increase in research in this field [13]. Until recently, in some clinical settings, 

cervical cerclage was the main treatment option for the diagnosis of incompetent or 

short cervix, but the effectiveness of this approach has been questioned [12,14].  

2.1. Progesterone Reduces Risks of Preterm Labor and Birth 

The role of progesterone in maintaining pregnancy cannot be overstated. Alt-

hough many hormones are important regulators of physiological processes during 

pregnancy, only progesterone can sustain reproductive structures that support fe-

tal development until term in mammals [15]. Questions about the positive effects 

that progesterone has in the prevention of preterm birth may not extend to the va-

riety of risk phenotypes for spontaneous premature conclusion of pregnancy [16]. 

Among many physiological roles, one of the major mechanisms by which proges-

terone maintains pregnancy is to inhibit contractions of the myometrium [17,18]. 

This effect is accomplished by changing the resting potential of smooth muscle cells 

via suppressing the calcium-calmodulin-myosin light chain kinase system [19,20]. 

In pregnant rats, progesterone blocks inflammatory changes in cervix structure and 

collagenolysis before preterm birth [16]. In both rats and mice, specific progester-

one receptor agonists or antagonists regulate cervix remodeling associated with 

prevention or promotion of preterm birth, respectively [21,22]. 

At term, cross-species comparisons indicate that progesterone in circulation 

remains high in pregnant rodents prior to labor, when the myometrium transitions 

to a contractile phenotype a day or so before birth [23,24]. Thus, in these species 

during the period of cervix ripening 3-5 days before birth, systemic progesterone is 

at or near peak concentrations. By comparison in human pregnancy, progesterone 

concentrations remain elevated and continue to increase throughout pregnancy un-

til birth. These findings support the hypothesis that pregnant rodents and women 

undergo a functional withdrawal with loss of response to progesterone receptor-

mediated effects for cervix ripening and for labor in women [6,25]. How in vitro 

findings about the role for progesterone receptor (PR) subtypes as pro- or anti-in-

flammatory mediators or the ratio of PR-A and PR-B isoforms [19,26,27] translate 

to the parturition process requires further study. Indeed, mice lacking the PR-B 

subtype do not have impaired pregnancy, cervix remodeling, labor, or birth of via-

ble pups [28,29]. The proposed mechanism for functional progesterone withdrawal 

in murine and human pregnancy for cervix remodeling and labor is provided in 

Figure 1. Evidence for progesterone to maintain pregnancy and the loss of efficacy 

to sustain an unripe cervix are common characteristics among mammalian models 

and findings in women. For labor and birth in rodents at term, progesterone de-

clines in circulation - an actual withdrawal of support to maintain pregnancy com-

pared to evidence in women where high concentrations remain until after delivery. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

 

 

Figure 1. A cross-species comparison of the importance of progesterone (P4) for pregnancy 

and parturition. (a) In mice and women, sustained increasing production of progesterone 

(P4) from the corpus luteum of the ovary is essential to establish and maintain pregnancy. 

P4 production in women shifts to the placenta in the first trimester of pregnancy. Most phys-

iological effects of P4 are mediated by two classic genomic nuclear progesterone receptor 

isoforms, PR-A and PR-B, respectively. (b) P4 declines in the circulation just before labor in 

prepartum mice. This period comes after the cervix ripens while P4 concentrations are near 

or at peak [24]. (c) In prepartum women, P4 remains near peak or increases in the circulation 

until birth occurs. Thus, cervix ripening and labor reflect a functional withdrawal of the ef-

fects of P4 for parturition in women, while in mice there appears to be a functional loss of 

response to P4 for ripening of the cervix followed by an actual loss of P4 for labor and 

birth. Adapted from “Molecular Pathway and Mouse Phenotype (Layout)”, by BioRender.com 

(2022). Retrieved from https://app.biorender.com/biorender-templates. 

At present, the only FDA-approved drug for the prevention of preterm birth 

is the synthetic progestin, Makena®. This treatment is currently being reevaluated 

due to efficacy concerns in confirmatory trials. Another comparable therapy, the 

vaginal progesterone gel Crinone®, has failed to receive FDA approval [6]. Thus, 

there is opportunity for a pharmaceutical approach to provide an alternative to me-

chanical interventions such as a cervical cerclage or pessary [30-32]. 

2.2. Estradiol for the Treatment of Preterm Cervix Remodeling and Preterm Birth 

Estradiol is the other major steroid hormone produced by the ovary and, in 

higher mammals, placenta during pregnancy. In contrast to progesterone, in-

creased circulating estradiol precedes the increase in uterine contractility near term 

[33]. There is little evidence to suggest that estradiol treatments can solely maintain 

pregnancy. Rather, estradiol promotes the increased presence of immune cells in 

the uterus and appears to antagonize anti-inflammatory actions of progesterone 

[34]. As part of a local inflammatory process that involves prostaglandins, estradiol 

facilitates contractile activity through the shift to a contractile phenotype by the 

myometrium [35,36]. These findings raise the possibility that estradiol may be part 

of the mechanism associated with cervix dilation and effacement rather than the 

previous phase of ripening. 

2.3. Regulation of Structural and Proinflammatory Processes for Cervix Remodeling 

Since parturition, whether at or before term, mirrors a pro-inflammatory pro-

cess, a therapeutic success could prevent premature cervix ripening and delay pre-

term labor and block increased uterine contractions that leads to preterm birth by 

down-regulating pro-inflammatory cytokines and paracrine signaling in the utero-

cervico-vaginal region. Regulating the generation of reactive oxygen species (ROS) 

or expression of matrix metalloproteinases (MMPs) that degrade collagen cross-
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linking in the extracellular matrix could accomplish this objective. MMPs, MMP-2 

and MMP-9, in particular, play a role in the prepartum cervix ripening process at 

term [37] and their overexpression of MMPs have been implicated as a potential 

biomarker in predicting preterm birth [38]. It would be reasonable to consider that 

inhibitors of MMPs are a possible therapeutic target to forestall prepartum cervix 

ripening or preterm birth. Alternatively, local treatments that promote MMPs may 

facilitate ripening as a complement to induction of labor in women with dystocia 

or prolonged pregnancy. Indeed, MMP inhibitors have been used to treat diseases 

in various animal models [39]. However, such treatments fail to block metastatic 

growth of tumors in clinical trials [40] and effects of MMP inhibitors on physiolog-

ical remodeling processes like cervix remodeling remain to be determined. 

The prospect of focusing a therapeutic pharmaceutical approach on local tar-

gets also has merit to mitigate tissue-specific proinflammatory activities. Charac-

teristically, reactive oxygen species (ROS) in or near the cervix activate nuclear fac-

tor kappa light chain enhancer of activated B cells (NF-κB) transcription pathways 

via the stimulation of pro-inflammatory receptors [41,42]. This in turn induces pro-

inflammatory cytokines, such as IL-1 and TNF-α, and downstream activation of 

MMPs [43,44]. Therefore, ROS activity in the cervix presents an upstream target 

that can lessen the overexpression of MMPs seen in preterm birth. In fact, a clinical 

pilot study found that vaginal administration of the glycoprotein lactoferrin re-

duced oxidative stress in amniotic fluid of pregnant women [45].  

Macrophages that reside in the cervix and increase in numbers before term are 

known to produce many proinflammatory cytokines, prostaglandins, and collagen 

degrading enzymes that are associated with ripening [25]. However, in rodents, PR 

is only found in the stroma and epithelial cells of the cervix and adjacent tissues 

during pregnancy, but not in resident macrophages [25,28], while the cellular loca-

tion of PR has yet to be determined in women. These findings raise the possibility 

that cells other than macrophages mediate the efficacy of progesterone to sustain 

pregnancy. As paracrine factors regulate local inflammatory processes by resident 

immune cells, both stromal cells and macrophages may be the focus of treatments 

that control cervix ripening in preparation for birth. 

The consequence of mitigating the production of proinflammatory processes 

or macrophage activities may reduce the risk of preterm birth. By example, cervical 

length is correlated with a high risk of preterm birth. Typically diagnosed by trans-

vaginal ultrasound, cervix length of less than 25 mm midway through pregnancy 

is correlated with increased incidence of spontaneous preterm birth [12,46-48] and 

a criterion for consideration of therapeutic intervention. Moreover, vaginal admin-

istration of progesterone in pregnant women with short cervical lengths reduced 

the rate of preterm birth by 45% [49]. Although use of progesterone in clinical prac-

tice to reduce the incidence of preterm birth remains unresolved, local treatments 

that minimize systemic consequences hold promise. 

3. Advantages of Nanoformulations to Reduce Risks of Premature Cervix Re-

modeling and Forestall Preterm Birth 

3.1. Surmounting Physiological Barriers to Drug Delivery 

The multitude of barriers that obstruct drug delivery to a target tissue follow-

ing administration of a therapeutic has led to the advancement of nanoparticles as 

carriers in drug delivery systems [50]. The obstacles in drug delivery can be at-

tributed to the biological barriers associated with the organism such as tissue bar-

riers, cell trafficking and the immune system [51,52], alongside the physiochemical 

properties of the drug itself such as the pH, molecular weight, and lipophilicity [53]. 

