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The World Health Organisation (WHO) estimates 15 million babies worldwide are born preterm each year, with
1 million infant mortalities and long-term morbidity in survivors. Whilst the past 40 years have provided some
understanding in the causes of preterm birth, along with development of a range of therapeutic options,
notably prophylactic use of progesterone or uterine contraction suppressants (tocolytics), the number of
preterm births continues to rise. Existing therapeutics used to control uterine contractions are restricted in
their clinical use due to pharmacological drawbacks such as poor potency, transfer of drugs to the fetus
across the placenta and maternal side effects from activity in other maternal systems. This review focuses
on addressing the urgent need for the development of alternative therapeutic systems with improved
efficacy and safety for the treatment of preterm birth. We discuss the application of nanomedicine as
a viable opportunity to engineer pre-existing tocolytic agents and progestogens into nanoformulations, to
improve their efficacy and address current drawbacks to their use. We review different nanomedicines
including liposomes, lipid-based carriers, polymers and nanosuspensions highlighting where possible,
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Accepted 27th January 2023 the properties of pre-existing therapeutic agents within the field of obstetrics. We also highlight where
active pharmaceutical agents (APIs) with tocolytic properties have been used for other clinical indications

DOI: 10.1039/d2na00834c and how these could inform the design of future therapeutics or be repurposed to diversify their

rsc.li/nanoscale-advances application such as for use in preterm birth. Finally we outline and discuss the future challenges.

weeks); with late preterm accounting for 70% of cases.® Infants
born at 22 weeks or with a birth weight of =500 g are considered

Introduction

(cc)

Preterm birth

Preterm birth is defined as the birth of a child before 37 weeks'
gestation; a full-term pregnancy lasts 39-41 week. According to
the 2018 report from the World Health Organisation (WHO),
preterm birth globally affects up to 15 million babies each year,
with a total of 1 million infant mortalities."* Globally the
preterm birth rate is 11%,** ranging from 8.7% in Europe to
13.4% in North Africa.* Preterm birth is categorised according
to gestation at delivery as; extremely preterm (<28 weeks), very
preterm (28-32 weeks) and moderate to late preterm (32 to 37
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to be at the lower limit of viability having very limited chances of
survival.*” However, as gestational age at delivery increases, so
does survival rate: Larroque et al. found neonates born at 24
weeks had an increased survival rate at 31%, followed by 78% at
28 weeks and 97% at 32 weeks.® Survival rate however, is also
dependent on the social and medical conditions in which the
infant is born. Additionally, although the largest concern linked
to preterm birth is immediate mortality, preterm infants often
experience long-term morbidity including neurodevelopmental
delay, cerebral palsy as well as respiratory disorders, cardio-
vascular disorders, infections, visual and hearing problems and
learning disabilities owing to the underdeveloped fetal organs
and systems.” Indeed, preterm birth is one of the largest
contributors to the disease burden and concomitant economic
burden globally due to the lifelong disability often associated
with being born preterm.

Clinical risk factors for preterm birth

Clinically, preterm birth is classified into different subtypes: In
~30-35% of cases, preterm labour is pre-planned (medically

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indicated (iatrogenic)) and instigated by obstetricians; these
planned cases occur primarily because the mother or the fetus
is suffering from a potentially life-threatening condition and
hence earlier delivery is safer.™ This includes poor fetal growth
(fetal growth restriction, FGR) often as a result of a poor func-
tioning placenta, fetal anatomical concerns, or fetal distress.
Alternatively, planned preterm birth can occur if the mother has
a health condition such as preeclampsia or other obstetrical
complications including placental abruption. In these situa-
tions, obstetricians induce birth early given that there is a clear
clinical advantage of early labour based on maternal and fetal
considerations." "> Given that here, labour onset is pre-planned
and somewhat controlled, pharmacological intervention is not
necessary and hence iatrogenic preterm births are not the focus
of this review.

The majority (~65-70%) of preterm births are classed as
sudden or unexpected and are referred to as spontaneous in
onset.”** Spontaneous preterm birth results from either
preterm premature rupture of membranes (PPROM) or idio-
pathic (no known cause) spontaneous labour onset involving
uterine contractions and cervical dilation. Around 40-45% of all
preterm births are idiopathic and are the main focus of the
treatments described here.

Risk factors for spontaneous preterm birth include preterm
birth in a previous pregnancy, having a short (=25 mm) cervix
(cervical insufficiency), either naturally or because of cervical
surgery, and multiple pregnancy (e.g. twins). Other possible
etiologies include intrauterine infection and inflammation.
That previous spontaneous preterm delivery increases the risk
of subsequent preterm birth, suggests that there may be
a genetic factor involved. Many studies to date have identified
multiple genetic variants linked to spontaneous preterm birth,
however, in most cases, outcomes cannot be replicated across
different population cohorts.* Furthermore, the function of the
genes identified are often not validated and therefore a biolog-
ical role is not provided. In addition, many genetic studies to do
not consider the gene-environment interactions including
external and in utero environmental factors.

Multiple gestations, i.e. twins and triplets are considerably
over-represented within preterm birth statistics accounting for
20% of all preterm births and 11.2% of all neonatal intensive
care unit admissions despite representing only 3% of all live
births. Up to 60% of multiple pregnancies will deliver <37
weeks' gestation and 10% <32 weeks. Nearly two thirds of
multiple pregnancy preterm births are due to spontaneous
onset of labour with the remaining third being iatrogenic due to
maternal or fetal complications. Additionally, multiple gesta-
tions, account for more than 50% of preterm birth complica-
tions and 10-12% of all fetal deaths.">"” Twins are at increased
risk of low birth weight and as a result of preterm birth, have
a five times higher risk of early neonatal and infant death than
when only one baby is carried (singletons).'®' The increased
incidence of preterm birth in twins is multifactorial and
includes maternal complications (discussed above) as well as
uterine overdistention (stretch) which can trigger uterine
contractions.
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Interestingly maternal age, both =19 years and =35 years, is
often described as high risk for preterm birth. For those of
a young maternal age (<19 years), spontaneous preterm birth
may be due to biological immaturity increasing their risk of
PPROM.” Conversely recent studies suggest that advanced
maternal age (=35 years) and concomitant increase in risk of
gestational diabetes and preeclampsia, may contribute to the
increased risk of preterm birth.** Pregnancies conceived by
assisted reproductive technologies (e.g. In vitro fertilization/
intracytoplasmic sperm injection, IVF/ICSI) are also at higher
risk of preterm birth.*

Prevention and treatment of preterm birth

The treatment of preterm birth can be divided into two cate-
gories; either prophylactic treatment for preterm birth preven-
tion for women at high risk of preterm birth, such as those with
a history of previous preterm birth and/or current evidence of
a short cervix, or treatment at the onset of spontaneous preterm
labour to suppress uterine contractions, known as tocolysis.
The types of active pharmaceutical ingredients (APIs) used, and
the clinical findings will be briefly discussed in this section.
The APIs used for prophylactic treatment to reduce the risk
of preterm birth occurring are progestogens (based on the
hormone progesterone, Fig. 1) and include a synthetic deriva-
tive of progesterone, 17-hydroxyprogesterone caproate (OHPC)
and vaginal progesterone. These two APIs have different phys-
iochemical properties which influences their route of admin-
istration. For example, OHPC has a higher octanol-water
partition coefficient (log P) and lower aqueous solubility than
progesterone and is therefore administered as an intramuscular
injection (Table 1). For women with a singleton gestation and
a history of spontaneous preterm birth, OHPC (250 mg) can be
administered weekly, starting at 16-20 gestational weeks until
36 weeks or delivery. For women with a short cervix, vaginal
progesterone, either as a vaginal gel (90 mg) or micronised
vaginal soft capsules (200 mg) is offered, however, the benefits
of treatment are not clear: the largest study on vaginal admin-
istration of progesterone (200 mg capsules) (a multicentre,
randomised and double-blind trial) reported that “Vaginal
progesterone was not associated with reduced risk of preterm
birth or composite neonatal adverse outcomes, and had no
long-term benefit or harm on outcomes in children at 2 years of
age.””® However, a very recent network meta-analysis of clinical
trials has shown that vaginal progesterone to be the treatment
of choice for women with a singleton pregnancy and with
a short cervical length.** Indeed, in the United Kingdom, the
National Institute for Health and Care Excellence (NICE) have
recommended vaginal progesterone for high risk women. For
OHPC, in 2003, a multi-centre, double-blind, placebo-controlled
trial evaluating progesterone in women with prior history of
spontaneous preterm birth found clear benefit with significant
reduction in the rate of recurrent preterm birth and signifi-
cantly prolonged the duration of pregnancy*® and was granted
approval by the U.S. Food and Drug Administration (FDA).
However, a subsequent follow-up confirmatory trial could not
replicate the initial findings and raised other safety concerns.>®
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In October 2022, the FDA held a hearing to discuss the proposal
to withdraw the approval of OHPC for the treatment of preterm
birth, the decision has not yet been announced.

