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Valproic acid (VPA) is a potent antiseizure medication and mood stabilizer, yet its teratogenicity severely
limits safe use during pregnancy. Despite guidelines advising against VPA use in women of reproductive
age, it remains indispensable for certain drug-resistant epilepsies, highlighting the urgent need for safer
and more targeted delivery strategies. Intranasal (IN) administration via nanocarriers represents a promis-
ing approach to enhance brain uptake while minimizing systemic exposure and placental transfer. In this
review, we evaluate the scientific rationale and translational potential of IN nanoformulations of VPA
specifically designed for use during pregnancy. We discuss strategies to engineer nanocarriers that
achieve effective maternal brain delivery while reducing fetal risk, and we analyze preclinical data on bio-
distribution, placental passage, and therapeutic efficacy. Importantly, we highlight how gestational
changes in maternal physiology and placental architecture can inform the rational design of pregnancy-
adapted nanocarriers. By integrating insights from nanotechnology, pharmacology, and maternal-fetal
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medicine, this review outlines a paradigm shift from drug avoidance to precision delivery that maximizes
reproductive safety. This strategy not only addresses the unmet need for safer VPA use in pregnancy, but
also establishes a versatile framework for broader applications of nanomedicine in neurological and sys-
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1. Introduction

Valproic acid (VPA) is a cornerstone in the management of
epilepsy, particularly for patients with genetic generalized epi-
lepsy (GGE) and juvenile myoclonic epilepsy (JME), where few
alternative antiseizure medications (ASMs) match its efficacy.’
However, its use during pregnancy is associated with a mark-
edly increased risk of congenital malformations, including a
tenfold higher incidence of neural tube defects, as well as a
range of neurodevelopmental disorders.>® These risks have
prompted stringent regulatory recommendations to avoid VPA
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temic disorders in women of childbearing age.

use in women of childbearing potential and to encourage the
adoption of alternative therapies whenever possible.*
Nonetheless, in certain patients, switching to alternative ASMs
fails to achieve adequate seizure control, making VPA an essen-
tial option despite its well-established teratogenic risk. This
clinical dilemma highlights the urgent need for innovative
strategies that preserve the therapeutic benefits of VPA while
minimizing systemic and fetal exposure.

In this review, we examine advanced strategies to enhance
the targeted brain delivery of VPA while minimizing systemic
exposure and placental transfer. Emphasis is placed on the
importance of tailoring nanoparticle (NP) design to the physio-
logical and pharmacokinetic changes that characterize preg-
nancy. We focus on intranasal (IN) nanoformulated VPA
because this route offers a dual advantage: maintaining
seizure control in patients for whom VPA is indispensable
while reducing fetal exposure. Special focus is given to nano-
carrier features that support efficient IN brain delivery and
restrict placental passage. Finally, we review current nano-
carrier platforms used for IN administration and evaluate
physicochemical parameters associated with transplacental
transport or exclusion, providing guidance for the develop-
ment of safer VPA formulations during pregnancy.
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2. Valproic acid: metabolism,
teratogenicity, and emerging
nanomedicine strategies

VPA is a broad-spectrum ASM with proven efficacy in the treat-
ment of various epilepsy syndromes, including generalized
and focal seizures.”® Its clinical utility also extends to bipolar
disorder and migraine prophylaxis.””® However, therapeutic
use of VPA is complicated by its narrow therapeutic index and
significant risks of systemic toxicity, hepatotoxicity, and terato-
genicity.” These adverse effects are closely linked to the meta-
bolic fate of VPA, which involves complex biotransformation
pathways producing both pharmacologically active and toxic
metabolites. Understanding these metabolic pathways is there-
fore critical to developing safer therapeutic strategies, particu-
larly for vulnerable populations such as pregnant women,
where fetal safety is paramount.

2.1 Metabolic complexity and teratogenic risk of VPA

VPA is almost entirely metabolized in the liver, with only
minimal amounts of the unmetabolized drug excreted renally.
Its metabolism involves multiple enzymatic pathways, includ-
ing oxidation, glucuronidation, p-oxidation, and conjugation
with carnitine or glycine.'®'" This metabolic complexity yields
a spectrum of pharmacologically active and toxic metabolites,
linking systemic exposure to hepatotoxicity, neurotoxicity and
teratogenic risk.”>"® Among these, cytochrome P450 (CYP)-
dependent metabolites such as 2-propyl-4-pentenoic acid
(4-ene-VPA) and 2-propyl-2-pentenoic acid (2-ene-VPA) have
been most strongly associated with hepatotoxic and neurotoxic
effects.’>'°>! The 4-ene-VPA metabolite is highly teratogenic,
while the 2-ene-VPA metabolite is much less so0.>>** While glu-
curonidation via UGT enzymes produces valproate glucuro-
nide, the major excretory product.'®**>!