When drug delivery is impaired, it can result in poor efficacy, low bioavailability 

and toxic effects [54,55]. The multidisciplinary field of nanotechnology has not only 
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been shown to address drug delivery issues but also provide sustained and con-

trolled release of a therapeutic at the target tissue [56]. Despite the promise of na-

nomedicine, its implementation and availability to patients has lagged [57,58]. 

Some of the factors that can be attributed to this translational gap include the dis-

crepancy of results between animal and human studies [59], lack of universal stand-

ards [60] and implementing proper quality control measures in a clinical setting 

[61]. As the translational gap is addressed, studies continue to show the promise of 

utilizing nanomedicine to manage a wide range of diseases such as cancer, athero-

sclerosis and Alzheimer’s disease [61-63]. These diseases each come with their own 

multitude of biological barriers that need to be overcome and the use of nanotech-

nology for the management of these ailments is a testament to the versatility and 

wide variety of nanoparticle platforms that can be designed today [51]. 

3.2. Approaches to Circumvent the External Maternal Interface 

The cervico-vaginal mucus layer produced by epithelial cells lining the vagina 

and cervix is a significant physiological barrier affecting drug delivery and treat-

ment efficacy [64]. Rich in glycoproteins, lipids, and an inherently unique microbi-

ome [65,66], the mucus layer is a double-edged sword in that it presents an immu-

nological and physical barrier that prevents both pathogens and therapeutic drugs 

from coming in contact with vaginal epithelial cells. Muco-adhesion is a formula-

tion strategy that has been utilized to prolong the residence time of a drug when 

administered to the vagina or any other tissue that contains a mucus membrane 

[67]. Muco-adhesive formulations vary as they can take advantage of any number 

of the physio-chemical properties of the vaginal mucus layer. For example, one 

study showed that nanocapsules synthesized from polymers possessing cationic 

properties showed more adhesiveness to a mucosal surface when compared to 

nanocapsules synthesized from polymers possessing anionic properties [68]. This 

finding could be due to the potential interactions of the negatively charged mucins 

with the positively charged polymers [69]. However, muco-adhesive formulations 

are not without their limitations. Muco-adhesive nanoparticles can become trapped 

in the outermost layer of the protective barrier and their ability to penetrate through 

the mucus layer into the epithelial cells can be hindered [70]. Furthermore, as mu-

cus is continuously secreted and cleared, the turnover rate of mucus in the cervico-

vaginal tract will affect the mean residence time of muco-adhesive nano-formula-

tions. In recent years, there has been a paradigm shift in formulation strategies for 

vaginal administration where mucus-penetrating nanoparticles are being touted as 

more efficient drug delivery systems than muco-adhesive nanoparticles [71]. In one 

study, it was shown that mucus-penetrating nanoparticles coated with high den-

sity, low molecular weight polyethylene glycol could reach the deepest layers of 

the mucus and uniformly distribute their cargo over the vaginal epithelium, while 

muco-adhesive nanoparticle formulations, on the other hand, aggregated in the 

mucus layer, leading to poor distribution of their cargo over the vaginal epithelium 

[72,73]. As more nanoparticle platforms are optimized for vaginal administration, 

issues of toxicity, drug distribution and bioavailability will gradually be rectified. 

3.3. The Uterine First-Pass Effect  

The vagina has been recognized as an exceptional alternative route for the ad-

ministration of drugs [74]. Originally, this method of administration was used ex-

clusively for locally acting agents such as steroids, antimicrobials and spermicidal 

agents [75,76]. Over time, a plethora of research papers made the case for utilizing 

this alternative route for the delivery of therapeutics to the organs that make up the 

female reproductive tract [77]. Several advantages of vaginal administration in-

clude the presence of a dense network of blood vessels, large surface area, ability 

to circumvent hepatic first-pass metabolism and ability to utilize the so-called 
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“uterine first pass effect” [75,78,79]. The advent of the uterine first pass can be 

traced to a study that compared intramuscular and vaginal administration of pro-

gesterone [80] and showed that vaginal administration enhances delivery to the 

uterus. Since then, several studies and review papers have shown preferential dis-

tribution of drugs to the uterus when administered vaginally [74,81-83]. The uterine 

first pass effect is a result of multiple physiological and biochemical mechanisms 

working concurrently [82], that permit the characteristic traits associated with this 

phenomenon. The hallmark of the uterine first pass effect is the targeted delivery 

of a drug to the uterus or cervix accompanied by low levels of said drug in the 

systemic circulation [83], allowing for heightened efficacy and minimal adverse ef-

fects [74,84]. With a name like uterine first pass effect, a naïve researcher might in-

stinctively draw parallels to the hepatic first pass effect associated with drugs taken 

orally, which is not entirely wrong. Both phenomena reduce the amount of drug 

reaching the systemic circulation, but an important distinction is the extent of me-

tabolism (or lack thereof) associated with both routes. While the liver contains a 

high number of drug-metabolizing enzymes [85], the vagina has relatively low en-

zymatic activity [79]. Sometimes a drug is administered vaginally rather than orally 

just for this reason to avoid extensive metabolism of the drug via the hepatic first 

pass effect [78].  

3.4. Limitations of Vaginal Administration 

As with any route of administration, drugs introduced vaginally have several 

obstacles to overcome in order to produce desired clinical outcomes [78,84]. Even 

though the vagina is permeable to a wide range of compounds, especially low mo-

lecular weight compounds [86], not all drugs conform to these optimal physio-

chemical properties and some of the innate characteristics of the vagina present a 

challenge that leads to poor absorption and suboptimal efficacy of a given drug. 

This can include the self-cleansing action of the vaginal tract [87,88], fluctuations in 

the thickness of the vaginal epithelium [89], and the microbial community that ex-

ists in the cervico-vaginal region [90,91] along with a myriad of other physiological 

factors. Standardized assessments of treatment efficacy with respect to structural 

and physiological biomarkers at the mucus-epithelial vaginal interface, vaginal mi-

crobiome, and composition of cervical-vaginal fluid are essential to ensure thera-

peutic objectives. 

4. Vaginal Nanoformulations to Block Premature Cervix Remodeling and Pre-

vent PTB 

4.1. Advantages of Vaginal Nanoformulations 

The therapeutic effect of a drug can only be exerted if the delivered dose 

reaches the target site in relevant concentrations. Oral and parenteral delivery re-

sult in high levels of systemic exposure compared to targeted delivery. Further, low 

solubility, permeability and first pass effect (oral route) limit bioavailability. Re-

gardless of how potent a molecule might be against an indication, selection of an 

appropriate delivery system is crucial to avoid metabolic degradation and provide 

therapeutic concentrations of the drug at the target site for an effective period of 

time [92]. As molecules are incorporated into nanoparticles, they adopt pharmaco-

kinetic properties of the carrier. Pharmacological properties such as absorption into 

blood, distribution, metabolism and liberation in a timely manner may be affected. 

Through proper formulation, these properties may be modified to aid in extending 

the half-life of a drug, reducing the drug dose and minimizing off-target effects [93-

95]. Numerous literature reports discuss the ease of maternal-to-fetal transfer of 

drugs using nanoparticle technology, including different nanoformulation catego-
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ries such as lipid-based drug delivery systems, polymeric nanoformulations, den-

drimers etc. [96-98]. Localized delivery of these nanotherapeutics could enhance 

the efficacy of drugs for PTB by delivering high concentrations at the uterine site.   

The key challenges in delivering molecules to prevent PTB by the vaginal route 

are: 1) solubility in the vaginal milieu and 2) permeation across the cervicovaginal 

mucosa. Both these issues can be overcome by formulating the molecules in surface 

modified nanoparticles. Based on the physiological environment of the vagina and 

the obstacles that can interfere with nanoparticles, various modifications have also 

been explored [95,99,100].  

As the majority of drugs are highly lipophilic and possess poor aqueous solu-

bility, the most favorable approaches for drug administration include oral and in-

travenous routes [92]. The commonly employed class of molecules for PTB include 

antenatal corticosteroids and tocolytics (including calcium channel blockers, beta-

adrenergic receptor agonists, and nonsteroidal anti-inflammatory drugs, or 

NSAIDs) that belong to BCS class II or IV, which makes their conveyance to the 

delivery site even more problematic given the existence of numerous biological bar-

riers [94,101]. It is challenging to solubilize an efficacious dose of a drug in 1-2 ml 

of vaginal fluid versus 250 ml of stomach fluid. Thus, use of an advanced formula-

tion technology is essential to solubilize drug molecules in such a limited fluid vol-

ume.  

Mucus also presents a permeability barrier for drug molecules. Mucin proteins 

in the cervico-vaginal mucus layer are decorated with hydrophobic and electro-

static regions that lead to adhesive interactions with virions and charged particles. 

Using charged nanoparticles or polymers could facilitate bioadhesion or mucopen-

etration that would assist in long-term delivery of a drug to its target site [102]. 

Moreover, to avoid daily administration of therapeutics and for better patient com-

pliance, nanoparticles loaded in vaginal rings or inserts could be a potential strat-

egy for patients at risk for PTB [103]. Other approaches including the use of pH 

sensitive nanocarriers targeting relevant receptors (e.g. oxytocin) and microneedle 

technology have been widely explored for different routes of administration, in-

cluding vaginal, and warrant investigation for preventing PTB via the vaginal route 

[104,105].  