For multiple gestations the aetiology of preterm birth is
likely to be multifactorial and different to singleton pregnancies
(for a review on this topic see Murray et al.*’). For these preg-
nancies, there is currently a lack of evidence-based interven-
tions for the prevention of preterm birth. The most studied is
prophylactic progesterone administration (intramuscular
OHPC and vaginal suppository or gel) in twin or triplet preg-
nancy. Neither vaginal progesterone in twin nor OHPC in twins
or triplets has been shown to reduce preterm birth before 34
weeks.”®?* However, a higher dosage of daily vaginal proges-
terone (600 mg) for women with twins may improve preterm
birth outcomes.*® Additionally, in a subgroup of women with
twins and a short cervix, vaginal progesterone reduced the risk
of delivering before 34 weeks.** The same, however, has not
been found for use of OHC in twin pregnancies and short
cervix.*> Guidelines, such as those by the International Society
of Ultrasound in Obstetrics and Gynecology (ISUOG), therefore
recommend screening for preterm birth in twin pregnancy with
cervical assessment on vaginal ultrasound but without clear
guidance on management regime to follow. Due to insufficient
evidence, routine use of intramuscular or vaginal progesterone
for prevention of preterm birth in multiple pregnancies is not
recommended.*® Unlike in singleton pregnancies, the use of
tocolytics in multiple pregnancies has been less studied.**
Questions also arise over whether tocolytic treatments demon-
strate the same efficacy in preventing or delaying preterm birth
or improving infant outcomes for multiple gestation pregnan-
cies. There is insufficient evidence for the prophylactic use of 32
adrenergic receptor agonists in twins,* whilst nifedipine
appears safe and effective in delaying labour in both singleton
and twin pregnancies with spontaneous preterm labour onset.*®
Indomethacin has not been investigated specifically in multiple
pregnancy, but twin gestations were included in a network
meta-analysis comparing tocolytic therapies for preterm
delivery. Indomethacin showed the highest delay in delivery by

(¢]
Hydroxyprogesterone
caproate (OHPC)

Fig. 1 The structures, of progesterone and hydroprogesterone cap-
roate (OHPC).
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48 hours and least maternal side effects,®” albeit its use was
restricted to before 32 weeks due to known fetal complications.
Given the weaker evidence basis for the preterm birth treat-
ments for multiple gestations compared to singleton pregnan-
cies more research is needed to identify the best treatment
options.

In cases of spontaneous labour onset with uterine contrac-
tion and/or cervical dilation, women are primarily treated with
APIs named tocolytics, uterine contraction suppressants. The
primary role of tocolytics is to reduce the frequency and inten-
sity of uterine contractions.?**! The resulting delay in labour is
usually sufficient to enable the transfer of the woman to a care
setting with appropriate neonatal facilities, or for administra-
tion of corticosteroids (betamethasone or dexamethasone) to
enhance fetal lung maturation prior to delivery; to reduce
neonatal respiratory complications. Furthermore, the woman
may also be administered magnesium sulphate to provide
neuroprotection and reduce brain injury in the infant. These
APIs can be divided into subcategories of tocolytics based on
their mechanism of action (Fig. 2). Tocolytics include calcium
channel blockers (e.g. nifedipine), B2 adrenoceptor agonists
(betamimetics) (e.g. salbutamol, ritodrine, terbutaline),
oxytocin receptor antagonists (e.g. atosiban, nolasiban and
barusiban) and non-steroidal anti-inflammatory drugs (NSAIDs)
(e.g- indomethacin).?”*>* For further discussion of mechanism
of action of these drugs, see Arrowsmith et al. 2010 and Wray
et al. 2022.**** These tocolytic APIs, with the exception of sal-
butamol, generally possess limited aqueous solubility (with
predicted values =0.05 mg ml "), while all except atosiban can
be administered orally (Table 2). Each API presents side effects
to the mother and/or the fetus which can be seen in Table 2. It is
important to note however, that very few tocolytics are approved
for the treatment of preterm birth. Hence, given the very limited
range of clinical options, and the limited evidence of the benefit
of the approved treatments, most are used off-label for the
treatment of preterm birth. The only approved treatment is
atosiban, which was approved by the European Medicines
Agency (EMA) in 2000, but not the FDA. Atosiban is an oxytocin-
receptor antagonist (ORAs) developed especially for the treat-
ment of preterm birth. Because the primary targets for oxytocin
are the uterine muscle (myometrium) and decidua, it was
anticipated that atosiban would be highly organ specific with
limited adverse side effects. Atosiban displayed mixed results in
clinical trials; it has been shown to reduce the likelihood of
birth within the first 48 hours,*® however without improvement
in neonatal outcomes. An upcoming multi-centre trial of ato-
siban and steroid vs. placebo has been approved which may
address the neonatal benefit question.*” Several other ORAs are
also in development including barusiban and nolasiban which
confer different pharmacokinetic profiles and potencies.

Despite there being several different tocolytics available, they
have a number of clinical drawbacks. Firstly, tocolytics have
repetitive dosing and time restrictions; with many requiring the
termination of administration after 48 hours.” Secondly, their
efficacy is variable amongst different patient cohorts with some
displaying uterine quiescence for up to 7 days, whereas others
only maintain quiescence for 24 hours after the maximum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The physiochemical parameters, dose and side effects of progesterone and hydroprogesterone caproate (OHPC) often used for
prophylactic prevention of spontaneous preterm birth. Data on the side effects was taken from Dodd et al.*®

API log P Solubility (mg ml™) Dose Route of administration Side effects

Progesterone 3.58 0.00546 200-400 mg Oral, vaginal - Maternal headache, breast tenderness,
nausea, cough

Hydroxyprogesterone 4.81 0.00086 250 mg Intramuscular - Maternal headache, breast tenderness,

caproate (OHPC)

dosing of 48 hours.”® Thirdly, further speculation around the
safety and efficacy of tocolytics is raised due to a number of
associated side effects in the mother and/or the fetus, the
nature of which depend on the subclass of tocolytic used (see
Fig. 2).

Currently in clinic, calcium channel blockers are the most
common first line treatment due to their enhanced tocolytic
activity over other tocolytic categories and reduced fetal
effects.*** However, owing to the fact that the same calcium
channels are present in the heart and cardiovascular system,
calcium channel blockers can cause substantial maternal side
effects including hypotension and tachycardia.”® Hence,
calcium channel blockers suffer from time restrictions of use up
to 48 hours and dosage restrictions to a maximum of 160 mg
day '.°* Indomethacin is another commonly used tocolytic. It
reduces the activity of the type 2 isoform of cyclo-oxygenase
(COX-2), which is important for the production of prostaglan-
dins within intrauterine tissues, and has been shown to reduce
uterine contractility; thus, extending gestation. However, it also
poses concerning side effects including premature closure of
a major blood vessel, the ductus arteriosus, in the fetus as well
as intraventricular bleeding.’”>*

With significant disadvantages still associated with the most
potent tocolytics, there is a clear requirement for the develop-
ment of new tocolytics or new formulations of pre-existing APIs
that can be engineered to improve their pharmacokinetic and
safety properties. The key desirable outcomes are to improve the
in vivo pharmacological performance of tocolytic agents, whilst
addressing dosage restrictions and maternal and fetal safety
concerns. The development of new APIs for the treatment of
preterm birth is outside the scope of this review, instead the
reader is directed to the review by Zierden et al.>®

nausea, cough
- Local irritation at injection site

Potential advantages of using nanomedicine for preterm birth

Nanomedicine, the application of nanotechnology for thera-
peutics and diagnostics, has provided significant advantages for
medicine in recent decades.®** Most notably, nanomedicine
technologies offer the potential to alter the pharmacokinetics
and biodistribution of APIs. An example of this is in the clinical
success of targeted liposomes for the delivery of anticancer
therapies: paclitaxel loaded liposomes for lung cancer, using d-
a-tocopheryl polyethylene glycol 1000 succinate triphenylphos-
phine conjugate to actively target the mitochondria in
cancerous cells, have shown a strong inhibitory effect of 73%
and increased apoptosis of cancerous cells.® In the setting of
preterm birth, better drug pharmacokinetics and bio-
distribution to reduce the dosage profile is clearly attractive for
improving the clinical performance of tocolytic agents where
side-effects in both the mother and the fetus are often limiting
factors for their use. As noted for the example in cancer therapy,
the targeting of nanomedicines can be used to further enhance
the pharmacokinetics of an API, typically using intravenous (IV)
as the route of administration. Nanomedicines can be designed
to incorporate passive and/or active targeting. Passive targeting
uses the properties of the nanoparticles themselves (diameter,
surface charge, surface coating) in combination with the phys-
iology of the disease site to increase the percentage of the API
that reaches the target site. An example of this such of targeting
is the enhanced permeation and retention effect which exploits
the pathophysiological characteristics observed in some solid
tumours.®** Active targeting involves the conjugation of a high-
affinity ligand onto the surface of the nanoparticle. This ligand
is then able to bind to a specific receptor that is found on the
targeted cells.®® Targeting of nanomedicines is a considerable
opportunity for improving the efficacy of treatments.
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Fig. 2 The main subcategories of commonly used tocolytics and their structures.
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Table 2 Commonly used tocolytics showing their physiochemical parameters, dose and side effects. The data on side effects of the drugs was
obtained from the following ref. 48—50 The calculated log P values and calculated solubilities were ALOGPS values®*