VPA-associated teratogenicity has been linked to metab-
olite-driven disruption of embryonic gene regulation and cellu-
lar homeostasis, affecting pathways involved in neuroepithelial
integrity and neurulation.'**® Toxic metabolites contribute
to teratogenicity through the downregulation of genes, includ-
ing IGF2R, RGS4, COL6A3, EDNRB, and KLF6. Genetic and
environmental modifiers of VPA sensitivity converge on these
same metabolic pathways, as demonstrated by strain-depen-
dent metabolomic alterations correlating with susceptibility to
VPA-induced neural tube defects in murine models.>”*® In par-
allel, in vitro neurulation models have shown that both genetic
variants and VPA exposure impair neuroepithelial junctional
organization, providing mechanistic insight into how systemic
metabolic perturbations translate into failed neural tube
closure.”*

Given these risks, the WHO recommends avoiding VPA
therapy in women of childbearing potential, emphasizing
effective contraception and switching to alternative ASMs
when pregnancy is planned.* Nonetheless, VPA remains the
most effective treatment for specific epilepsy syndromes,
including primary generalized tonic-clonic seizures (PGTCS),
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GGE, and JME."® Clinical data illustrate the difficulty of dis-
continuing VPA: while substantial proportion of women of
reproductive age can withdraw from treatment, seizure relapse
rates remain high, particularly in patients with GGE.”*?°
These findings highlight a persistent clinical dilemma in
which seizure control must be balanced against fetal safety.

Collectively, these data indicate that VPA-associated terato-
genicity is primarily driven by systemic maternal exposure and
efficient placental transfer of the parent compound and its
metabolites. Strategies capable of preserving central nervous
system efficacy while reducing maternal plasma concentrations
therefore represent a rational approach to mitigating fetal risk,
particularly during pregnancy when physiological adaptations
further complicate systemic PK.

2.2 The transformative potential of nanoformulated VPA

Given the central role of VPA metabolism in driving systemic
toxicity and teratogenicity, strategies capable of modulating
biodistribution and limiting off-target exposure are urgently
needed. Nanoformulated delivery systems offer a means to
decouple central nervous system (CNS) efficacy from systemic
exposure, thereby potentially reducing hepatic metabolism
and the formation of toxic metabolites while preserving anti-
seizure activity. This approach is particularly relevant in preg-
nancy, where fetal risk is tightly linked to maternal plasma
exposure. Several VPA-containing nanoformulations have been
reported, employing both lipid-based and polymeric carriers
(Table 1). Among these, IN formulations are of particular inter-
est because they enable direct nose-to-brain transport and
achieve high CNS exposure with reduced systemic distribution.

Nanostructured lipid carriers (NLCs) represent another
lipid-based strategy. Eskandari et al. (2011) and Correia et al.
(2024) reported VPA-loaded NLCs. Eskandari et al (2011)
reported the first IN VPA formulation using nanostructured
lipid carriers (NLC), demonstrating in a male rat Maximum
Electroshock Seizure model comparable efficacy to intraperito-
neal administration of free VPA, while achieving a >20-fold
higher brain-to-plasma concentration ratio at a 37-fold lower
dose (4 mg kg™").**> These findings highlight the ability of IN
nanoformulations to markedly enhance CNS targeting while
minimizing systemic exposure. More recently, Correia et al
(2024) optimized VPA-loaded NLCs for IN delivery using a
design-of-experiments approach, although in vivo validation
was not performed.*®

IN liposomal delivery of VPA has also been explored.
Yuwanda et al. (2022) evaluated IN-administered VPA-loaded
liposomes in male Wistar rats and reported a two-fold increase
in plasma concentration compared with free VPA, confirming
enhanced bioavailability and CNS delivery.*® While systemic
levels were not eliminated, the disproportionate increase in
brain exposure relative to plasma supports partial pharmacoki-
netics (PK) uncoupling between CNS efficacy and systemic
distribution.

Although fetal exposure was not directly assessed in these
studies, the consistently elevated brain-to-plasma ratios
achieved via IN delivery strongly suggests a reduction in sys-
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temic (and by extension fetal) exposure compared with oral or
IV administration. This inference is supported by the broader
principle that placental transfer is driven primarily by free
drug concentrations in maternal plasma, which are expected
to be lower following IN administration than after systemic
dosing.*® Other nanoformulation strategies have been devel-
oped using systemic routes of administration. Lipid-based
nanoemulsions reported by Tan et al. (2017) and Hussain et al.
(2023) employed safflower seed oil, lecitin, and Tween80 to
enhance BBB penetration.***” Polymeric nanocarriers, includ-
ing PLGA-based NPs and covalent VPA conjugates, have like-
wise demonstrated improved seizure control and, in some
cases, reduced levels of toxic metabolites following IP or IV
administration.***® While these approaches improve thera-
peutic indices, their reliance on systemic delivery limits their
capacity to restrict maternal-fetal transfer during pregnancy.