4.2. Novel Approach to Anti-inflammatory Therapeutics 

Taking into consideration the advantages of vaginal administration and utiliz-

ing nanoparticle platforms to overcome barriers associated with this route of ad-

ministration, there are several studies that have tested vaginal nanoformulations of 

therapeutics in preclinical trials in order to treat preterm birth. In a previous study, 

the Reznik lab had shown that inhibiting sphingosine kinase can reduce the inci-

dence of preterm birth in an inflammation-induced mouse model [106]. Building 

on their lab’s previous work, they developed a vaginal nanoformulation of their 

sphingosine kinase inhibitor (SKI II) and tested its efficacy in inflammation-in-

duced Swiss Webster mice [107]. To circumvent the solubility issues associated 

with SKI II, they loaded their drug into a vaginal self-nanoemulsifying drug deliv-

ery system (SNEDDS). Composed of oil, co-solvent, drug and surfactant [108], 

SNEDDS have been a novel nanoparticle platform in the pharmacotherapeutic field 

due to their ability to increase the bioavailability and solubility of lipophilic com-

pounds [109-110]. In these studies, the physiochemical properties of the nanoparti-

cle platform were optimized to ensure sufficient delivery of SKI II to the uterus and 

minimize systemic circulation of their drug thus minimizing adverse effects. Their 

research showed that SKI II-loaded SNEDDS significantly increased the number of 

pups rescued from lipopolysaccharide (LPS) induced preterm birth when com-

pared to mice treated with blank-loaded SNEDDS and mice treated with just LPS + 

Phosphate Buffered Saline [107]. It is also important to note that the blank-loaded 
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SNEDDS by itself possessed the ability to rescue pups from being spontaneously 

aborted when compared to the group treated with LPS + Phosphate Buffered Saline 

(although not statistically significantly). This could be due to one of the components 

in their SNEDD nanoparticle, N,N-dimethylacetamide (DMA). Alternatively, the 

Reznik lab has shown that the commonly used solvent DMA ameliorates the proin-

flammatory response associated with LPS-induced preterm birth in murine models 

[111] and current investigations for a vaginal nanoformulation of DMA are ongoing 

in their lab. The versatility of SNEDDS nanoparticle platforms is further indicated in 

another studyperformed by the Reznik lab to demonstrate the efficacy of a vaginal 

tablet formulation of 17-α Hydroxyprogesterone caproate (17P) in inflammation-in-

duced preterm birth [112]. As in the previous SKI II study, the physiochemical prop-

erties of their nanoparticle platform were optimized to promote absorption of their 

17P-loaded vaginal tablet. The 17P-loaded SNEDDS were able to delay the onset of 

labor and reduce the incidence of preterm birth in LPS-stimulated mice [Figure 2]. 

Comparing the survivability curves from both the SKI II-loaded SNEDDs study and 

the 17P-loaded SNEDDs study, a higher percentage of pups were rescued from pre-

term birth with the SK II-loaded SNEDDs possibly suggesting that it is a more effica-

cious therapeutic than the 17P-loaded SNEDDs. 

 

Figure 2. Schematic overview of different nanoparticle platforms that have been studied for 

their ability to improve drug delivery to the female reproductive tract and reduce the inci-

dence of preterm birth. Nanoformulations significantly improve the solubility of active phar-

maceutical ingredients in the vaginal milieu and facilitate uterine delivery. Lipid based 

nanoformulations include a. spontaneously forming nanoemulsions and b. liposomes. Self-

nanoemulsifying systems are composed of vegetable oil + non-ionic surfactant while lipo-

somes are composed of phospholipids. c. Polyethylene glycol coated nanoparticles rapidly 

cross the cervico-vaginal mucus layer compared to non-coated nanoparticles and drug mol-

ecules alone. d. Nanosuspensions contain nano-sized drug particles (<1000 nm) and biocom-

patible stabilizers. Top-down, i.e. high energy milling or bottom-up, i.e. solvent evaporation 

techniques are commonly used to prepare nanosuspensions of drug molecules. Created with 

BioRender.com. 
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4.3. Dual Therapy Study 

The value of a local approach to potentially treat premature cervix ripening 

and early onset of labor is also illustrated by a recent study by Zierden et al [113]. 

Contrary to the previous Reznick study with results of vaginal 17P, the progester-

one gel Makena® or Crinone® (P4) did not alter inflammation-induced preterm 

birth in mice. However, the combined treatment of P4 with a histone deacetylase 

inhibitor (HDAC) in a nanosuspension reduced the incidence of preterm birth by 

50%, likely a consequence of the recognized anti-inflammatory properties of HDAC 

inhibitors [114,115]. Thus, the use of the HDAC inhibitor Trichostatin A (TSA) 

could thus serve to amplify mechanisms anti-inflammatory activities. A critical fea-

ture of studies from both the Reznik and Ensign labs is optimization of the physio-

chemical characteristics of the nanoparticle platform for vaginal administration. Fu-

ture translational work thus needs to include optimization of treatment along with 

assessment of appropriate biomarkers for the study of cervix ripening as essential 

components to evaluate the efficacy to prevent unintended maternal-fetal conse-

quences and preterm birth. By example, the role played by prostaglandins in cervix 

remodeling following induction of labor is complicated by unintended systemic 

side effects, indirect compound endpoint (Bishop score and vaginal birth), and mul-

tiple vignettes in clinical practice [116]. These considerations are part of the chal-

lenge to understand the mechanism of cervix ripening, the definition and timeline 

of which remain to be clarified. The growing demand for medical interventions in 

obstetrical practice over the past decades provides the impetus for research into 

novel interventions that target local inflammatory processes in the prepartum cer-

vix as an early mechanism preceding labor and parturition. These promising pre-

clinical trials have the potential to bridge the translational gap and the scarcity of 

effective treatments to prevent preterm cervix remodeling and premature birth. 

Table 1. Nanoformulations of Sphingosine Kinase II (SKII) inhibitor, 17- hydroxyproges-

terone (17OHP) and Progesterone (P4) for the prevention of PTB. 

Active compound Delivery system  Preparation Method 
Particle 

Size (nm) 
Key Findings Ref 

SKII inhibitor 
Self-nanoemulsifying 

system (SNEDDs) 
- 36.78 

 >500-fold increase solubility 

 Reduced PTB 

 No teratogenicity 

[107] 

17OHP 

Solid self-nanoemulsify-

ing preconcentrate (S-

SNEDDS) loaded vagi-

nal tablet 

Adsorption 

with direct compres-

sion 

49.55 ± 2.7 

 Higher dissolution rate vs API alone 

 >50% inhibition of TNF-α release 

 Higher PTB rate, longer time to de-

liver 

[112] 

P4 
Mucoinert nanosuspen-

sion 
Wet milling ~250 

 Improved delivery 

 Higher biocompatibility 

 Enhanced P4 AUC in cervix, 

uterus 

[102] 

P4 
Poly(lactic) acid fibrous 

polymeric patches 
Pressurized gyration 7.6-7.9 μm 

 ~97% drug encapsulation  

 Faster drug release patch vs pes-

sary 

 No toxicity in vitro 

[117] 

P4 Bioadhesive nanofibers Pressurized gyration 400 

 25% w/w P4-loaded nanofibers 

 same drug release from nano-

fibers and commercial product 

[118] 

P4 

Nanostructured lipid 

carriers (NLC) in pessa-

ries 

Melt emulsification 

with ultrason-ication
316 ± 0.01 

 >96% drug encapsul-ation effi-

ciency 

 Biocompatible 

 24h sustained release 

[119] 

P4 
Nanosuspension loaded 

in hydrogel 

Wet milling nano-

crystal synthesis 
233-380 

 Pluronic F127 hydrogel im-

proved elasticity vs Crinone® 

 reduced PTB rate 

[120] 
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4.5. Evidence for the Efficacy of Vaginal Nanoformulations to Prevent or Forestall PTB 

As shown in Table 1, different nanoformulations have been explored to en-

hance the efficacy of commonly used drugs to prevent PTB. Progesterone, a corti-

costeroid, has been effectively delivered using unique approaches through the vag-

inal route. A report by Cam et al. discusses the development of progesterone-

loaded poly(lactic) acid (PLA) fibrous polymeric patches using electrospinning and 

a pressurized gyration technique [117]. Patches prepared using pressurized gyra-

tion had higher production yields and tensile strengths than electrospinning; there-

fore, this technique was the preferred method. The optimized patches did not affect 

viability, cell adherence or proliferation of Vero 6 cells and therefore were highly 

biocompatible for vaginal use. The progesterone-loaded PLA patches had melting 

points above body temperature, thereby evading the risk of melting. In vitro release 

yielded ~20% release within 210 min in comparison to ~12% from the commercial 

progesterone-loaded pessaries. Complete drug release from the patches was ob-

served within 24 h. Results from in vitro bath experiments showcased a decrease in 

myometrial contractions in both KCl and cumulative (-)-noradrenaline treated 

pregnant rat uteri with both vaginal patch and oral progesterone treatment. No sig-

nificant difference was observed between the patch and oral progesterone groups, 

thereby showing that high bioavailability, reduced dosage frequency and minimal 

side effects were achievable with in vivo administration of the patch [117]. A similar 

report by Brako et al. investigates the applicability of bioadhesive nanofibers 

loaded with progesterone for PTB [118]. Polyethylene oxide (PEO) and carboxyme-

thyl cellulose (CMC) were used as the carrier matrix due to their mucoadhesive and 

sustained release properties. Uniform blends of PEO, CMC and progesterone were 

obtained and later sonicated using a probe sonicator. The nanofibers were prepared 

using a pressurized gyration technique at ambient temperatures with 400 nm di-

ameters and up to 25% progesterone loading. Thermal and spectroscopic measure-

ments confirmed that some of the drug was entrapped in a crystalline state. Release 

kinetics from the nanofibers were similar to those of the commercial pessary [119]. 