Solubility Route of
API log P (mgml™")  Dose administration  Side effects
Nifedipine 2.49  0.0177 10-30 mg, then 10-20 mg every 4-6 h Oral - Maternal headache and hypotension
- Tachycardia (maternal and fetal)
Sulbutamol 0.44 2.15 10 mcgs min ', titrated to response until ~ Oral or IV - Maternal tachycardia, hyperglycaemia
contractions cease (max rate 45 mcegs/ and pulmonary tachycardia
min), then gradually reduce, max - Fetal tachycardia and respiratory
duration 48 h distress syndrome
Atosiban —0.17  0.0517 6.75 mg bolus, then 300 mg min™* v - Maternal tachycardia and chest pain
infusion for 3 h, followed by 100
mg min~" infusion for up to 45 h
Indomethacin 4.25  0.0024 100 mg, then 25 mg orally 4-6 hourly for ~ Oral - Fetal reduced amniotic fluid, premature

48 h

Another opportunity offered by nanomedicines is the
potential to open new routes of administration. For ‘conven-
tional’ (non-nano) formulations of an API the route of admin-
istration is limited by the physicochemical parameters of the
API. For example, for oral dosing the API needs to typically
possess physiochemical parameters within Lipinski's rule of 5

Liposome

Nanoemulsion

closure of ductus arteriosus

(molecular weight =500, log P =< 5, H-bond donors =<5, H- bond
acceptors =10).*” This is because the oral bioavailability is
controlled by the aqueous solubility and permeability of the
drug through the gastrointestinal membrane; APIs with low
solubility and low permeability are often associated with poor
therapeutic efficacy after oral administration.®® However, the

Nanostructured lipid carrier
(NLC)

F

Nanosuspension

Polymer nanoparticle

‘ Poorly-water soluble
API Surfactant
3% Water soluble API

" Solid lipid

Liquid lipid
N quia lipi

Fig. 3

Illustration of liposomes, solid lipid nanoparticles, nanostructured lipid carriers, nanoemulsions, polymer nanoparticles and nano-

suspension hanomedicines showing the differences in the structure and composition of the different nanoparticles.
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Fig.4 Liposomes developed for the treatment of preterm birth. (A) Scanning electron microscopy of indomethacin loaded liposome. (B) Analysis
of the distribution of fluorescently labelled (red) indomethacin loaded liposomes in uterus, placenta, and fetus. (C) Quantification of the
indomethacin concentration within uterus and fetus 4 hours following administration of indomethacin or indomethacin loaded liposomes. (D)
Illustration of indomethacin (IND) loaded liposomes with oxytocin receptor antagonist (ORA) targetting ligands. (E) Biodistribution of liposomes
containing indomethacin and targeted with oxytocin receptor antagonist components (LIP-IND-ORA) in vivo in pregnant mice. (F) A comparison
of the targeted indomethacin liposomes (LIP-IND-ORA) and free indomethacin (IND) in terms of the concentrations of indomethacin in the
maternal uterus and fetus, both were dosed at the same concentration (1 mg kg™3). (G) Comparison of the in vivo therapeutic efficacy in
prevention of LPS induced preterm birth, free indomethacin and indomethacin liposomes were both dosed at 1 mg kg™ (H) Effect of non-
targeted and OTR-targeted nifedipine loaded liposomes on myometrial contractions in vitro. (I) Analysis of the contractility testing to obtain area
under the curve (AUC) values for 30 minutes immediately prior to and 30 minutes after treatment with nifedipine (NIF) loaded liposomes (pre-
treatment and post-treatment, respectively), (i) non-targeted liposomes containing NIF, (i) targeted liposomes containing NIF, (iii) non-targeted
liposomes containing salbutamol (SAL) and (iv) targeted liposomes containing SAL. (A), (B) and (C) are adapted with permission from Elsevier
reference,®® (D), (E), (F) and (G) are taken from reference under Creative Commons CC BY license,”® (H) and (I) are taken with permission from

Elsevier ref. 86.

use of nanomedicines can be used to circumvent the limits
caused by an API's physicochemical properties. For example,
nanosuspensions can be used to enhance the dissolution
kinetics of poorly solubility APIs,* while lipid nanoparticles can
show mucoadhesive behaviour in the gut or drive lymphatic
uptake of their payload.” Such approaches are of interest for
a wide range of conditions including cancer.”* Conversely,
moving from an oral dose to an IV nanomedicine can be
beneficial, as the properties of the nanomedicine can influence
the elimination mechanisms. Thus the properties of the nano-
medicine will also influence the pharmacokinetics of the
treatment rather than these being purely controlled by the
physiochemical properties of the dissolved API. In the treat-
ment of preterm birth, where therapies are given in a clinical
setting (compatible with IV administration), it may be attractive

© 2023 The Author(s). Published by the Royal Society of Chemistry

to move from the oral dosing of an API to IV dosing of a nano-
medicine with the aim of improving targeting to the uterus.
This could potentially allow for a dose reduction and reduced
side-effects. Furthermore, because nanomedicines can offer
different behaviour in terms of penetration across biological
barriers there is also the potential to delivery APIs topically or
vaginally. Vaginal administration is an attractive route for the
treatment of preterm birth as it avoids hepatic first-pass
metabolism that is seen for oral dosing and is also successful
in delivering a local effect at the uterus.”>”® The vagina is lined
with mucosal tissue and as such the efficacy of vaginally
administered APIs is strongly influenced by the interaction of
the formulation with the mucus lining in the vagina. In terms of
nanomedicine, both mucoadhesive or mucoinert nanoparticles
can be designed, each with its own strengths and weaknesses.
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Table 3 Liposomes containing APIs with tocolytic properties®
Mean Drug
diameter  loading  Administration
API Lipid(s) Targeting (nm) (Wt%) route Ref.
Indomethacin Soy bean phosphatidyl- N/A 150-170 3.7 v 85
choline & cholesterol
Indomethacin Soy bean phosphatidyl- choline, Atosiban-PEG,,o,-DSPE 124 3.7 v 76
cholesterol & 1,2-distearoyl-
sn-glycero-3-
phosphoethanolamine (DSPE)
Nifedipine, salbutamol, 1,2-Distearoyl-sn-glycero- Polyclonal anti-OTR ~200 * v 86
rolipram or indomethacin ~ 2-phosphocholine (DSPC), antibody-PEG;0o-DSPE
cholesterol & DSPE
Nifedipine or salbutamol DSPC, cholesterol & DSPE Polyclonal anti-OTR 200 * Not tested in vivo 58

hemisulfate

antibody-PEG,0o-DSPE
Atosiban-PEG,0o-DSPE

(however route of
administration
would be IV)

¢ * values were not reported in the paper and could not be calculated based on the information given in the experimental.
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Fig. 5 Lipid-based nanomedicines containing APIs relevant to the
treatment of preterm birth. (A) TEM analysis of solid lipid nanoparticles
based on L-cysteine. (B) In vitro release kinetics of progesterone from
SLNs, NLCs compared to the suspension of progesterone in polox-
amer 188 (2.5% w/w). (C) Analysis of the amount of progesterone in the
stratum corneum after the application of either the SLNs or NLCs. (D)
Comparison of the progesterone concentration in the skin after
treatment with either the SLNs or NLCs after 3 hours or 6 hours in
stratum corneum, as determined by tape-stripping experiments. (A)
was adapted from reference under Creative Commons license,**® (B),
(C) and (D) were adapted with permission from Elsevier ref. 111.