Together, these findings support the potential of IN nanofor-
mulations to achieve effective CNS delivery of VPA while reducing
systemic exposure, providing a mechanistic rationale for fetal
sparing delivery strategies in the context of pregnancy. These
considerations motivate deeper examination of the mechanistic
basis of IN drug transport and the pregnancy-specific physiologi-
cal factors that influence PK and maternal-fetal transfer.

in vivo testing (animal model/

outcome)
N/A
N/A

Outcome: complete release at pH
nasal mucosa, 60-70% DD at 6 h
binding efficiency: 58.66 + 2.26%

6.8, drug deposition in goat
cells; Mucin binding efficiency

test
deemed safe; estimated mucin

in vitro/ex vivo testing

Drug release with dialysis
machine

Biocompatibility study on
SH-SY5Y, RPMI 2650, HepG2
Outcome: <75 pg mL™" is

3. Targeting the brain via the nasal
route: mechanistic insights and
liposome-enhanced drug delivery

characterization

Size: 113 nm

ZP: + 34.7 mV

Size: 129 nm

ZP: + 21.9 mV

Viscosity: 1837 cP
Emulsion and ultrasonication Size: 76.1 + 2.8pH:

PDI: 0.190 + 0.027

ZP: 28.1 £ 2.0 mV

EE: 85.4 + 0.8%

6.8 nm

Physical
PDI: 0.26

Building on the metabolic and systemic determinants of fetal
risk discussed in Section 2, this section examines the IN route
as a strategy for CNS drug delivery that may alter maternal sys-
temic exposure and, by extension, placental drug transfer.
Unlike oral or IV administration, where CNS efficacy is
achieved through sustained maternal plasma concentrations,
IN delivery enables partial direct transport to the brain with
important implications for systemic exposure, maternal PK,
and fetal risk.

carbopol gel and lyophilized

[CVES6 gel 0.35% w/w VPA]
formulation

Formulation

[CVE6]

Nanoemulsioq via.slow and
spontaneous titration.

Gel obtained by mixing

3.1 1IN delivery as a non-invasive route for CNS targeting and
systemic exposure modulation

The IN route, first described over a century ago, offers a non-
invasive and promising strategy for delivering CNS-directed
therapeutics by bypassing the BBB.*® Conventional oral or par-
enteral drug delivery relies on systemic circulation to reach the
CNS but is constrained by hepatic first-pass metabolism, enzy-
matic degradation, systemic clearance, and physiological bar-
riers such as the intestinal epithelium and the BBB,*"** which
excludes the majority of small molecules.*® Alternative
approaches, including intrathecal administration or intracer-
ebral infusion, can bypass the BBB but are invasive, unsuitable
for chronic use, and associated with procedural risks.** IN
delivery provides direct access to the brain through two princi-
pal neural pathways: the olfactory and trigeminal nerves*'
(Fig. 1). The olfactory nerve (cranial nerve I) enables transport

Compritol® ATO 888, Miglyol® 812,

Gelucire® 59/14, Tween®80,

Gel : Carbopol 934, triethanolamine
cetrimide

Emulsion: Safflower seed oil, Tween
80, + lecithin (1:1),
Phosphatidylglycerol, stearylamine

Components

Table 1 (Contd.)
nanoemulsion

Other studies
gel®”

Type of
formulation
Cationic
NLCs*®
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Fig. 1 Schematic representation of the nose-to-brain delivery route. Left panel: following intranasal administration of biomolecules (green), drugs
can reach the brain either via the olfactory pathway (black) or through the ophthalmic (1) and maxillary (2) branches of the trigeminal nerve (red).
Right panel: The two pathways are shown separately. The upper diagram illustrates the olfactory pathway, with absorption at the olfactory bulb (A),
followed by diffusion into the limbic system (B) and cortical areas (C). The lower diagram depicts the trigeminal pathway, including the ophthalmic
branch (1) and maxillary branch (2). After absorption (A), drugs travel along the trigeminal branches and subsequently diffuse into the hindbrain (B)

and forebrain (C).

via axonal pathways and perineuronal channels,*>*® while the
trigeminal nerve (cranial nerve V) facilitates drug delivery to
the hindbrain and forebrain through intracellular and extra-
cellular mechanisms such as bulk flow and perivascular
diffusion.”” ™ Because these pathways allow CNS exposure
without requiring high or sustained maternal systemic plasma
concentrations, IN delivery can reduce peripheral exposure
and off-target effects while improving central bioavailability,
making it particularly attractive for CNS indications requiring
rapid onset and dose sparing.