Similarly, a detailed characterization of a thermoreversible gel prepared using Plu-

ronic F127, a nonionic amphiphilic triblock copolymer based on concentration has 

been studied to create an in situ formulation that gels upon vaginal delivery for 

prolonged drug release [120]. Nanosuspensions of progesterone were prepared us-

ing wet-milling techniques in the presence of different surfactants and studied for 

their viscoelastic properties and in vivo gelation using a fluorescent dye. In addi-

tion, a delivery platform of salbutamol sulfate using bioadhesive polymers showed 

a strong positive correlation (0.91) between in vitro and ex vivo permeation, sug-

gesting that salbutamol vaginal bioadhesive tablets could be optimized for in vivo 

performance [121]. Nanoformulation technology could help to enhance the efficacy 

of such drug loaded bioadhesive tablets. As previously stated, due to the uterine 

first-pass effect, vaginally administered formulations can reach the uterus before 

being transported to the systemic circulation. Finally, a study conducted by Correia 

et al. examines the role of a nanostructured lipid carrier in delivering progesterone 

via a pessary formulation [119]. The formulation was found to be highly 

biocompatible with human immortalized keratinocytes (HaCaT) cells at a 

concentration of 10 μg/mL. Sustained drug release was observed for up to 24 h from 

the formulation as opposed to the neat drug [119]. 

5. Summary and Conclusion 

PTB, defined as birth before 37 completed weeks of gestation, causes more per-

inatal morbidity and mortality than any other obstetrical complication or clinical 

disorder [1-3]. Data collected by the WHO confirm that the annual rate of PTB 

worldwide has not improved for many years and is greater than 10% in most coun-
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tries [4]. While PTB rates are generally higher in the developing world, among in-

dustrialized nations, the US has the highest rate of PTB [2]. In the US particularly, 

because advances in neonatology have occurred more rapidly than in the field of 

obstetrics, more and more extremely premature infants survive the neonatal period 

but sustain permanent neurologic injury. The acute sequelae of PTB, such as respir-

atory distress syndrome and necrotizing enterocolitis, are followed by lifelong res-

piratory, metabolic, and neurologic abnormalities, including retinopathy of prem-

aturity and cerebral palsy [5]. The costs of PTB for individuals, families and society 

are staggering. 

Currently, the US Food and Drug Administration is calling for withdrawal of 

the only approved drug for the prevention of PTB, namely hydroxyprogesterone 

caproate, aka Makena, which was shown to have no significant efficacy compared 

to a placebo in the PROLONG trial [122]. The most successful drug therapy to pre-

vent PTB is vaginal progesterone, which is administered off-label to women who 

have had a PTB before and are therefore at risk for delivering preterm. Vaginal 

progesterone, however, has only a modest effect on the incidence of PTB [15]. As 

far as tocolytics, magnesium sulfate, indomethacin and nifedipine, which are the 

three most often used, only postpone PTB for approximately 48 hours [94], which 

allows time for the administration of antenatal corticosteroids for the promotion of 

lung maturity but does prolong gestation long enough to significantly effect neo-

natal or long-term outcomes. As for beta mimetics, ritodrine and terbutaline were 

originally thought to hold much promise as agents to prevent PTB but are no longer 

used due to concerns about their toxicity. 

Historically, drug development for PTB has been hindered, not only by con-

cerns about maternal toxicity, but by fears of teratogenic effects on the fetus. Both 

types of adverse effects result from drugs meant to act in either the cervix or the 

uterus having off-target actions. A convenient first approach to avoiding these com-

plications is the vaginal route of administration. Advantages of administering 

drugs vaginally, as outlined in this review, include the presence of a highly vascu-

larized mucosa, a large surface area, and the avoidance of hepatic first-pass metab-

olism [84-87]. Above, all, vaginal administration benefits from the uterine first-pass 

effect, which allows drugs introduced into the vagina to be transported by the vag-

inal-cervical-uterine portal vascular system, permitting high concentrations of vag-

inally administered drugs to reach target sites in the cervix and uterus, while low 

concentrations reach the systemic circulation [75-79]. Still, as described in this re-

view, there are several potential barriers related to the vaginal route of administra-

tion. These may include poor absorption [87,88], unfavorable effects on the vaginal 

microbiome [90,91] and the cervico-vaginal mucous layer--a thick natural barrier 

rich in glycoproteins and lipids preventing drugs introduced in the vaginal cavity 

from reaching their target sites in the gynecologic tract [78].  

The most exciting development to overcome these challenges is the revolution 

in pharmacology and pharmaceutics known as nanomedicine [123]. Drugs loaded 

into nanoparticles acquire the pharmacokinetic properties of their carriers. Absorp-

tion, distribution, metabolism, and excretion may all be altered, as the drug cargo 

disguises its own unfavorable characteristics for the more beneficial ones of the na-

noparticle. Drugs with promising efficacy in vitro, but poor results in vivo, because 

of their failure to accumulate at therapeutic concentrations at target sites, can now 

be re-visited as potential effective pharmacotherapy. Vaginally administered nano-

particles loaded with drug cargo, specifically engineered for mucoadhesion or mu-

copenetration can overcome the cervico-vaginal mucous barrier and be directed to 

the target tissue with reduced systemic drug levels and reduced penetration of the 

placental barrier [102]. The utility of vaginal nanoformulations to prevent or fore-

stall PTB has now been explored in several trials as outlined in this review.  

We have shown that a vaginally administered self-nanoemulsifying drug de-

livery system (SNEDDS) can delay the onset of inflammation induced PTB in vivo 
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in two separate studies [107,112]. After we found that SKI II, a sphingosine kinase 

inhibitor, could prevent PTB when administered intraperitoneally [106], we tested 

a SKII-loaded SNEDDS composed of oil, co-solvent, and SKI II drug cargo, and 

found that it rescued a significant number of pups from PTB in lipopolysaccharide-

induced mice [107]. In a second study, we reported similar findings, using a nano-

vaginal formulation loaded with 17-alpha hydroxyprogesterone caproate (aka 

Makena) [112]. Work aimed at testing a vaginal nanoformulation of N,N-dime-

thylacetamide, a widely used drug excipient which we have shown to be a candi-

date for re-purposing for PTB [111,124,125] is ongoing. Ensign et al. have recently 

reported that a vaginal nanoformulation carrying the histone deacetylase inhibitor 

Trichostatin A combined with progesterone as its drug cargo decreased inflamma-

tion-induced PTB in their murine model by 50% [126]. 

The ability to deliver therapeutic concentrations of drug cargo to the cervix 

and uterus, while maintaining very low concentrations in the maternal systemic 

circulation and preventing significant concentrations from reaching the fetus, her-

alds a new era in drug development for PTB. Nanomedicine raises the possibility 

of re-visiting drugs previously considered too toxic, as well as testing new drugs 

that would otherwise not be candidates for obstetrical disorders. Efforts in transla-

tional research for PTB should be re-directed and focused on vaginal nanoformula-

tions. 

6. Patents 

S.E.R. has a patent pending (13/536/946), titled “Administration of N,N-dimethyla-

cetamide and its monomethylated metabolites for the treatment of inflammatory disorders.” 

 

Author Contributions: A.M. wrote and edited the initial drafts under the guidance of the senior 

author S.E.R with counsel by S.M.Y. S.E.R. conceptualized, outlined, wrote portions of the man-

uscript and guided writing all drafts to complete submission as corresponding author. S.M.Y. 

drafted relevant sections, edited revisions of texts and Figure 1. R.V.V. organized the citations 

and produced the pictorial abstract. K.P. wrote and guided A.M. and R.V.V. in construction of 

specific sections of expertise. All authors have read and agreed to the published version of the 

manuscript. 

Funding: Supported in part by grants from the NIH (1R16GM145586) and the Ines Mandl 

Research Foundation (20-0113) to SER and a grant from the NIH (5SC2GM13078) to KP. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Liu, L.; Oza, S.; Hogan, D.; Chu, Y.; Perin, J.; Zhu, J.; Lawn, J.E.; Cousens, S.; Mathers, C.; Black, R.E. Global, 

regional, and national causes of under-5 mortality in 2000-15: an updated systematic analysis with implications for 

the Sustainable Development Goals. Lancet 2016, 388, 3027-3035, doi:10.1016/S0140-6736(16)31593-8. 

2. Blencowe, H.; Cousens, S.; Oestergaard, M.Z.; Chou, D.; Moller, A.B.; Narwal, R.; Adler, A.; Vera Garcia, C.; Rohde, 

S.; Say, L.; et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time 

trends since 1990 for selected countries: a systematic analysis and implications. Lancet 2012, 379, 2162-2172, 

doi:10.1016/S0140-6736(12)60820-4. 

3. Blencowe, H.; Cousens, S.; Chou, D.; Oestergaard, M.; Say, L.; Moller, A.B.; Kinney, M.; Lawn, J.; Born Too Soon 

Preterm Birth Action, G. Born too soon: the global epidemiology of 15 million preterm births. Reprod Health 2013, 10 

Suppl 1, S2, doi:10.1186/1742-4755-10-S1-S2. 