Mucoadhesion can be used to prolong the residence time of an
API in the vagina, however, this can also limit the penetration of
the API through the mucus to the underlying cells.” Conversely
mucoinert/mucus penetrating nanoparticles can improve the
delivery of an API to the vaginal epithelium.” The ability to
introduce specific moieties to target specific organs and the
ability to address the aqueous solubility issues surrounding the
lipophilic character of many drugs, including tocolytics, makes

1876 | Nanoscale Adv, 2023, 5, 1870-1889

this technology exciting and viable for novel therapies for
preterm birth, as discussed next.”

Nanomedicine opportunities for tocolytics

The opportunities for tocolytic nanomedicine formulations are
vast, particularly due to the hydrophobic nature of the majority
of the tocolytic APIs. Some of the nanomedicine types that are
best suited to the delivery of poorly water-soluble APIs are
liposomes, solid lipid nanoparticles, nanostructured lipid
carriers, nanoemulsions, polymer nanoparticles and nano-
suspensions (Fig. 3).

Whilst beneficial, the ability of nanomedicines to alter the
pharmacokinetics and biodistribution of an API also introduces
additional complexity to the formulation. A nanomedicine has
many additional physical properties when compared to a dis-
solved API including the size, shape, surface coating and
particle composition, which may all influence the biological
behaviour of the nanomedicine.®*”””® Additionally, these
particle properties can typically interact with one another and
so it can be challenging to tailor the nanomedicine properties to
a given application. Furthermore, the efficacy of a nano-
medicine is strongly influenced by its behaviour in vivo,
including drug release from the nanoparticles, nanomedicine
accumulation in the target cells (e.g. the uterus in preterm birth)
and its biodistribution. Typically, initial development of nano-
medicine formulations focusses on producing stable nano-
particles with the required surface coating, the highest possible
drug loadings (measured as a percentage of the drug in the total
formulation) and the appropriate drug release kinetics. The
ability to obtain the highest drug loadings possible for
a formulation is important for the potential translation of
a nanomedicine formulation to clinical use. While nano-
medicines offer the potential to increase the therapeutic index
of an APL” allowing for dose reduction. Nanomedicine
formulations also can consist of a considerable mass of excip-
ients which reduce the drug loading in the formulation;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Lipid-based nanomedicines containing APIs with tocolytic properties®?

Mean Drug
Carrier diameter loading Administration
API type Lipid(s) Stabiliser(s) (nm) (Wt%) route Ref.
Indomethacin SLNs Compritol 888 ATO Tween 80 and poloxamer 188 140 1.9 Topical (ocular) 103
Indomethacin SLNs Compritol 888 ATO Tween 80, poloxamer 188 and 265 1.8 Topical (ocular) 107
chitosan
Nifedipine SLNs Hydrogenated soybean Stabilisation provided by the 69 2.7 None specified 108
phosphatidylcholine and charge by of the phospholipid
dipalmitoylphosphatidyl
glycerol
Progesterone SLNs 2(R)-2,3-dihydroxypropanoate Tween 20 640 3 Vaginal 109
of octadecyl 2,3-
dihydroxypropano-ate
Indomethacin NLCs  Miglyol 812 and Compritol ~ Tween 80 227 9.9 Topical (ocular) 107
888 ATO
Indomethacin and a non- NLCs Precirol ATO 5 (solid lipid) Cremophor RH40 27 3.6 Transdermal 105
tocolytic API (celastrol) and Labrasol ALF
Progesterone NLCs  Monostearin, stearic acid and Polyethylene glycol 340-385  3-11 Oral 110
oleic acid Monostearate and Tween 20
Progesterone SLNs  Tristearin Poloxamer 188 180 2 Topical (skin) 111
Progesterone NLCs  Tristearin and Miglyol 812 N Poloxamer 188 140 2 Topical (skin) 111
Progesterone NLCs Stearic acid, sesame oil and Tween 80 and PEG mixture  135-225  * Oral 112
cetyl alcohol, cetostearyl (400, 1500, 4000)
alcohol
Nifedipine and a non-tocolytic NLCs ~ Precirol ATO 5 and Capryol 90 Poloxamer 407, Gelucire 44/ 200 * Oral 113
API (simvastatin) 14, Tween 20, and lecithin
OHPC NE Dimethylacetamide and Kolliphor HS 15 50 10 Vaginal 114
medium chain triglyceride
SKI I NE Dimethylacetamide and Kolliphor HS 15 37 * Vaginal 115
medium chain triglyceride
Indomethacin NE Lipoid E-80 Poloxamer 188 and 110 0.1 Topical (ocular) 116
stearylamine
Indomethacin NE Castor oil Polysorbate 80 117 0.05 Topical (ocular) 117

“ NE-nanoemulsion. ? * values were not reported in the paper and could not be calculated based on the information given in the experimental.

ultimately low drug loadings can make it impractical to dose the
therapeutically relevant amount of the API. Nanoparticle
diameter is another key property and is possibly the most
studied parameter with numerous studies investigating how
this influences the biological behaviour of nanoparticles. The
diameters of the nanoparticles produced are often driven by
what is possible due to the processing method and nano-
medicine type used; typically, it is possible to produce samples
with diameters that vary up to five-fold. While the size of
a nanomedicine is not the only factor that controls its biological
properties, some generalisations have been provided. For IV
dosing, a the distribution of particle sizes can not exceed 5 pm
in diameter, this is because particles larger than this may lead
to embolization.** Nanoparticles in the diameter range of 20-
200 nm do not generally leave the capillaries, while nano-
particles with diameters =10 nm can be filtered out of the
circulation by the kidneys.** For oral administration, there is no
upper particle size limit and generally smaller sizes of nano-
particles can increase bioavailability of the APL.** The under-
standing of the effect of nanoparticle size on less common
administration routes (such as vaginal pessaries) is more
limited; we will discuss the findings of specific studies in the
later sections of the review.

© 2023 The Author(s). Published by the Royal Society of Chemistry

In the treatment of preterm birth with tocolytics, the ulti-
mate objective is to target the distribution of the API to the
uterus to stop contractions and avoid effects in other organs
and systems in the mother, as well as critically, to prevent the
API from crossing the placenta and entering the fetal circula-
tion. In terms of applications in the treatment of preterm birth,
there are very few studies that have systematically varied particle
size and investigated biodistribution. One study has shown that
smaller gold nanoparticles (20 or 50 nm) displayed higher
accumulation in the uterus than nanoparticles with diameters
of either 100 or 200 nm.* However, this behaviour might not be
generalisable to other nanoparticles with different surface
properties. In the following sections we review the different
nanomedicine systems and discuss how they have been devel-
oped and investigated to date for the treatment of preterm
birth, including the in vitro and in vivo models used to evaluate
their efficacy. We also discuss nanomedicine formulations that
have been developed for indications other than preterm birth
but with APIs that have known tocolytic properties and could
therefore be repurposed for use in treating preterm birth. To aid
comparison of the different nanomedicine formulations each
section contains a table that summarises the key feature of the
formulations.

Nanoscale Adv., 2023, 5,1870-1889 | 1877
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Fig. 6 Polymer nanoparticles using poly(ester amide)s nanoparticles
and indomethacin at the API. (A) The repeat units of the poly(ester
amide)s used in the research. (B) Characterisation of the unloaded
poly(ester amide)s nanoparticles (PEA@empty) and indomethacin
loaded poly(ester amide)s hanoparticles (PEA@IMC NPs) by DLS to give
the mean diameter (Dh) and polydispersity index (PDI). (C) The drug
loading capacity (LC) and encapsulation efficiency (EE) of indometh-
acin loaded poly(ester amide)s nanoparticles. All parts of this figure are
taken with permission from Elsevier ref. 126.