Several IN formulations have already reached clinical use,
including Spravato® (esketamine, Johnson & Johnson) for
depression,”’ NAYZILAM® (midazolam) and VALTOCO® (diaze-
pam) for acute seizures,® and Zavegepant, the first GCRP receptor
antagonist nasal spray approved by the FDA for migraine.>"">
Additional candidates under clinical investigation include IN keta-
mine for major depressive disorder (Seelos Therapeutics,
NCT04669665) and IN insulin combined with empagliflozin for
early Alzheimer’s disease patients (Wake Forest University,
NCT05081219). Notably, while these agents demonstrate the feasi-
bility of IN delivery for CNS disorders, systematic evaluations of
maternal systemic and fetal exposure remain extremely limited.

3.2. Determinants of nose-to-brain transport and systemic
spillover

Despite its advantages, IN delivery does not completely elimin-
ate systemic absorption. The fraction of drug reaching the

© 2026 The Author(s). Published by the Royal Society of Chemistry

brain versus entering the systemic circulation is governed by
both patient-dependent and drug-dependent factors. Patient-
dependent variables include mucin secretion, mucociliary
clearance, enzymatic degradation, P-glycoprotein (P-gp) efflux
activity, and vascular absorption, all of which reduce the frac-
tion of drug reaching the brain.*"** Mucin, which constitutes
~2.5-3% of the nasal mucosa,’ acts as a physical barrier,>*>°
particularly impeding hydrophobic or charged hydrophilic
molecules.*®”” Mucociliary clearance further limits residence
time and absorption,*® with clearance occurring more
rapidly in the respiratory epithelium than in the olfactory
region.*®>°

Enzymatic degradation in the nasal cavity can function as a
pseudo-first-pass effect,*"** while P-gp, highly expressed in the
olfactory epithelium, actively effluxes drugs and contributes to
variability in absorption and systemic distribution.*"°"%*
Drug-dependent factors, including molecular weight, lipophili-
city, solubility, pH, viscosity, and osmolality,*"*® further shape
the balance between CNS uptake and systemic spillover.*"*®
From a maternal-fetal pharmacology perspective, these para-
meters are critical, as placental transfer is driven primarily by
free drug concentrations in maternal plasma. Consequently,
IN formulations that maximize nose-to-brain transport while
limiting vascular absorption are expected to yield lower
maternal plasma Cp,,x and area under the curve (AUC) com-
pared with oral or IV administration, thus reducing fetal
exposure.
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3.3 Liposomes as modulators of brain targeting and
maternal plasma exposure

A promising strategy to enhance nose-to-brain transport is the
use of nanoformulated drugs, which can improve permeability,
extend residence time, and increase brain concentrations.*"®?
Among these, liposomes have emerged as versatile nano-
carriers due to their biocompatibility, structural adaptability,
and ability to encapsulate both hydrophilic and lipophilic
drugs.®* Structurally, liposomes consist of one or more phos-
pholipid bilayers surrounding an aqueous core and are com-
monly classified as unilamellar vesicles (single bilayer), multi-
lamellar vesicles (multiple concentric bilayers), or multivesicu-
lar vesicles (non-concentric aqueous compartments).®*®

Liposomes offer several advantages, including protection of
labile drugs, controlled or targeted release, and reduced systemic
toxicity.**®” Their clinical utility, however, can be constrained by
limited loading capacity, physicochemical instability leading to
leakage or degradation, and rapid clearance by the mononuclear
phagocyte system (MPS), primarily via the liver and spleen.®® Early
approaches to improve systemic stability focused on optimizing
lipid composition, including cholesterol content, to increase
membrane rigidity.*® A transformative step was polyethylene
glycol (PEG) functionalization (PEGylation), which generates a
hydrophilic, neutrally charged steric barrier that reduces opsoni-
zation and MPS uptake and can prolong circulation time.”®”?
While systemic halflife is not the primary goal for IN formu-
lations, these surface modifications remain relevant because they
influence mucus interactions, epithelial transport, and down-
stream biodistribution after any systemic absorption.