4. Martin, J.A.; Osterman, M.J.K. Describing the increase in preterm births in the United States, 2014-2016. NCHS Data 

Brief 2018, 1-8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

5. MacKay, D.F.; Smith, G.C.; Dobbie, R.; Pell, J.P. Gestational age at delivery and special educational need: 

retrospective cohort study of 407,503 schoolchildren. PLoS Med 2010, 7, e1000289, 

doi:10.1371/journal.pmed.1000289. 

6. Zierden, H.C.; Shapiro, R.L.; DeLong, K.; Carter, D.M.; Ensign, L.M. Next generation strategies for preventing 

preterm birth. Adv Drug Deliv Rev 2021, 174, 190-209, doi:10.1016/j.addr.2021.04.021. 

7. Berkman, N.D.; Thorp, J.M., Jr.; Lohr, K.N.; Carey, T.S.; Hartmann, K.E.; Gavin, N.I.; Hasselblad, V.; Idicula, A.E. 

Tocolytic treatment for the management of preterm labor: a review of the evidence. Am J Obstet Gynecol 2003, 188, 

1648-1659, doi:10.1067/mob.2003.356. 

8. Manuck, T.A. Refining pharmacologic research to prevent and treat spontaneous preterm birth. Front Pharmacol 

2017, 8, 118, doi:10.3389/fphar.2017.00118. 

9. Vink, J.; Myers, K. Cervical alterations in pregnancy. Best Pract Research Clin Obstet Gynaecol 2018, 52, 88-102. 

10. Georgiou, H.M.; Di Quinzio, M.K.; Permezel, M.; Brennecke, S.P. Predicting preterm labour: current status and 

future prospects. Dis Markers 2015, 2015, 435014, doi:10.1155/2015/435014. 

11. Iams, J.D. Prediction and early detection of preterm labor. Obstet Gynecol 2003, 101, 402-412, doi:10.1016/s0029-

7844(02)02505-x. 

12. O'Hara, S.; Zelesco, M.; Sun, Z. Cervical length for predicting preterm birth and a comparison of ultrasonic 

measurement techniques. Australas J Ultrasound Med 2013, 16, 124-134, doi:10.1002/j.2205-0140.2013.tb00100.x. 

13. Tantengco, O.A.G.; Vink, J.Y.; Menon, R. Trends, gaps, and future directions of research in cervical remodeling 

during pregnancy: a bibliometric analysis. J Matern-Fetal Neonatal Med 2021, 1-9. 

14. Slepecky, N.; Chamberlain, S.C. Tropomyosin co-localizes with actin microfilaments and microtubules within 

supporting cells of the inner ear. Cell Tissue Res 1987, 248, 63-66, doi:10.1007/BF01239963. 

15. Di Renzo, G.C.; Tosto, V.; Tsibizova, V.; Fonseca, E. Prevention of preterm birth with progesterone. J Clin Med 2021, 

10, 4511. 

16. Cope, D.I.; Monsivais, D. Progesterone receptor signaling in the uterus is essential for pregnancy success. Cells 

2022, 11, 1474. 

17. Nadeem, L.; Shynlova, O.; Matysiak-Zablocki, E.; Mesiano, S.; Dong, X.; Lye, S. Molecular evidence of functional 

progesterone withdrawal in human myometrium. Nat Commun 2016, 7, 11565, doi:10.1038/ncomms11565. 

18. Norman, J.E. Progesterone and preterm birth. Int J Gynaecol Obstet 2020, 150, 24-30, doi:10.1002/ijgo.13187. 

19. Dodd, J.M.; Crowther, C.A. The role of progesterone in prevention of preterm birth. Int J Womens Health 2010, 1, 73-

84, doi:10.2147/ijwh.s4730. 

20. Wu, S.P.; Li, R.; DeMayo, F.J. Progesterone receptor regulation of uterine adaptation for pregnancy. Trends 

Endocrinol Metab 2018, 29, 481-491, doi:10.1016/j.tem.2018.04.001. 

21. Kirby, M.A.; Heuerman, A.C.; Custer, M.; Dobyns, A.E.; Strilaeff, R.; Stutz, K.N.; Cooperrider, J.; Elsissy, J.G.; 

Yellon, S.M. Progesterone receptor–mediated actions regulate remodeling of the cervix in preparation for preterm 

parturition. Reprod Sci 2016, 23, 1473-1483. 

22. Yellon, S.M.; Dobyns, A.E.; Beck, H.L.; Kurtzman, J.T.; Garfield, R.E.; Kirby, M.A. Loss of progesterone receptor-

mediated actions induce preterm cellular and structural remodeling of the cervix and premature birth. PloS One 

2013, 8, e81340. 

23. Yellon, S.M.; Burns, A.E.; See, J.L.; Lechuga, T.J.; Kirby, M.A. Progesterone withdrawal promotes remodeling 

processes in the nonpregnant mouse cervix. Biol Reprod 2009, 81, 1-6, doi:10.1095/biolreprod.108.074997. 

24. Yellon, S.M. Contributions to the dynamics of cervix remodeling prior to term and preterm birth. Biol Reprod 2017, 

96, 13-23, doi:10.1095/biolreprod.116.142844. 

25. Yellon, S.M. Immunobiology of Cervix Ripening. Front Immunol 2019, 10, 3156, doi:10.3389/fimmu.2019.03156. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

26. Merlino, A.A.; Welsh, T.N.; Tan, H.; Yi, L.J.; Cannon, V.; Mercer, B.M.; Mesiano, S. Nuclear progesterone receptors 

in the human pregnancy myometrium: evidence that parturition involves functional progesterone withdrawal 

mediated by increased expression of progesterone receptor-A. J Clin Endocrinol Metab 2007, 92, 1927-1933, 

doi:10.1210/jc.2007-0077. 

27. Tan, H.; Yi, L.; Rote, N.S.; Hurd, W.W.; Mesiano, S. Progesterone receptor-A and -B have opposite effects on 

proinflammatory gene expression in human myometrial cells: implications for progesterone actions in human 

pregnancy and parturition. J Clin Endocrinol Metab 2012, 97, E719-730, doi:10.1210/jc.2011-3251. 

28. Yellon, S.M.; Oshiro, B.T.; Chhaya, T.Y.; Lechuga, T.J.; Dias, R.M.; Burns, A.E.; Force, L.; Apostolakis, E.M. 

Remodeling of the cervix and parturition in mice lacking the progesterone receptor B isoform. Biol Reprod 2011, 85, 

498-502, doi:10.1095/biolreprod.111.091983. 

29. Heuerman, A.C.; Hollinger, T.T.; Menon, R.; Mesiano, S.; Yellon, S.M. Cervix stromal cells and the progesterone 

receptor A isoform mediate effects of progesterone for prepartum remodeling. Reprod Sci 2019, 1933719118820462, 

doi:10.1177/1933719118820462. 

30. Piccioni, M.G.; Del Negro, V.; Bruno Vecchio, R.C.; Faralli, I.; Savastano, G.; Galoppi, P.; Perrone, G. Is the Arabin 

Pessary really useful in preventing preterm birth? A review of literature. J Gynecol Obstet Hum Reprod 2021, 50, 

101824, doi:10.1016/j.jogoh.2020.101824. 

31. Eleje, G.U.; Eke, A.C.; Ikechebelu, J.I.; Ezebialu, I.U.; Okam, P.C.; Ilika, C.P. Cervical stitch (cerclage) in 

combination with other treatments for preventing spontaneous preterm birth in singleton pregnancies. Cochrane 

Database Syst Rev 2020, 9, CD012871, doi:10.1002/14651858.CD012871.pub2. 

32. D’Antonio, F.; Berghella, V.; Di Mascio, D.; Saccone, G.; Sileo, F.; Flacco, M.E.; Odibo, A.O.; Liberati, M.; Manzoli, 

L.; Khalil, A. Role of progesterone, cerclage and pessary in preventing preterm birth in twin pregnancies: A 

systematic review and network meta-analysis. Eur J Obstet Gynecol Reprod Biol 2021, 261, 166-177. 

33. Buster, J.E.; Chang, R.J.; Preston, D.L.; Elashoff, R.M.; Cousins, L.M.; Abraham, G.E.; Hobel, C.J.; Marshall, J.R. 

Interrelationships of circulating maternal steroid concentrations in third trimester pregnancies. II. C18 and C19 

steroids: Estradiol, estriol, dehydroepiandrosterone, dehydroepiandrosterone sulfate, Δ5-androstenediol, Δ4-

androstenedione, testosterone, and dihydrotestosterone. J Clin Endocrinol Metab 1979, 48, 139-142. 

34. Tibbetts, T.A.; Conneely, O.M.; O'Malley, B.W. Progesterone via its receptor antagonizes the pro-inflammatory 

activity of estrogen in the mouse uterus. Bio Reprod 1999, 60, 1158-1165. 

35. Piersanti, M.; Lye, S.J. Increase in messenger ribonucleic acid encoding the myometrial gap junction protein, 

connexin-43, requires protein synthesis and is associated with increased expression of the activator protein-1, c-fos. 

Endocrinology 1995, 136, 3571-3578. 