Liposomes

Liposomes are artificial spherical vesicles made of one or more
lipid bilayers.** Due to this structure, a liposome possesses an
aqueous core that is surrounded by a hydrophobic lipid

1878 | Nanoscale Adv., 2023, 5, 1870-1889
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bilayer(s). As such, liposomes can encapsulate both hydrophilic
drugs (in the aqueous core) and hydrophobic drugs (within the
lipid bilayers(s)) (Fig. 3A). Liposomes are the nanomedicine
technology platform that has been investigated most extensively
for the delivery of tocolytics. To the best of our knowledge,
Refuerzo et al. were the first to develop liposomal formulations
containing indomethacin, for the prevention of preterm birth.*
Indomethacin is an attractive tocolytic to formulate into the
lipid bilayers of liposomes due its lipophilic nature (logP of
4.5). Refuerzo et al. developed fluorescently labelled multi-
lamellar liposomes (150-170 nm) (Fig. 4A) synthesised from
phosphatidylcholine and cholesterol via the lipid hydration-
extrusion technique and the liposomes contained 3.7 wt%
indomethacin.® Fluorescently-labelled particles were imaged to
identify particle accumulation, which showed successful,
predominantly uterine accumulation (Fig. 4B) and minimal
evidence of placental transfer (Fig. 4C).* The liposomes were
further developed to specifically target oxytocin receptors
(OTRs) in the uterus, where they are abundantly expressed and
are responsible for mediating the contraction stimulating effect
of oxytocin during labour.” Refuerzo et al. targeted the lipo-
somes to the OTRs, by conjugating atosiban, a competitive OTR
antagonist, to the surface of the liposome (Fig. 4D).”® Analysis of
these OTR-targeted liposomes in pregnant mice via tail vein
injection showed predominant distribution in the uterus
compared to other sites such as the liver, placenta and fetus
(Fig. 4E). When comparing the indomethacin-loaded, targeted
liposomes to free indomethacin, the targeted liposomes
demonstrated a 4-fold reduction in placental indomethacin
concentration and hence reduced placental transfer (Fig. 4F).
Finally, in an infection-induced preterm birth mouse model
using lipopolysaccharide (LPS), the targeted liposomes reduced
preterm birth rates compared to control (Fig. 4G).”® Further to
these studies, Paul et al. developed uterine-targeted liposomes
of ~200 nm diameter containing other tocolytic agents: nifed-
ipine, salbutamol, rolipram and indomethacin.*® The liposomes
contained excipients cholesterol and the phospholipid 1,2-dis-
tearoyl-sn-glycero-2-phosphocholine (DSPC), as adapted from
a method developed by Hua et al for the development of
antibody-conjugated liposomes.?” To add a uterine targeting
functionality, a lipid 1,2-diastearoyl-sn-glycero-3-phospho-
ethanolamine coupled to polyethylene glycol (PEG) with a mal-
eimide chain end functionality was conjugated to an anti-OTR
antibody. The liposomes were then synthesised by high pres-
sure extrusion.®® Their key findings showed that OTR-targeted
liposomes containing nifedipine, salbutamol or rolipram were
able inhibit ex vivo human uterine contractions, whilst non-
targeted liposomes did not reduce contractions at the equiva-
lent concentrations tested (Fig. 4H).*® A reduction in contrac-
tility was only observed when the targeting approach was used
(Fig. 4I). In a similar inflammation-induced mouse model of
preterm birth, indomethacin-loaded OTR-targeted liposomes
reduced preterm birth rates to 18%, whereas non-targeted
liposomes had no significant effect and remained at
a preterm birth rate of 58%.% Further work published by Hua
et al. exploring the in vitro mechanisms of the cellular uptake,
internalisation and toxicity profiles of liposomes with a mean

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Polymer nanomedicines containing APIs with tocolytic properties

Mean diameter Drug loading

API Polymer Stabiliser(s) (nm) (Wt%) Administration route Ref

Indomethacin PLGA Polyvinylpyrrolidone and 280-610 5-6.8 Not specified 125
polyvinyl alcohol

Indomethacin Poly(ester amides) No surfactant or polyvinyl 100-400 0.9-1.5 Not specified 126

(repeat units can be alcohol

seen in Fig. 6A)

diameter of 200 nm.*® While the encapsulation efficiency was
reported in the work, the drug loadings in the liposomes were
not given. They showed that the incorporation of OTR targeting
enhanced cellular interactions with uterine tissues, with the
potential to increase tocolytic efficacy and decrease dosage
profiles.”**** This was true regardless of the targeting ligand
(either an OTR monoclonal antibody or the OTR antagonist,
atosiban).®®* Both targeting approaches enhanced cellular
internalisation compared to conventional liposomes; +78%
with OTR antibody targeting and +82% with atosiban
targeting.®®

From the targeted liposomal studies, it is evident that the
conjugating of a targeting moiety such as one directed to the
OTR and exploiting the upregulation of OTRs in pregnant
uterine tissue is a significant angle to explore for the progres-
sion of tocolytic agent development. Nevertheless, although the
OTR has shown significant targeting benefit, other receptors
that are over expressed and/or are uterine- or gestationally-
specific should also be considered as future therapeutic
targets.”® However, to date, other than the family of prosta-
glandin receptors which also change expression with gestation®*
there have been very few alternatives put forward.

While liposomes have shown exciting data in terms of
enhancing the efficacy of tocolytic APIs, further work is required
to progress these systems through the preclinical translation
pathway. Additionally, liposomes typically show limited drug

loading, e.g. for indomethacin the highest drug loading re-
ported is only 3.7% (a summary of all the liposomal systems is
given in Table 3).”° Furthermore, long term storage instability in
the dispersed form can present another potential barrier to the
clinical use of liposomes.* Therefore, alternative nanomedicine
platforms may help to address these challenging areas by
providing increased drug loading and greater storage stability.

Lipid-based nanomedicines

Lipid-based nanomedicines are nanoscale particles that are
made of a lipid core. An attractive feature of these nano-
medicines is that the lipid core of the particle can be made from
physiological or biodegradable lipids.” As with liposomes, the
lipids within the particles can then processed within existing
biological pathways within the body. Lipid-based nano-
medicines can be categorised based on their core composition;
solid lipid nanoparticles (SLNs) are made of lipid(s) that are
solid at body temperature (Fig. 3B), nanostructured lipid
nanocarriers (NLCs) have a core that contains both solid and
liquid lipids (Fig. 3C) and nanoemulsions have a lipid core that
is liquid (Fig. 3D). In all cases, the lipid-based nanomedicines
have a coating of a stabiliser that provides colloidal stability.
To our knowledge, there are no reported examples of any of
these three lipid-based nanomedicines having been used to trial
the delivery of tocolytics for the treatment of preterm birth in
any in vitro, ex vivo or in vivo model. However, lipid-based
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Table 6 Nanosuspension nanomedicines containing APIs with tocolytic properties”

Mean diameter Drug loading
API Stabiliser (nm) (Wt%) Administration route Ref.
Progesterone Pluronic F127 260 80 Vaginal 140
Trichostatin A Pluronic F127 200 * Vaginal 141
Indomethacin PEG-PCL 250 78 Not specified 142

4 * values were not reported in the paper and could not be calculated based on the information given in the experimental.

nanomedicines containing APIs with tocolytic properties have
been produced but for different indications. Formulations of
progesterone have also been developed with potential prophy-
lactic uses.

SLNs were introduced as a new potential nanocarrier system
in 1991.°* They sparked further interest within the nano-
medicine field following a publication by Muller et al. in 2000,
that successfully highlighted the opportunities amongst SLN
systems for pharmaceutical translation.®* SLNs were developed
to combine the advantages of liposomes such as high chemical
and physical stability, biocompatibility, specific targeting
capabilities and sustained release.’*"*” Moreover, their compo-
sition of physiologically-compatible excipients affords other
pharmacological benefits such as improvement of bioavail-
ability and decreased toxicity, with a simultaneous increase in
efficacy for comparable dosages to non-formulated APIs.”**° The
ability for lipid-based nanoparticles to encapsulate an API is
strongly influenced by the log P of the API and its compatibility
with the lipids used in the formulation. Typically, high log P
APIs are more successfully incorporated into lipid nano-
particles.''* Additionally, the surfactants selected in formu-
lation, play a significant role in the formation of colloidally-
stable nanoparticles. Recently, it has also been found that
subtle differences in the relative block lengths of polymer
surfactants can influence the polarity inside a lipid nano-
particle.'® Therefore, the insights offered by successful formu-
lations reported in the literature could potentially be used to
inform the design of future formulations.