The functional performance of liposomes depends on key
physicochemical parameters. Particle size, typically ranging from
50 nm to several micrometers, influences biodistribution, and cel-
lular uptake and can be modulated by lipid composition (e.g,
cholesterol-to-phospholipid ratio).”*”> A polydispersity index (PDI)
< 0.3 is generally used as an indicator of formulation uniformity
and stability,”® while zeta potential (ZP) values above +30 mV can
enhance colloidal stability by reducing aggregation.”*
Encapsulation efficiency (EE) reflects the fraction of drug success-
fully incorporated, with hydrophobic molecules partitioning into
the lipid bilayer and hydrophilic compounds localizing within the
aqueous core.”” Collectively, these parameters can be tuned to
favor nose-to-brain transport while minimizing systemic spillover,
an especially relevant consideration in pregnancy, where fetal
exposure is strongly influenced by maternal plasma
concentrations.

In the context of IN delivery, liposomes have shown consider-
able promise. Preclinical studies in male rats demonstrated that

liposome-encapsulated drugs (eg, DSPC : CHOL : PEG,
1:2:0.5 mol/mol/mol; and EPC:DSPE-PEG2000: CHOL,
20:1:5 mol/mol/mol) achieved significantly higher brain

exposure than free drug delivered intranasally or orally.”®”® In

addition, Yuwanda et al. reported that phosphatidylcholine-rich
liposomes (~92 nm) enhanced VPA brain bioavailability following
IN administration.*" Importantly, while systemic levels were not
eliminated, disproportionate increases in brain exposure relative
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to plasma support partial PK uncoupling between CNS and
efficacy and systemic distribution, consistent with the goal of redu-
cing maternal plasma exposure while maintaining CNS delivery.

Surface charge and PEGylation also critically shape regional
brain distribution and mucus interactions. Kurano et al. evaluated
liposomes with different surface charges across multiple brain
regions (including olfactory bulb, forebrain, hindbrain, bulbosp-
inal tract, and trigeminal nerve) and found that neutral PEGylated
liposomes (DSPE-PEG2000-coated) enabled broader distribution,
whereas positively charged liposomes tended to accumulate in
the olfactory bulb via electrostatic interactions with mucin.*
PEGylation may further facilitate parenchymal penetration.
Narayan et al reported that PEGylated liposomes (LP-16,
SPC: CHOL : MPEG-DSPE, 8:1:0.20) achieved higher brain AUC
compared to IV administration or non-PEGylated liposomes.®'
Moreover, PEGylation of larger NP (200-500 nm) markedly
improved mucus penetration, countering earlier assumptions that
PEG necessarily increases mucoadhesion. Low molecular weight
PEG chains (~2 kDa) improved particle mobility by reducing
hydrophobic interactions and hydrogen bonding, yielding
diffusion rates up to 100-1000 times higher.**®* Interestingly,
200 nm polystyrene-PEG (PS-PEG) NP diffused more efficiently
than 100 nm particles, likely due to greater PEG surface cover-
age.®" Collectively, these formulation-dependent parameters can
be leveraged to favor nose-to-brain transport while further limiting
systemic spill-over, thereby indirectly reducing the potential for
transplacental diffusion.

From a translational perspective, liposomes are supported by a
strong clinical precedent, with more than 20 lipid-based formu-
lations approved by the FDA or EMA across multiple indications.®”
While current delivery routes include parenteral, intrathecal, epi-
dural, and inhalation, the IN pathway remains comparatively
underexplored yet highly promising for CNS-targeting. Notably,
although pregnancy-specific pharmacokinetic data for nano-
enabled nose-to-brain delivery remain extremely limited, a recent
preclinical study showed that this approach improved seizure
control and prevented congenital malformations in pregnant epi-
leptic rats compared with systemic administration, providing
initial functional support for its relevance during pregnancy.®®
Accordingly, conclusions regarding maternal-fetal exposure follow-
ing IN liposomal delivery must currently rely on mechanistic prin-
ciples and preclinical brain-to-plasma exposure data, motivating
the pregnancy-specific discussion of placental remodeling and
the limited functional and clinical observations presented below.
Table 2 summarizes key studies focused on liposome-based IN
delivery.

4. Physiological changes in
pregnancy: structural remodeling,
implications for maternal-fetal
transfer, and drug pharmacokinetics

To understand how IN drug delivery may reduce fetal exposure
compared to oral or IV administration, it is essential to con-
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sider two interacting processes: (i) gestation-dependent placen-
tal barrier remodeling and (ii) pregnancy-induced alterations
in systemic PK that govern maternal-fetal drug transfer. In the
context of CNS-targeted therapies, these processes determine
how route of administration influences maternal plasma
exposure, placental transfer, and ultimately fetal drug burden.
Pregnancy triggers a cascade of anatomical and physiological
adaptations that evolve across gestation and affect therapeutic
performance, particularly for drugs with narrow therapeutic
indices such as VPA. In this section, we examine placental
barrier remodeling and systemic pharmacokinetics, with
specific emphasis on how these factors differentially impact
systemic (oral/IV) versus IN delivery strategies.