36. Gibb, W. The role of prostaglandins in human parturition. Annals of medicine 1998, 30, 235-241. 

37. Stygar, D.; Wang, H.; Vladic, Y.S.; Ekman, G.; Eriksson, H.; Sahlin, L. Increased level of matrix metalloproteinases 2 

and 9 in the ripening process of the human cervix. Biol Reprod 2002, 67, 889-894, doi:10.1095/biolreprod.102.005116. 

38. Davis, J.; Heiselman, C.; Peresleni, T.; Baker, D.; Garry, D. Matrix metalloproteinases (MMPs) are potential markers 

for preterm birth (PTB). Am J Obstet Gynecol 2020, 222, S139-S140, doi:10.1016/j.ajog.2019.11.218. 

39. Fields, G.B. The rebirth of matrix metalloproteinase inhibitors: moving beyond the dogma. Cells 2019, 8, 

doi:10.3390/cells8090984. 

40. Vandenbroucke, R.E.; Libert, C. Is there new hope for therapeutic matrix metalloproteinase inhibition? Nat Rev 

Drug Discov 2014, 13, 904-927, doi:10.1038/nrd4390. 

41. Morgan, M.J.; Liu, Z.G. Crosstalk of reactive oxygen species and NF-kappaB signaling. Cell Res 2011, 21, 103-115, 

doi:10.1038/cr.2010.178. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

42. Chai, M.; Barker, G.; Menon, R.; Lappas, M. Increased oxidative stress in human fetal membranes overlying the 

cervix from term non-labouring and post labour deliveries. Placenta 2012, 33, 604-610, 

doi:10.1016/j.placenta.2012.04.014. 

43. Cockle, J.V.; Gopichandran, N.; Walker, J.J.; Levene, M.I.; Orsi, N.M. Matrix metalloproteinases and their tissue 

inhibitors in preterm perinatal complications. Reprod Sci 2007, 14, 629-645, doi:10.1177/1933719107304563. 

44. Menon, R. Oxidative stress damage as a detrimental factor in preterm birth pathology. Front Immunol 2014, 5, 567, 

doi:10.3389/fimmu.2014.00567. 

45. Trentini, A.; Maritati, M.; Rosta, V.; Cervellati, C.; Manfrinato, M.C.; Hanau, S.; Greco, P.; Bonaccorsi, G.; Bellini, T.; 

Contini, C. Vaginal lactoferrin administration decreases oxidative stress in the amniotic fluid of pregnant women: 

an open-label randomized pilot study. Front Med (Lausanne) 2020, 7, 555, doi:10.3389/fmed.2020.00555. 

46. Crane, J.M.; Hutchens, D. Transvaginal sonographic measurement of cervical length to predict preterm birth in 

asymptomatic women at increased risk: a systematic review. Ultrasound Obstet Gynecol 2008, 31, 579-587, 

doi:10.1002/uog.5323. 

47. Berghella, V.; Saccone, G. Cervical assessment by ultrasound for preventing preterm delivery. Cochrane Database 

Syst Rev 2019, 9, CD007235, doi:10.1002/14651858.CD007235.pub4. 

48. Wikstrom, T.; Kuusela, P.; Jacobsson, B.; Hagberg, H.; Lindgren, P.; Svensson, M.; Wennerholm, U.B.; Valentin, L. 

Cost-effectiveness of cervical length screening and progesterone treatment to prevent spontaneous preterm 

delivery in Sweden. Ultrasound Obstet Gynecol 2022, 59, 778-792, doi:10.1002/uog.24884. 

49. Hassan, S.S.; Romero, R.; Vidyadhari, D.; Fusey, S.; Baxter, J.K.; Khandelwal, M.; Vijayaraghavan, J.; Trivedi, Y.; 

Soma-Pillay, P.; Sambarey, P.; et al. Vaginal progesterone reduces the rate of preterm birth in women with a 

sonographic short cervix: a multicenter, randomized, double-blind, placebo-controlled trial. Ultrasound Obstet 

Gynecol 2011, 38, 18-31, doi:10.1002/uog.9017. 

50. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; 

Grillo, R.; Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: recent developments and future 

prospects. J Nanobiotechnology 2018, 16, 71, doi:10.1186/s12951-018-0392-8. 

51. Finbloom, J.A.; Sousa, F.; Stevens, M.M.; Desai, T.A. Engineering the drug carrier biointerface to overcome 

biological barriers to drug delivery. Adv Drug Deliv Rev 2020, 167, 89-108, doi:10.1016/j.addr.2020.06.007. 

52. De Jong, W.H.; Borm, P.J. Drug delivery and nanoparticles:applications and hazards. Int J Nanomedicine 2008, 3, 

133-149, doi:10.2147/ijn.s596. 

53. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug 

delivery. Nat Biotechnol 2015, 33, 941-951, doi:10.1038/nbt.3330. 

54. Wilczewska, A.Z.; Niemirowicz, K.; Markiewicz, K.H.; Car, H. Nanoparticles as drug delivery systems. Pharmacol 

Rep 2012, 64, 1020-1037, doi:10.1016/s1734-1140(12)70901-5. 

55. Cena, V.; Jativa, P. Nanoparticle crossing of blood-brain barrier: a road to new therapeutic approaches to central 

nervous system diseases. Nanomedicine (Lond) 2018, 13, 1513-1516, doi:10.2217/nnm-2018-0139. 

56. Rizvi, S.A.A.; Saleh, A.M. Applications of nanoparticle systems in drug delivery technology. Saudi Pharm J 2018, 26, 

64-70, doi:10.1016/j.jsps.2017.10.012. 

57. Gabizon, A.; Bradbury, M.; Prabhakar, U.; Zamboni, W.; Libutti, S.; Grodzinski, P. Cancer nanomedicines: closing 

the translational gap. Lancet 2014, 384, 2175-2176, doi:10.1016/S0140-6736(14)61457-4. 

58. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision 

nanoparticles for drug delivery. Nat Rev Drug Discov 2021, 20, 101-124, doi:10.1038/s41573-020-0090-8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

59. Khorasani, A.A.; Weaver, J.L.; Salvador-Morales, C. Closing the gap: accelerating the translational process in 

nanomedicine by proposing standardized characterization techniques. Int J Nanomedicine 2014, 9, 5729-5751, 

doi:10.2147/IJN.S72479. 

60. Metselaar, J.M.; Lammers, T. Challenges in nanomedicine clinical translation. Drug Deliv Transl Res 2020, 10, 721-

725, doi:10.1007/s13346-020-00740-5. 

61. Lobatto, M.E.; Fuster, V.; Fayad, Z.A.; Mulder, W.J. Perspectives and opportunities for nanomedicine in the 

management of atherosclerosis. Nat Rev Drug Discov 2011, 10, 835-852, doi:10.1038/nrd3578. 

62. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: progress, challenges and opportunities. 

Nat Rev Cancer 2017, 17, 20-37, doi:10.1038/nrc.2016.108. 

63. Khan, N.H.; Mir, M.; Ngowi, E.E.; Zafar, U.; Khakwani, M.; Khattak, S.; Zhai, Y.K.; Jiang, E.S.; Zheng, M.; Duan, 

S.F.; et al. Nanomedicine: a promising way to manage Alzheimer's disease. Front Bioeng Biotechnol 2021, 9, 630055, 

doi:10.3389/fbioe.2021.630055. 

64. Adnane, M.; Meade, K.G.; O'Farrelly, C. Cervico-vaginal mucus (CVM) - an accessible source of immunologically 

informative biomolecules. Vet Res Commun 2018, 42, 255-263, doi:10.1007/s11259-018-9734-0. 

65. Amabebe, E.; Anumba, D.O.C. The vaginal microenvironment: the physiologic role of Lactobacilli. Front Med 

(Lausanne) 2018, 5, 181, doi:10.3389/fmed.2018.00181. 

66. Vagios, S.; Mitchell, C.M. Mutual Preservation: A review of interactions between cervicovaginal mucus and 

microbiota. Front Cell Infect Microbiol 2021, 11, 676114, doi:10.3389/fcimb.2021.676114. 

67. Boddupalli, B.M.; Mohammed, Z.N.; Nath, R.A.; Banji, D. Mucoadhesive drug delivery system: An overview. J Adv 

Pharm Technol Res 2010, 1, 381-387, doi:10.4103/0110-5558.76436. 

68. Chaves, P.D.S.; Frank, L.A.; Frank, A.G.; Pohlmann, A.R.; Guterres, S.S.; Beck, R.C.R. Mucoadhesive Properties of 

Eudragit(R)RS100, Eudragit(R)S100, and Poly(epsilon-caprolactone) Nanocapsules: influence of the vehicle and the 

mucosal surface. AAPS PharmSciTech 2018, 19, 1637-1646, doi:10.1208/s12249-018-0968-5. 

69. Rossi, S.; Vigani, B.; Sandri, G.; Bonferoni, M.C.; Caramella, C.M.; Ferrari, F. Recent advances in the mucus-

interacting approach for vaginal drug delivery: from mucoadhesive to mucus-penetrating nanoparticles. Expert 

Opin Drug Deliv 2019, 16, 777-781, doi:10.1080/17425247.2019.1645117. 

70. Popov, A. Mucus-penetrating particles and the role of ocular mucus as a barrier to micro- and nanosuspensions. J 

Ocul Pharmacol Ther 2020, 36, 366-375, doi:10.1089/jop.2020.0022. 