SLNs have been successful at encapsulating a range of
therapeutic agents for several acute and chronic conditions
including ocular diseases and anticancer therapeutics.'**'** Of
particular interest to the treatment of preterm birth, is lipid-
based nanoformulations of indomethacin which were devel-
oped originally for ocular inflammation and rheumatoid
arthritis due to its anti-inflammatory properties.’®*'** For the
treatment of chronic ocular inflammation, Hippalgaonkar et al.
synthesised indomethacin loaded SLNs via a hot homogenisa-
tion technique with Compritol 888 ATO as the lipid to produce
1.9 wt% indomethacin nanoparticles with a mean diameter of
140 nm. They showed that the mean particle size of the SLNs
could be tuned by varying the composition of the Tween 80 and
poloxamer 188 surfactant mixture used. The SLN formulation
was compared directly against Indocollyre®- a commercially
available indomethacin eye drop containing 0.1 wt% of drug;
showing an increased corneal permeation without effecting
corneal integrity, and thus suggested improved safety and

1880 | Nanoscale Adv, 2023, 5, 1870-1889

efficacy for the treatment of ocular inflammation.’® Balguri
et al. then published using indomethacin SLNs to the deliver
the API to posterior segment ocular tissues for the treatment of
conditions such as macular oedema and ocular inflammation.
They used the same excipients as Hippalgaonkar et al. but also
functionalised the nanoparticles with chitosan chloride to
enhance ocular tissue penetration. Chitosan is a linear poly-
saccharide derived from the chitin shells of crustaceans with
adhesive-like properties and has been shown to increase
mucoadhesion and potentially increase nanoparticle transport
across the epithelium.'* The chitosan functionalised SLNs had
a mean diameter of 265 nm and were found to increase the
ocular penetration of indomethacin across the cornea
compared to non-functionalised SLNs.'”” Another API with
tocolytic properties that has been formulated as an SLN is
nifedipine. Barman et al. made particles of hydrogenated
soybean phosphatidylcholine and dipalmitoylphosphatidyl
glycerol with a mean diameter of 69 nm and a drug loading of
nifedipine of 2.7%. By using trehalose as a cryoprotectant, the
SLNs could be freeze dried to give a re-dispersible formulation
which was stable under storage in the dry form for at least 6
months.'”® Cassano and Trombino also processed progesterone
to produce SLNs with the aim to develop a formulation with
sustained release.'” They functionalised the SLNs with 1-
cysteine amino acid units designed to increase the time enabled
for SLNs to anchor into the mucus layer of the uterus. The
particles were produced by a microemulsion method, and the
unloaded nanoparticles had a mean diameter of 740 nm
(Fig. 5A) (the progesterone loaded particles were slightly smaller
with a mean diameter of 640 nm). The drug loading was not
specifically reported but we calculated it to be 3%. This study
concluded that prolonged progesterone release was achieved for
up to 72 hours in acidic in vitro media (representative of the
vaginal cavity pH), therefore highlighting that progesterone-
SLNs may be a viable route to provide sustained intravaginal
progesterone administration, such as that which is required
during assisted reproduction treatment e.g. for luteal support
during embryo transfer and implantation.’® Importantly
however, these studies also demonstrate the potential for SLNs
to act as viable drug delivery vehicles for APIs for the treatment
of preterm birth.

Nanostructured Lipid Carriers (NLCs) were developed as
‘second generation lipid nanoparticles’ to overcome drawbacks
associated with some SLN formulations***"*® including poten-
tial for low drug loading and drug expulsion resultant of the
highly crystalline nature of the solid lipid cores.**'** As a result,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NLC formulations are very closely linked to SLNs in terms of
their composition, however with an additional liquid lipid in
the core of the carrier (Fig. 3), NLCs tend to display higher drug
loading capabilities. NLCs of indomethacin have been
produced by modifying an SLN formation with the addition of
a liquid lipid, Miglyol 812, to the solid lipid of Compritol 888
ATO. The resulting nanoparticles had a mean diameter of
227 nm and a drug loading of 9.9%.'” This drug loading was
much higher than that of the SLNs with a similar composition
(excluding the liquid lipid) which had a 1.9% drug loading. In
vivo application of the NLC formulation produced a 5-fold
higher concentration of indomethacin to ocular tissues than the
SLN formulation, which was attributed to the higher drug
loading.'” NLCs of indomethacin and a non-tocolytic API
(celastrol) have also been produced for potential applications in
the treatment of rheumatoid arthritis as a transdermal drug
delivery system. The optimised formulation contained as Pre-
cirol ATO 5 (solid lipid) and Labrasol ALF (lipid) and had
a mean diameter of 27 nm with a total drug loading of 3.6%.
The particles showed no irritation on rat skin but successfully
penetrated through the top ~300 pm of skin, demonstrating the
potential of these lipid carriers to enhance API penetration into
epithelial tissue.'*

There are a few examples of NLCs of progesterone, although
none specifically focussed on preterm birth treatment. Yuan
et al. in 2007 produced NLCs by melt-emulsification using
monostearin and stearic acid as the solid lipids, with oleic acid
as the liquid lipid. Mean particle sizes of 340-385 nm were
obtained (reported as a volume average rather than intensity
average as is typical for dynamic light scattering (DLS)) and drug
loadings were in the range of 3-11%."° In 2017, Esposito et al.
published work comparing both SLN and NLC formulations of
progesterone using both ultrasound homogenisation and high-
pressure homogenisation. The high-pressure homogenisation
approach avoided the production of agglomerates and
produced progesterone loaded SLNs of 181 nm or NLCs of
137 nm in diameter. The drug loading of the two formulations
was ~2%. This work showed that the composition of the lipids
could be used to control the rate of progesterone release from
the nanoparticles; the API was released more slowly when
formulated into NLCs (Fig. 5B). The type of lipid nanocarrier
used for the progesterone also influenced the penetration into
skin (Fig. 5C); the amount of progesterone in the top layer of the
skin (the stratum corneum) was higher for SLNs than NLCs
(Fig. 5D)."** In 2018, Elmowafy demonstrated a NLCs formula-
tion of progesterone with fatty alcohols as the lipids. The NLCs
were prepared by high shear homogenisation and the mean
diameter of the nanoparticles varied between ~135-225 nm
based on the different fatty alcohols used in the formulation.
The drug loading however was not reported. They investigated
the permeation across ex vivo rabbit duodenum and found
enhanced permeation versus a suspension of progesterone,
demonstrating the potential of this approach for enhancing oral
delivery of progesterone.*”

An NLC formulation of nifedipine, combined with simvas-
tatin (medication to treat elevated cholesterol), has been
produced for potential treatment of cardiovascular disease.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Hassan et al. used a quality by design and a design of experi-
ments approach to optimise the formulation.”®* The nano-
medicine was produced by a combined solvent evaporation and
hot homogenisation method. The optimised nanoparticles had
a mean diameter of 200 nm, however, it was not clear what drug
loading was achieved in this formulation."® This article
demonstrated the benefit of using a design of experiments
approach; they varied a large number of factors in their
formulations to effectively identify the optimal formulation.
Something that would have likely been much more time
consuming to achieve with a traditional univariant testing
method.

Nanoemulsions are the third type of lipid-based nano-
medicine, they are nanoscale particles of liquid lipids. Similar
to the other lipid-based nanomedicines previously discussed,
the dispersed lipid phase is stabilised by stabiliser molecules.
There are a few examples of nanoemulsions which have been
investigated as carriers for APIs associated with the treatment of
preterm birth. Patki et al. developed a lipid-based nano-
emulsion with OHPC as the API with dimethylacetamide and
medium chain triglycerides as the liquid core and Kolliphor HS
15 as the surfactant."** Their system was a self-nanoemulsifying
drug delivery system, an isotropic mixture of oil, surfactant and
solvent that forms a stable nanoemulsion when dispersed in
aqueous media.””* Their optimised system possessed a drug
loading of 9% wt., had a mean diameter of 50 nm and was
absorbed onto a powder of poly(vinyl alcohol) to allow pro-
cessing into tablets along with other tabletting excipients. The
vaginal administration of their nanoemulsion to a LPS
infection-induced preterm birth model in mice showed
a reduction in the number of mice delivering preterm: 60%
compared to 100% for the mice treated with a blank formula-
tion (no API). The mean time to delivery was increased from
14.5 hours for the blank formulation to 20.2 hours for the OHPC
containing nanoemulsion.”™ Much of the same team of
researchers led by Guisto have demonstrated another nano-
emulsion that used a liquid mixture of triglyceride and the co-
solvent dimethylacetamide as the lipid carrier. The API used
was a novel compound, a sphingosine kinase (SphK), inhibitor,
4-[[4-(4-chlorophenyl)-2-thiazolyl]Jamino]phenol, SKI II. SKI II
had been shown to inhibit SphK, a key enzyme in the pathways
that triggers contraction of myometrial tissue in response to
lipopolysaccharide exposure.'** SKI II is a lipophilic compound
with a solubility in aqueous media of less than 1 ug ml~*.*> The
nanoemulsion was also a self-nanoemulsifying drug-delivery
system. The authors studied different compositions of lipid,
co-solvent and surfactant in order to determine an optimised
nanoemulsion which had a mean diameter of 37 nm.*** Upon
administration of the SKI II nanoemulsion via the vaginal route
to LPS-infected mice, there was a significant reduction in rate of
preterm birth. This work shows that SKI II could be a useful
future option for treating preterm birth triggered by bacterial
inflammation. However, SKI II is a compound still in early
development and further work is needed to progress the API
towards clinical trials.