4.1 Placental permeability across gestation

The human placenta is a transient, multifunctional organ that
develops early in gestation to mediate the bidirectional exchange
of gases, nutrients, metabolic waste, hormones, and immune
factors between maternal and fetal circulations. Beyond its endo-
crine functions, it acts as a dynamic barrier regulating fetal
exposure to exogenous compounds, including therapeutics.
Maternal-fetal transfer occurs via passive (transcellular or para-
cellular) diffusion, facilitated diffusion, active transport by mem-
brane-bound transporters, and endocytosis or transcytosis.?”
Structurally, the human hemochorial placenta consists of chorio-
nic villi lined by a continuous syncytiotrophoblast (STB) layer
bathed in maternal blood. Beneath the STB lie cytotrophoblasts
and fetal capillary endothelial cells. In early gestation, the tro-
phoblast barrier is multilayered and reinforced by tight junc-
tions (TJs), including proteins such as occludin and ZO-1, that
confer high paracellular resistance.*®® As gestation progresses,
the placenta undergoes extensive morphological remodeling: the
STB thins into a monolayer, fetal capillaries approach the villous
surface, and TJ localization shifts primarily to the fetal endo-
thelium (Fig. 2).

Despite this anatomical thinning, passive diffusion remains
restricted. Perfusion studies show that mid-sized molecules
(40-70 kDa), such as horseradish peroxidase and dextrans, can
cross the term placenta, likely via structural discontinuities in
the STB, providing syncytial breaks and fibrin deposits.?”"?
Recent imaging studies using three-dimensional electron
microscopy have identified millions of trans-syncytial nano-
pores (TSNs) spanning the STB, providing a size-selective
pathway for solute passage.”’ Importantly, these placental
transfer mechanisms are primarily engaged by drugs present
in the maternal systemic circulation; delivery strategies that
limit maternal plasma exposure, such as IN administration,
are therefore expected to reduce interaction with placental
transport pathways. Animal studies further illustrate the
dynamic nature of placental permeability. In rats, paracellular
pore diameters are wider at mid-gestation and narrows near
term, indicating a gestation-dependent modulation of barrier
properties.®%%!

Collectively, these findings highlight that fetal drug
exposure is closely tied to maternal plasma concentrations and
placental engagement, reinforcing the importance of delivery
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strategies that minimize systemic exposure when fetal sparing
is desired.

4.2 Pharmacokinetics alterations during pregnancy and
implications for VPA exposure

Understanding placental remodeling is essential for the
rational design of therapeutics aimed at modulating maternal-
fetal transfer. However, successful implementation also
requires consideration of broader PK changes during preg-
nancy, which significantly affect drug absorption, distribution,
metabolism, and excretion. Pregnancy induces profound phys-
iological adaptations that reshape the PK and pharmacody-
namics (PD), altering drug efficacy and fetal exposure.

One of the most pronounced changes is plasma volume
expansion, which increases progressively across gestation,
resulting in hemodilution and reduced total plasma drug con-
centrations.”® Concurrently, serum albumin levels decline,”®
reducing protein-binding of highly bound drugs, such as VPA.
Hepatic metabolism is also altered, with upregulation of
uridine glucuronyl transferases (UGTs), the primary enzymes
mediating VPA clearance, thereby accelerating elimination.’*®
Clinical data indicate that while total VPA plasma concen-
trations decline during pregnancy, free VPA levels remain rela-
tively stable or may even increase near term due to reduced
protein binding.”®®° As a result, free VPA concentrations are
considered a more reliable indicator of fetal exposure than
total levels, although they are infrequently monitored in clini-
cal practice. %%

VPA also displays substantial inter-individual variability in
plasma concentrations, with variability more pronounced at
lower doses.'*”'%*'% Importantly, higher cord blood VPA con-
centrations have been inversely associated with neonatal birth
length, independent of maternal dose,'**'% highlighting the
clinical relevance of maternal PK variability for fetal outcomes.
These findings emphasize the need for individualized thera-
peutic drug monitoring during pregnancy.

Crucially, the impact of these physiological changes differs
depending on the route of administration. In the context of
oral or IV delivery, pregnancy-associated alternations in
plasma volume, protein binding, hepatic metabolism, and pla-
cental permeability directly influence maternal systemic
exposure and fetal drug transfer. By contrast, IN delivery is
expected to partially decouple CNS exposure from systemic PK
by enabling direct nose-to-brain transport. As a result,
maternal plasma concentrations, and consequently, placental
transfer, may be substantially lower following IN adminis-
tration compared with oral or IV routes, even when therapeuti-
cally relevant CNS concentrations are maintained.