71. Lai, S.K.; Wang, Y.Y.; Hanes, J. Mucus-penetrating nanoparticles for drug and gene delivery to mucosal tissues. 

Adv Drug Deliv Rev 2009, 61, 158-171, doi:10.1016/j.addr.2008.11.002. 

72. Ensign, L.M.; Tang, B.C.; Wang, Y.Y.; Tse, T.A.; Hoen, T.; Cone, R.; Hanes, J. Mucus-penetrating nanoparticles for 

vaginal drug delivery protect against herpes simplex virus. Sci Transl Med 2012, 4, 138ra179, 

doi:10.1126/scitranslmed.3003453. 

73. Maisel, K.; Reddy, M.; Xu, Q.; Chattopadhyay, S.; Cone, R.; Ensign, L.M.; Hanes, J. Nanoparticles coated with high 

molecular weight PEG penetrate mucus and provide uniform vaginal and colorectal distribution in vivo. 

Nanomedicine (Lond) 2016, 11, 1337-1343, doi:10.2217/nnm-2016-0047. 

74. Einer-Jensen, N.; Cicinelli, E.; Galantino, P.; Pinto, V.; Barba, B. Uterine first pass effect in postmenopausal women. 

Hum Reprod 2002, 17, 3060-3064, doi:10.1093/humrep/17.12.3060. 

75. Srikrishna, S.; Cardozo, L. The vagina as a route for drug delivery: a review. Int Urogynecol J 2013, 24, 537-543, 

doi:10.1007/s00192-012-2009-3. 

76. Johal, H.S.; Garg, T.; Rath, G.; Goyal, A.K. Advanced topical drug delivery system for the management of vaginal 

candidiasis. Drug Deliv 2016, 23, 550-563, doi:10.3109/10717544.2014.928760. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

77. Wang, X.; Liu, S.; Guan, Y.; Ding, J.; Ma, C.; Xie, Z. Vaginal drug delivery approaches for localized management of 

cervical cancer. Adv Drug Deliv Rev 2021, 174, 114-126, doi:10.1016/j.addr.2021.04.009. 

78. Hussain, A.; Ahsan, F. The vagina as a route for systemic drug delivery. J Control Release 2005, 103, 301-313, 

doi:10.1016/j.jconrel.2004.11.034. 

79. Ndesendo, V.M.; Pillay, V.; Choonara, Y.E.; du Toit, L.C.; Buchmann, E.; Meyer, L.C.; Khan, R.A.; Rosin, U. 

Investigation of the physicochemical and physicomechanical properties of a novel intravaginal bioadhesive 

polymeric device in the pig model. AAPS PharmSciTech 2010, 11, 793-808, doi:10.1208/s12249-010-9439-3. 

80. Miles, R.A.; Paulson, R.J.; Lobo, R.A.; Press, M.F.; Dahmoush, L.; Sauer, M.V. Pharmacokinetics and endometrial 

tissue levels of progesterone after administration by intramuscular and vaginal routes: a comparative study. Fertil 

Steril 1994, 62, 485-490, doi:10.1016/s0015-0282(16)56935-0. 

81. Levy, T.; Gurevitch, S.; Bar-Hava, I.; Ashkenazi, J.; Magazanik, A.; Homburg, R.; Orvieto, R.; Ben-Rafael, Z. 

Pharmacokinetics of natural progesterone administered in the form of a vaginal tablet. Hum Reprod 1999, 14, 606-

610, doi:10.1093/humrep/14.3.606. 

82. Cicinelli, E.; de Ziegler, D. Transvaginal progesterone: evidence for a new functional 'portal system' flowing from 

the vagina to the uterus. Hum Reprod Update 1999, 5, 365-372, doi:10.1093/humupd/5.4.365. 

83. Bulletti, C.; de Ziegler, D.; Flamigni, C.; Giacomucci, E.; Polli, V.; Bolelli, G.; Franceschetti, F. Targeted drug 

delivery in gynaecology: the first uterine pass effect. Hum Reprod 1997, 12, 1073-1079, 

doi:10.1093/humrep/12.5.1073. 

84. Alexander, N.J.; Baker, E.; Kaptein, M.; Karck, U.; Miller, L.; Zampaglione, E. Why consider vaginal drug 

administration? Fertil Steril 2004, 82, 1-12, doi:10.1016/j.fertnstert.2004.01.025. 

85. Shen, D.D.; Kunze, K.L.; Thummel, K.E. Enzyme-catalyzed processes of first-pass hepatic and intestinal drug 

extraction. Adv Drug Deliv Rev 1997, 27, 99-127, doi:10.1016/s0169-409x(97)00039-2. 

86. Van Eyk, A.D.; Van Der Bijl, P.; Moll, L.M. Physicochemical Characteristics of Molecules and Their Diffusion across 

Human Vaginal Mucosa. European Journal of Inflammation 2008, 6, 65-71, doi:10.1177/1721727x0800600203. 

87. Kale, V. Vaginal Mucosa – A Promising Site for Drug Therapy. British Journal of Pharmaceutical Research 2013, 3, 983-

1000, doi:10.9734/bjpr/2013/3895. 

88. Anderson, D.J.; Marathe, J.; Pudney, J. The structure of the human vaginal stratum corneum and its role in immune 

defense. Am J Reprod Immunol 2014, 71, 618-623, doi:10.1111/aji.12230. 

89. Vincent, K.L.; Vargas, G.; Wei, J.; Bourne, N.; Motamedi, M. Monitoring vaginal epithelial thickness changes 

noninvasively in sheep using optical coherence tomography. Am J Obstet Gynecol 2013, 208, 282 e281-287, 

doi:10.1016/j.ajog.2013.01.025. 

90. Anahtar, M.N.; Gootenberg, D.B.; Mitchell, C.M.; Kwon, D.S. Cervicovaginal Microbiota and Reproductive Health: 

The Virtue of Simplicity. Cell Host Microbe 2018, 23, 159-168, doi:10.1016/j.chom.2018.01.013. 

91. Leyva-Gomez, G.; Prado-Audelo, M.L.D.; Ortega-Pena, S.; Mendoza-Munoz, N.; Urban-Morlan, Z.; Gonzalez-

Torres, M.; Gonzalez-Del Carmen, M.; Figueroa-Gonzalez, G.; Reyes-Hernandez, O.D.; Cortes, H. Modifications in 

vaginal microbiota and their influence on drug release: challenges and opportunities. Pharmaceutics 2019, 11, 

doi:10.3390/pharmaceutics11050217. 

92. Wen, H.; Jung, H.; Li, X. Drug delivery approaches in addressing clinical pharmacology-related issues: 

opportunities and challenges. AAPS J 2015, 17, 1327-1340. 

93. Sharma, A.; Sah, N.; Kannan, S.; Kannan, R.M. Targeted drug delivery for maternal and perinatal health: 

Challenges and opportunities. Adv Drug Deliv Rev 2021, 177, 113950. 

94. Coler, B.S.; Shynlova, O.; Boros-Rausch, A.; Lye, S.; McCartney, S.; Leimert, K.B.; Xu, W.; Chemtob, S.; Olson, D.; 

Li, M. Landscape of preterm birth therapeutics and a path forward. J Clin Med 2021, 10, 2912. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

95. Vartak, R.; Patki, M.; Menon, S.; Jablonski, J.; Mediouni, S.; Fu, Y.; Valente, S.T.; Billack, B.; Patel, K. β-cyclodextrin 

polymer/Soluplus® encapsulated Ebselen ternary complex (EβpolySol) as a potential therapy for vaginal 

candidiasis and pre-exposure prophylactic for HIV. Internat J Pharmaceutics 2020, 589, 119863. 

96. Menjoge, A.R.; Rinderknecht, A.L.; Navath, R.S.; Faridnia, M.; Kim, C.J.; Romero, R.; Miller, R.K.; Kannan, R.M. 

Transfer of PAMAM dendrimers across human placenta: prospects of its use as drug carrier during pregnancy. 

JCR 2011, 150, 326-338. 

97. Tsyganova, N.; Khairullin, R.; Terentyuk, G.; Khlebtsov, B.; Bogatyrev, V.; Dykman, L.; Erykov, S.; Khlebtsov, N. 

Penetration of pegylated gold nanoparticles through rat placental barrier. Bull. Exp. Biol. Med. 2014, 157, 383-385. 

98. N'Dea, S.; Nelson, K.M.; Dang, M.N.; Gleghorn, J.P.; Day, E.S. Gold nanoparticle biodistribution in pregnant mice 

following intravenous administration varies with gestational age. Nanomedicine: NBM 2021, 36, 102412. 

99. Patki, M.; Vartak, R.; Jablonski, J.; Mediouni, S.; Gandhi, T.; Fu, Y.; Cetindag, E.; Dave, R.; Valente, S.T.; Patel, K. 

Efavirenz nanomicelles loaded vaginal film (EZ film) for preexposure prophylaxis (PrEP) of HIV. Colloids Surf B: 

Biointerfaces 2020, 194, 111174. 

100. Menon, S.; Vartak, R.; Patel, K.; Billack, B. Evaluation of the antifungal activity of an ebselen-loaded nanoemulsion 

in a mouse model of vulvovaginal candidiasis. Nanomedicine: NBM 2021, 37, 102428. 