There are also published examples of the development of
nanoemulsions of other APIs with tocolytic properties, although
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with a focus on use for other clinical indications. For example,
indomethacin nanoemulsions have been shown for ocular
applications."*'"” Klang et al. showed that positively charged
nanoemulsions of Lipoid E-80 (mainly comprising of phos-
phatidylcholine) with stearyl amine providing the positive
surface charge, produced prolonged duration of the API on the
cornea.™® Yamaguchi et al. produced nanoemulsions of castor
oil by high-pressure homogenisation and used chitosan to
provide mucoadhesive properties. The resulting nanoparticles
had a mean diameter of 117 nm and a drug loading of 0.048%
with regards to total solids mass in the formulation. The use of
chitosan as a coating enhanced the attachment of the formu-
lation onto mucin and increased the residence time of the
indomethacin in the tear fluid.""”

From the successful encapsulation of APIs with tocolytic
properties such as indomethacin and nifedipine as well as
progestogens in SLNs, NLCs and nanoemulsions, it is clear that
there is also potential for these systems to be engineered specif-
ically for applications in preterm birth (a summary of all the lipid-
based nanomedicines can be seen in Table 4). The examples of
how stabilisers such as chitosan can be used to alter the biological
behaviour demonstrate that lipid-based nanomedicines also have
the potential for uterine targeting, thus providing enhanced
tocolytic activity. The existing publications on the APIs relevant to
preterm birth have shown a number of potential benefits
including: (1) the ability to freeze dry and redisperse some lipid-
based nanomedicines provides the opportunity to improve
formulation storage stability. (2) The composition of the lipids in
the nanoparticles can be modified to tune drug release behaviour.
(3) The drug loadings of lipid-based nanoparticles are typically
~2-3% with upper values of 11% reported for NLCs, which is
much higher than those reported for liposomes and hence
provide greater drug delivery. (4) The ability of lipid-based
nanoparticles, particularly NLCs, to enhance permeability
across biological barriers may allow the nanomedicines to open
new administration routes for these tocolytic APIs.

Polymer nanoparticles

Polymer nanoparticles are submicron particles with a core
consisting of a hydrophobic (non-water soluble) polymer. These
nanoparticles are coated with stabilisers that have a polar
character and provide colloidal stability.** The polymer core is
made of a degradable polymer to ensure that the nanoparticle
does not persist in the body after the drug has been delivered.
While a wide range of polymers have been investigated this
application, polyesters, specifically polylactic acid (PLA), poly-
glycolic acid (PGA), their copolymer poly(lactic-co-glycolic acid)
(PLGA) and polycaprolactone (PCL) are the most widely used
polymers due to their well-documented use in biomedical
applications.”* Whilst we were not able to find any examples of
polymer nanoparticles that had been designed for application
in preterm birth per se, APIs used to treat preterm birth have
been formulated as polymer nanoparticles for use in other
indications. For example, Alkholief et al. produced a PLGA
nanoformulation of indomethacin; they used an emulsion
solvent evaporation method to investigate the production
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parameters using two different surfactants (poly-
vinylpyrrolidone and polyvinyl alcohol), at a range of concen-
trations and different organic solvents. Depending on the
conditions used, mean particle sizes of ~280-610 nm were
obtained, with higher surfactant concentrations yielding larger
particle size. The indomethacin drug loadings were 5-6.8% of
the formulations. Cytotoxicity tests showed that encapsulating
the indomethacin in the polymer nanoparticles reduced the
toxicity in HepG2 liver cells compared to the free indometh-
acin.” The reduced toxicity of their formulation might have
been caused by a reduction in the concentration of free indo-
methacin, or differences in the accumulation of the nano-
particles into the cells, although accumulation was not
investigated. Muljajew et al. produced polymer nanoparticles
containing indomethacin by a nanoprecipitation approach.
They assessed six poly(ester amides) (Fig. 6A) as the carrier and
combined a modelling and experimental high throughput
screening method to determine the optimal conditions for
obtaining indomethacin polymer nanoparticles. Particles with
mean diameters of 100-400 nm (Fig. 6B) and modest drug
loadings of 0.9-1.5% (Fig. 6C) were obtained."”® The combined
modelling and high throughput experimental approach may
provide an opportunity to develop future nanoformulations in
a more informed manner than the traditional screening
methods typically used elsewhere; this combination of model-
ling may also accelerate the development of new formulations.

The potential to produce polymer nanoparticles containing
indomethacin is attractive for the treatment of preterm birth,
particularly as the examples show that it is possible to obtain
higher drug loadings than in liposomes (see Table 5 for
a summary of the polymer nanoparticle formulations). Polymer
nanoparticles have also been produced with targeting
ligands."” Therefore, it is highly feasible to utilise the OTR
targeting (or others as they are identified) approaches as shown
in liposomes and apply them to polymer nanoparticles for use
in the treatment of preterm birth. To further investigate this
however, it is imperative that the biodistribution and efficacy of
the nanomedicines in vivo is examined.

Nanosuspensions

Nanosuspensions, also known as nanocrystals or solid drug
nanoparticles, are sub-micron particles of water insoluble (high
log P) compounds. The hydrophobic surfaces of the particles are
coated by the adsorption of stabilisers which provide colloidal
stability.”® Nanosuspensions differ from the other nano-
medicines in that they do not contain a carrier material, rather
the nanoparticles are themselves composed entirely of the
poorly water-soluble API. This means that nanosuspensions
offer the highest drug loadings out of all nanomedicines.
Nanosuspensions of a wide range of poorly water-soluble APIs
can be produced via a number of routes, with milling,******
nanoprecipitation,***** high pressure homogenisation'** and
emulsion-templated freeze drying"****° being some of the most
common methods.

Hoang et al. reported the successful formulation of a nano-
suspension of progesterone. Nanosuspensions were prepared by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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three different processing methods, nanoprecipitation, high
pressure homogenisation and wet milling, all using poloxamer
407 (Pluronic® F127) as the stabiliser. Wet milling produced the
smallest particle size with a mean diameter of ~260 nm (Fig. 7A).
The drug loading in the formulation was not given but we
calculated it to be 80%. The authors carried out an in vivo
comparison of their nanosuspension formulation to a gel
formulation of progesterone (Crinone® 8%). They showed that
when administered vaginally the gel formulation displayed
significantly less progesterone uptake in the cervix compared to
a nanosuspension formulation of progesterone. The maximum
concentration (Cpax) Of progesterone in the cervix using the
nanosuspension was increased 5-fold compared to the branded
gel (Fig. 7B). The authors speculated that the improvement in
drug delivery was due to particle size and the PEG coating which
made the nanoparticles mucoinert and therefore able to better
penetrate through the mucus lining of the cervix. In an in vivo
trial of progesterone rescue in mice where preterm birth was
initiated using a progesterone antagonist, RU486, the nano-
suspension increased the number of pups delivering full term
compared to the commercial progesterone gel (Fig. 7C).**
Further work by ensign exploring nanosuspensions for the
treatment of preterm birth, has focussed on the use of histone
deacetylase (HDAC) inhibitors.'** Histone deacetylation has been
found to increase at term in both the myometrium (smooth
muscle of the uterus) and the cervix. Trichostatin A is a potent
HDAC inhibitor. Recently, Zierden et al. produced a nano-
suspension formulation by milling trichostatin A with Pluronic®
F127 to give a mean diameter of ~200 nm as measured by DLS.
They investigated the vaginal delivery of a combination of the
trichostatin A and progesterone nanosuspensions (in 1.5:100
mass ratio of the two APIs) in an LPS-induced mouse model. The
combination treatment was more effective at preventing preterm
birth than either of the nanosuspensions independently. They
also found combined application of the two APIs inhibited cell
contractility in human myometrial cells in vitro.***

A nanosuspension of indomethacin has been produced by
Styliari et al. by using block copolymer of PEG and PCL (PEG-
PCL) as the polymer stabiliser.'** They combined molecular
simulations with experimental testing to investigate how
different PEG chain lengths of block copolymers of PEG-PCL
controlled the formation of polymer coated nanosuspensions
using a nanoprecipitation type method. In this work, the
indomethacin was processed as a coarse aqueous nhano-
suspension by sonication (mean diameter by DLS of ~700 nm),
then this suspension was mixed with an acetone solution of
PEG-PCL in a T-piece. The authors hypothesised that the
acetone solution of the polymer would partially dissolve the
larger nanoparticles of indomethacin and also provide colloidal
stabilisation. They observed a reduction in particle diameter,
obtaining particles of ~250 nm diameter, and drug loadings of
up to 78% were also reported.