Despite these insights, almost nothing is known about the
PK of IN-administered drugs during pregnancy, and no sys-
tematic studies have evaluated trimester-specific effects on
absorption, distribution, or metabolism. The most widely used
IN therapies in pregnancy are corticosteroids, whose safety
evaluations have focused on congenital malformations rather
than PK, with no increased risk compared to non-exposed
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pregnancies.'’® Limited data from IN-administered fentanyl
during labor suggests lower maternal plasma concentrations
compared with non-pregnant adults, with detectable but
reduced fetal exposure.””'%” These observations support the
premise that IN delivery may confer PK advantages during
pregnancy, but dedicated studies are urgently needed to define
gestation-specific effects and optimize dosing strategies for
fetal-sparing CNS therapies.

Altogether, these adaptations complicate prediction of
maternal and fetal drug exposure, particularly for drugs with
narrow therapeutic indices such as VPA or those delivered via
alternative routes like IN administration. Dedicated studies are
urgently needed to define gestation-specific effects on the PK
of IN therapeutics, to enable optimized dosing that ensures
maternal efficacy while safeguarding fetal development.

5. Nanocarriers for drug delivery
during pregnancy

Building on the placental physiology and pregnancy-specific
PK considerations outlined in Section 4, this section focuses
on systemically administered nanocarriers, primarily lipo-
somes, that have been empirically evaluated in pregnancy
models. The aim is to identify formulation features associated
with restricted placental and fetal exposure once a nanocarrier
is present in maternal circulation, and to define the limit-
ations of systemic nanomedicine when fetal protection is the
primary therapeutic objective. IN delivery strategies, which rely
on distinct transport mechanisms and bypass systemic circula-
tion, are discussed separately in Section 3.

To evaluate which liposomal parameters restrict or permit
placental transfer following systemic administration, we
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reviewed selected lipid-based nanoformulations tested in preg-
nancy models. Although several liposomal systems have been
reported, many lack critical physiochemical or biological
characterization (e.g., ZP, EE, or release profiles), limiting
meaningful comparison. Therefore, only formulations with
sufficient detail were included. Two reports describing placen-
tal or fetal localization were excluded due to inadequate vali-
dation or unclear biological significance. The intent of this
analysis is not to provide an exhaustive catalog, but to high-
light formulation trends and persistent knowledge gaps.

The formulations summarized in Table 3 were evaluated in
pregnant mice, most commonly at gestational day 16. Across
these studies, none of the listed nanoformulations crossed the
placental barrier or localized within the fetus, despite differ-
ences in lipid composition or sterol content. Reported formu-
lations generally shared a narrow physicochemical range, with
particle sizes between 68 and 102 nm, high EE (>90%), and
near-neutral surface charge. While these characteristics are
associated with limited fetal localization in the reported
models, the absence of direct comparative studies constrains
broader interpretation. Notably, variations in sterol type or
abundance within formulations did not alter the lack of trans-
placental passage observed under these conditions.'®® A small
number of systemically administered liposomal formulations
have been engineered to preferentially localize to the placenta
following intravenous delivery in pregnancy models. While
informative, these placenta-targeting approaches fall outside
the primary scope of this review, which focuses on strategies,
particularly IN delivery, that minimize systemic exposure and
avoid direct placental engagement.'® In a complementary
approach, liposomal encapsulation has been used to prevent
fetal exposure to drugs known to be harmful during preg-
nancy. Refuerzo et al. demonstrated that indomethacin encap-
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sulated in liposomes and administered intravenously to preg-
nant mice on gestational day 18 remained restricted to the
maternal compartment without detectable fetal transfer.''°
Such strategies are particularly relevant when treatment dis-
continuation is neither feasible nor safe, as in the case of val-
proic acid, where withdrawal during pregnancy is generally dis-
couraged despite teratogenic risk.®® Importantly, systemically
administered nanocarriers do not eliminate maternal plasma
exposure, even when fetal accumulation is prevented.
Following intravenous delivery, nanoparticles remain subject
to maternal circulation, hepatic uptake, and interaction with
the placental barrier. As a result, placental exposure may still
occur, particularly for drugs with narrow therapeutic indices.
This limitation distinguishes systemic nanocarrier approaches
from IN delivery, which offers a mechanistically distinct strat-
egy by enabling direct nose-to-brain transport with reduced
reliance on sustained maternal plasma concentrations. For
this reason, IN liposomal delivery represents a complementary
approach when minimizing fetal exposure is a primary thera-
peutic goal.