101. Bianchi, A.B.; Ruoti, M. Prematurity: Evaluation of Fetal Well-Being and Delivery. In Perinatology; Springer: 2022; 

pp. 593-625. 

102. Hoang, T.; Zierden, H.; Date, A.; Ortiz, J.; Gumber, S.; Anders, N.; He, P.; Segars, J.; Hanes, J.; Mahendroo, M. 

Development of a mucoinert progesterone nanosuspension for safer and more effective prevention of preterm 

birth. J Cont Release 2019, 295, 74-86. 

103. Makanani, B.; Balkus, J.E.; Jiao, Y.; Noguchi, L.M.; Palanee-Phillips, T.; Mbilizi, Y.; Moodley, J.; Kintu, K.; Reddy, 

K.; Kabwigu, S. Pregnancy and infant outcomes among women using the dapivirine vaginal ring in early 

pregnancy. J Acquir Immune Defic Syndr (1999) 2018, 79, 566. 

104. Zhang, T.; Sturgis, T.F.; Youan, B.-B.C. pH-responsive nanoparticles releasing tenofovir intended for the 

prevention of HIV transmission. Eur J Pharmaceutics Biopharmaceutics 2011, 79, 526-536. 

105. Udayakumar, P. Exploration of antifungal formulations in a microneedle based vaginal drug delivery system. 

2022. 

106. Vyas, V.; Ashby, C.R., Jr.; Olgun, N.S.; Sundaram, S.; Salami, O.; Munnangi, S.; Pekson, R.; Mahajan, P.; Reznik, S.E. 

Inhibition of sphingosine kinase prevents lipopolysaccharide-induced preterm birth and suppresses 

proinflammatory responses in a murine model. Am J Pathol 2015, 185, 862-869, doi:10.1016/j.ajpath.2014.10.026. 

107. Giusto, K.; Patki, M.; Koya, J.; Ashby, C.R., Jr.; Munnangi, S.; Patel, K.; Reznik, S.E. A vaginal nanoformulation of a 

SphK inhibitor attenuates lipopolysaccharide-induced preterm birth in mice. Nanomedicine (Lond) 2019, 14, 2835-

2851, doi:10.2217/nnm-2019-0243. 

108. Shahba, A.A.; Mohsin, K.; Alanazi, F.K. Novel self-nanoemulsifying drug delivery systems (SNEDDS) for oral 

delivery of cinnarizine: design, optimization, and in-vitro assessment. AAPS PharmSciTech 2012, 13, 967-977, 

doi:10.1208/s12249-012-9821-4. 

109. Kazi, M.; Al-Swairi, M.; Ahmad, A.; Raish, M.; Alanazi, F.K.; Badran, M.M.; Khan, A.A.; Alanazi, A.M.; Hussain, 

M.D. Evaluation of self-nanoemulsifying drug delivery systems (SNEDDS) for poorly water-soluble talinolol: 

preparation, in vitro and in vivo assessment. Front Pharmacol 2019, 10, 459, doi:10.3389/fphar.2019.00459. 

110. Baloch, J.; Sohail, M.F.; Sarwar, H.S.; Kiani, M.H.; Khan, G.M.; Jahan, S.; Rafay, M.; Chaudhry, M.T.; Yasinzai, M.; 

Shahnaz, G. Self-nanoemulsifying drug delivery system (SNEDDS) for improved oral bioavailability of 

chlorpromazine: in vitro and In vivo evaluation. Medicina (Kaunas) 2019, 55, doi:10.3390/medicina55050210. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

111. Sundaram, S.; Ashby, C.R., Jr.; Pekson, R.; Sampat, V.; Sitapara, R.; Mantell, L.; Chen, C.H.; Yen, H.; Abhichandani, 

K.; Munnangi, S.; et al. N,N-dimethylacetamide regulates the proinflammatory response associated with endotoxin 

and prevents preterm birth. Am J Pathol 2013, 183, 422-430, doi:10.1016/j.ajpath.2013.05.006. 

112. Patki, M.; Giusto, K.; Gorasiya, S.; Reznik, S.E.; Patel, K. 17-alpha hydroxyprogesterone nanoemulsifying 

preconcentrate-loaded vaginal tablet: a novel non-invasive approach for the prevention of preterm birth. 

Pharmaceutics 2019, 11, doi:10.3390/pharmaceutics11070335. 

113. Zierden, H.C.; Ortiz, J.I.; DeLong, K.; Yu, J.; Li, G.; Dimitrion, P.; Bensouda, S.; Laney, V.; Bailey, A.; Anders, N.M.; 

et al. Enhanced drug delivery to the reproductive tract using nanomedicine reveals therapeutic options for 

prevention of preterm birth. Sci Transl Med 2021, 13, doi:10.1126/scitranslmed.abc6245. 

114. Adcock, I.M. HDAC inhibitors as anti-inflammatory agents. Br J Pharmacol 2007, 150, 829-831, 

doi:10.1038/sj.bjp.0707166. 

115. Glauben, R.; Sonnenberg, E.; Zeitz, M.; Siegmund, B. HDAC inhibitors in models of inflammation-related 

tumorigenesis. Cancer Lett 2009, 280, 154-159, doi:10.1016/j.canlet.2008.11.019. 

116. Pierce, S.; Bakker, R.; Myers, D.A.; Edwards, R.K. Clinical insights for cervical ripening and labor induction using 

prostaglandins. AJP Rep 2018, 8, e307-e314, doi:10.1055/s-0038-1675351. 

117. Cam, M.E.; Hazar-Yavuz, A.N.; Cesur, S.; Ozkan, O.; Alenezi, H.; Sasmazel, H.T.; Eroglu, M.S.; Brako, F.; Ahmed, 

J.; Kabasakal, L. A novel treatment strategy for preterm birth: Intra-vaginal progesterone-loaded fibrous patches. 

Internat J Pharmaceutics 2020, 588, 119782. 

118. Brako, F.; Raimi-Abraham, B.T.; Mahalingam, S.; Craig, D.Q.; Edirisinghe, M. The development of progesterone-

loaded nanofibers using pressurized gyration: A novel approach to vaginal delivery for the prevention of pre-term 

birth. Internat J Pharmaceutics 2018, 540, 31-39. 

119. Correia, A.; Costa, C.; Silva, V.; Silva, R.; Lobo, J.S.; Silva, A.C. Pessaries containing nanostructured lipid carriers 

(NLC) for prolonged vaginal delivery of progesterone. Eur J Pharm Sci 2020, 153, 105475. 

120. Laney, V. The development of thermoreversible progesterone-loaded hydrogels for the prevention of preterm 

birth. Johns Hopkins University, 2019. 

121. El-Enin, A.S.A.; Elbakry, A.M.; Hosary, R.E.; Lotfy, M.A.F. Formulation, development, and in-vitro/ex-vivo 

evaluation of vaginal bioadhesive salbutamol sulfate tablets for preterm labor. Pharm Dev Technol 2020, 25, 989-998. 

122. Blackwell, S.C.; Gyamfi-Bannerman, C.; Biggio, J.R. Jr.; Chauhan, S.P.; Hughes, B.L.; Louis, J.M.; Manuck, T.A.; Miller, 

H.S.; Das, A.F.; Saade, G.R.; et al. 17-OHPC to prevent recurrent preterm birth in singleton gestations (PROLONG 

Study): a multicenter, international, randomized double-blind trial. Am J Perinatol 2020, 37, 127-136, doi:10.1055/s-

0039-3400227. Epub 2019 Oct 25. PMID: 31652479. 

123. Decuzzi, P.; Peer, D.; Mascolo, D.D.; Palange, A.L.; Manghnani, P.N.; Moghimi, S.M.; Farhangrazi. Z.S.; Howard, 

K.A.; Rosenblum, D.; Liang, T.; et al. Roadmap on nanomedicine. Nanotechnology 2021, 32, 012001. 

doi:10.1088/13616528/abaadb.  

124. Pekson, R.; Poltoratsky, V.; Gorasiya, S.; Sundaram, S.; Ashby, C.R.; Vancurova, I.; Reznik, S.E. N,N-Dimethylacetam-

ide significantly attenuates LPS- and TNFα-induced proinflammatory responses via inhibition of the nuclearfac-

torkappa B pathway. Molec Med 2016, 22, 747-758. doi:10.2119/molmed.2016.00017. 

125. Gorasiya, S.; Mushi, J.; Giusto, K.; Pekson, R.; Yoganathan, S.; Reznik, S.E. Repurposing N,N-dimethylacetamide 

(DMA), a pharmaceutical excipient, as a prototype novel anti-inflammatory agent for the prevention and/or treatment 

of preterm birth. Curr Pharm Des 2018, 24, 989, 992. doi:10.2174/1381612824666180130121706. 

126. Zierden, H.C.; Ortiz, J.I.; DeLong, K.; Yu, J.; Li, G.; Dimitrion, P.; Bensouda, S.; Laney, V.; Bailey, A.; Anders, N.M.; et 

al. Enhanced drug delivery to the reproductive tract using nanomedicine reveals therapeutic options for pre- vention 

of preterm birth. Sci Transl Med 2021, 13, eabc6245. Doi:10.1126/scitranslmed.abc6245.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1


 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2022                   doi:10.20944/preprints202208.0252.v1

https://doi.org/10.20944/preprints202208.0252.v1