Nanosuspensions offer the highest drug loadings out of all
the nanomedicine options discussed in this review, with values
of 80% reported (see Table 6 for a summary of the nano-
suspension formulations). This attribute of high drug loadings
for nanosuspensions is very useful for APIs with lower potency
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values, where considerable amounts of a nanomedicine may
need to be administered to achieve a therapeutic dose.
Furthermore, there are many examples of nanosuspensions that
can be processed into a dry form that can be redispersed upon
use, and hence overcome some storage stability issues.'37"43144
While examples of targeted nanosuspensions are less common
than other nanomedicines, progress has been made in this area
with the design of targeting ligands that can adsorb onto the
surface of the nanoparticles.'*®

Conclusions and future work

Preterm birth represents a major, pressing, global healthcare
problem with an urgent need for more effective treatments. New
formulations of APIs are required to prolong gestation, to
improve dosage profiles, enhance targeting to the uterine
tissue, reduce feto-maternal side effects and ultimately improve
safety and efficacy. The use of nanomedicine for the delivery of
tocolytics is still at an early stage; the first example of a nano-
medicine delivering a tocolytic in vivo was published in 2015.%
Over the past 8 years there has been considerable improvements
in nanomedicine technology for tocolytic therapy, this has been
led by Refuerzo, Paul and Hua showing promising manipula-
tion of several tocolytics in liposomal formulations.”®*%%
Collectively, their key findings have shown increased uterine
targeting, increased uterine uptake, reduced placental transfer
and a noteworthy improvement on uterine quiescence with
concomitant reduction in preterm birth delivery rates in in vivo
mouse models. Liposomes are likely the nanomedicine type
that is most progressed in the field of preterm birth because
liposomes were amongst the first approved nanomedicines;
liposomal doxorubicin (a cancer drug) was approved by the FDA
in 1995."¢ This success de-risked the development of liposomal
formulations; the majority of the earliest clinically approved
nanomedicines were liposomes,*” and liposomes initially
dominated early clinical nanomedicine success.'*® However,
more recently other nanomedicine types have now moved
through the development pathway with 14% and 8% of clinical
trials in investigating lipid nanoparticles and polymer nano-
particles respectively. This is a considerable growth in the
development of such systems as lipid nanoparticles and poly-
mer nanoparticles only represent ~3% and 0% of currently
approved nanomedicines."*® While liposomes are attractive
nanocarriers they tend to be less stable than the other nano-
medicine types, and are not typically suitable for oral dosing
due to degradation under acidic conditions.*® As such, the
opportunities offered by other nanomedicine types other than
liposomes should be more effectively explored for preterm
birth. As identified in this review, there are many examples of
other lipid-based nanomedicines where tocolytic APIs could be
formulated to potentially provide increased drug loading
compared to liposomes. Such lipid-based nanomedicines can
use the same approaches to incorporating targetting as lipo-
somes, such as the use of lipid-PEG-ligand conjugates. There-
fore, the successful targeting identified with liposomes can
likely be adapted and used for lipid-based nanoparticles. Poly-
mer nanoparticles are the nanomedicine type that has the
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fewest examples of the delivery of tocolytic APIs. However, this
should not exclude polymer nanoparticles as a potential
opportunity, they have good stability during preparation and
storage in biological fluids. Additionally, polymer nanoparticles
have been shown to offer many of the benefits of nanomedicine
types (targeting, the ability to tune size and surface chemistry,
etc.)® which should allow application in the treatment of
preterm birth. Finally, nanosuspensions offer a route to deliver
high concentrations of the API due to their very high drug
loadings of up to ~80% wt relative to excipients. Nano-
suspensions are the second most progressed nanomedicine
type (after liposomes) for the treatment of preterm birth with in
vivo trials showing significantly more efficient in drug delivery
for a nanosuspension of progesterone than unformulated
progesterone. There is therefore a considerable potential for
non-lipid systems to also be used as potential tocolytic thera-
peutics. Additionally, repurposing nanomedicine formulations
from other indications may provide a considerable opportunity
to diversify the range of formulations available for application
in preterm birth.

Nanomedicines can be produced with many different particle
properties including: size, surface charge, surface chemistry and
carrier composition, all of which can considerably affect biolog-
ical behaviour. The studies that show the most positive results in
terms of reduction in preterm birth in mice have been using
liposomes ~200 nm in diameter for IV dosing or 200 nm nano-
suspensions for vaginal dosing of progesterone. For IV dosing,
targeting is critical to achieve a therapeutic effect, however with
regards to the other particle properties there have not been
studies to ascertain the optimal parameters. In terms of nano-
medicine size, studies on the biodistribution of nanoparticles in
pregnant animals have shown that there is a considerable
difference in the maternal-to-foetal transfer based on the type
and size of nanoparticles. Such analysis indicates that smaller
nanoparticles (less than ~10 nm) may be more likely to enter the
foetus.” However, there is not the data to generalise if this is true
across all nanomedicine types. Furthermore, the density of the
polymer coating on the nanoparticle may considerably alter the
ability of nanoparticles to penetrate through tissue. For example,
the use of a dense coating of PEG has been found to facilitate an
increase in the mobility of polymer nanoparticles in tissue.**
Additionally, studies on targeted nanomedicines for other
applications have shown that factors such as the density of the
targetting ligand and the length of the polymer used between the
nanoparticle and the targetting ligand can play a key role in
influencing the targeting efficacy."®'** Therefore, the careful
selection of the polymer stabiliser is a key consideration for tar-
geted nanomedicines as it has the potential to alter targeting
efficacy or potential lead to increased transfer to the fetus.
Currently, these knowledge gaps make it challenging to effi-
ciently design nanomedicines for the treatment of preterm birth
based on IV dosing. For vaginal dosing of nanomedicines with
the aim to avoid mucoadhesion, there is data to support some
elements of the nanomedicine design. Trends for enhancing
muco-penetration have been shown across at least two nano-
particle types, with both polymer nanoparticles’*** and nano-
suspensions™’ showing that particles with mean diameters in the

1884 | Nanoscale Adv., 2023, 5, 1870-1889

View Article Online

Review

range 110-260 nm and coated with polymers that provided a PEG
coating have enhanced muco-penetration. In the future, the
production of nanomedicines with systematic structural varia-
tion would allow more detailed studies in the relationships
between particle properties and biological behaviour. Identifying
the key design rules for nanomedicines for the treatment of
preterm birth would considerably enhance progress in this field.

The drug loading of an API within a nanomedicine is another
key factor that needs to be considered in order to allow clinical
translation of novel formulations. With the exception of the
nanosuspensions, many of the nanomedicines report API
loadings of ~1-4%. If we focus on indomethacin, the most
widely investigated nanomedicine formulations of a tocolytic
API, it is typically given orally in doses of 25-100 mg as a toco-
lytic and has a bioavailability of virtually 100%.'>> Assuming
that a similar IV dose of indomethacin would be used in a new
nanomedicine formulation with a 1% drug loading, then
potentially 2.5-10.0 g of a nanomedicine formulation would
need to be infused. This amount of excipients in the formula-
tion is much larger compared to other clinically used liposome
systems such as liposomal doxorubicin (which has a API
loading of 16.7%)."** Further optimisation of the current lipo-
some formulations or use of higher drug loading lipid-based
nanomedicines such as NLCs may address this issue.

From a clinical perspective, future developments in nano-
medicines for the prevention of preterm birth are likely to be
beneficial in the acute setting of clinical management of women
in threatened spontaneous labour. Preterm birth is an attractive
target due to the very high risks of morbidity and mortality to
the neonate. As such, preterm birth is associated with a very
significant financial cost both in the acute hospital setting of
neonatal intensive care unit and to individuals and society in
the longer term from caring for infants harmed by preterm birth
(neurodevelopmental delay etc.). Women in preterm labour
currently receive IV medications such as magnesium sulfate,
antibiotics and tocolytics. As such, the administration of
nanomedicine by IV should be suitable for a clinical environ-
ment. The clinical application of nanomedicines is likely to be
beneficial in the acute setting to allow reduction in dosing
regimen to prevent side effects. Additionally, improvements in
clinical management of preterm birth from the cessation of
uterine activity would allow transfer to specialist neonatal
facilities, administration of antenatal corticosteroids or poten-
tially the prolongation of pregnancy all of which have strong
associations with improved neonatal outcomes.

Ultimately, the treatment of preterm birth is a considerable
opportunity for nanomedicine to address, improved therapies
would offer significant health benefits globally. Addressing the
challenges identified in this review should allow for the accel-
erated development of nanomedicine technologies that have
a greater potential for clinical translation.
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