Notably, until recently, no IN administered nanoformula-
tions had been evaluated in pregnancy models. A newly pub-
lished study has now examined IN delivery of a teratogenic
dose (1250 mg kg™ day ') of niosome-formulated pregabalin
in epileptic PTZ-treated pregnant rats, comparing this
approach with oral pregabalin and standard diazepam admin-
istration. IN nano-delivery resulted in enhanced antiepileptic
efficacy and, importantly, prevented congenital malformations
relative to systemic treatment modalities.*® However, this study
did not directly assess maternal plasma concentrations, pla-
cental transfer, or fetal drug levels. Accordingly, while these
findings provide the first functional evidence supporting the
potential of IN nanotherapeutic delivery during pregnancy, all
formulations summarized in Table 3 remain grounded in sys-
temic pharmacokinetic paradigms. The lack of quantitative
maternal-fetal exposure data following IN administration
remains a key limitation and motivates future pregnancy-
specific pharmacokinetic studies. Given the structural and
functional similarities between niosomes and liposomes,'"
these observations nevertheless provide indirect support for
the translational relevance of IN liposomal platforms in
pregnancy.

6. Conclusions and future directions

The widespread use of ASMs among women of reproductive
age continues to raise critical concerns regarding fetal safety.
VPA remains indispensable for specific refractory epilepsy syn-
dromes, yet its clinical utility is constrained by well-established
teratogenic risks that are closely linked to systemic maternal
exposure and placental transfer. Pregnancy-associated physio-
logical changes further complicate PK, highlighting the need
for delivery strategies that preserve maternal efficacy while lim-
iting fetal exposure. In this context, IN liposomal delivery
offers a compelling alternative to systemic or oral adminis-
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tration. By enabling direct brain targeting while reducing
dependence on sustained maternal plasma concentrations, IN
delivery is expected, based on established PK principles, to
lower maternal Cp.x and systemic AUC. Given that the fetal
exposure is primarily driven by free drug levels in maternal
plasma, this shift in exposure profile provides a mechanistic
rationale for reduced placental transfer, even in the absence of
direct fetal PK measurements. From a translational perspec-
tive, liposomes represent a mature and scalable drug-delivery
platform. Established manufacturing strategies, including
ethanol or solvent injection, high-pressure homogenization,
extrusion-based size control, and continuous-flow or microflui-
dic mixing, are already implemented at clinical and commer-
cial scale under GMP conditions for approved liposomal
formulations."*>*® These paradigms support the feasibility of
scaling IN liposomal systems for clinical translation.

Importantly, the relevance of safer VPA delivery strategies
extends well beyond epilepsy. VPA is widely prescribed for
additional neurological and psychiatric indications, including
bipolar disorder, migraine prophylaxis, and mood stabiliz-
ation, substantially expanding potential exposure across the
general population, including women who may become preg-
nant unintentionally. This broader clinical use further height-
ens the public health imperative for delivery approaches that
decouple central nervous system efficacy from systemic and
fetal exposure. More broadly, IN liposomal delivery may
provide a generalizable framework for maternal-restricted CNS
targeting, with potential applicability to other ASM and neu-
ropsychiatric therapies used during pregnancy. By shifting
maternal-fetal care from risk avoidance toward precision-
guided delivery, such strategies may ultimately reduce fetal
exposure while ensuring access to effective, evidence-based
neurological treatment. Versatile platform with far-reaching
implications. From a public health perspective, reducing fetal
exposure through precision delivery has the potential to lower
the incidence of congenital malformations, decrease long-term
healthcare costs, and support regulatory pathways for the safer
use of essential but teratogenic medications. More broadly,
this approach reflects a shift in maternal-fetal therapeutics
towards precision-guided delivery strategies that preserve
maternal efficacy while minimizing fetal risks.
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Abbreviations
ASM Antiseizure medication
BBB Blood-brain barrier
CNS Central nervous system
GGE Genetic generalized epilepsy
HDAC Histone deacetylase
IN Intranasal
v Intravenous
P Intraperitoneal
JME Juvenile myoclonic epilepsy
MES Maximum electroshock seizure
NLC Nanostructured lipid carrier
NP Nanoparticle
PD Pharmacodynamics
PEG Polyethylene glycol
P-gp P-glycoprotein
PGTCS Primary generalized tonic-clonic seizures
PK Pharmacokinetics
STB Syncytiotrophoblast
TDM Therapeutic drug monitoring
MPS Mononuclear phagocyte system
TJ Tight junction
TSN trans-Syncytial nanopores
VPA Valproic acid
VANE VPA nanoemulsion
PDI Polydispersity index

MPEG-DSPE Methoxy polyethylene glycol-distearoyl
phosphatidylethanolamine
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