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The placenta plays a crucial role in mediating nutrient and gas exchange between the mother and fetus
during pregnancy. Targeting therapeutic agents to the placenta presents significant opportunities for
treating placental disorders and enhancing fetal outcomes. However, the unique structural complexity
and selective permeability of the placenta pose substantial challenges for effective drug delivery. This
review provides a comprehensive overview of current strategies for placental targeting, including lipid
nanoparticle (LNP) delivery systems, targeted peptide modifications, specific antibody targeting of placen-
tal receptors, and the use of viral vectors. We critically analyze the advantages and limitations of each
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approach, emphasizing recent advancements in enhancing targeting specificity and delivery efficiency. By
consolidating the latest research developments, this review aims to foster further innovation in placental
drug delivery methods and contribute significantly to the advancement of therapeutic strategies for pla-
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1. Introduction

The placenta is increasingly recognized as not only a critical
organ for fetal development but also a complex, dynamic inter-
face that integrates maternal and fetal physiology."”* The pla-
centa originates from the trophoblast layer, which can be
differentiated into distinct cell types. Trophoblast cells give
rise to the syncytiotrophoblast, a multinucleated structure
forming the outer layer of the placental villi responsible for
nutrient and gas exchange between maternal and fetal
circulations.>" Beneath it, cytotrophoblast cells serve as pro-
genitors for the syncytiotrophoblast and contribute to placen-
tal growth.” Extravillous trophoblast cells invade the maternal
decidua, playing a critical role in remodeling maternal blood
vessels to ensure adequate placental blood flow.” The syncytio-
trophoblast serves as the primary barrier for drug transfer,
while cytotrophoblast and extravillous trophoblast cells influ-
ence placental growth and blood flow, potentially affecting the
efficiency of drug delivery.>’ Targeting these specific cell types
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cental disorders, ultimately improving outcomes for both mother and fetus.

or utilizing their receptors can enhance the precision and
effectiveness of drug transport across the placenta.

Recent advancements in placental research have revealed
its multifaceted roles in regulating both maternal and fetal
health, extending far beyond traditional concepts of nutrient
and gas exchange.®* ' It is now understood that the placenta
functions as a highly active endocrine organ, orchestrating a
range of signaling pathways that impact pregnancy mainten-
ance and fetal development, as well as long-term maternal and
fetal health.'" For example, the placenta plays a crucial role in
immune modulation, balancing maternal immune tolerance
to prevent rejection of the semi-allogeneic fetus, while simul-
taneously protecting the fetus from potential infections.'*"?
Furthermore, emerging research underscores the significant
impact of placental dysfunction on fetal programming, with
disturbances contributing not only to abnormal fetal growth
but also to the development of chronic diseases in adulthood,
including cardiovascular disease, diabetes, and neurodevelop-
mental disorders."*™® As the placenta is increasingly recog-
nized as a key regulator of fetal health, understanding its
molecular and cellular mechanisms has become a focal point
for improving prenatal care and advancing the treatment of
pregnancy-related complications.

One of the key functions of the placenta is its role in
immune modulation."” It helps maintain maternal immune tol-
erance, preventing the rejection of the semi-allogeneic fetus
while also protecting the fetus from potential infections.'®>°
Furthermore, growing evidence emphasizes how placental dys-
function can disrupt fetal development, leading to long-term

This journal is © The Royal Society of Chemistry 2025
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health consequences.'”*** Impaired placental blood flow,
hypoxia, and inflammation are factors that contribute to abnor-
mal fetal growth and increase the risk of chronic diseases later in
life.">'®>* As the placenta is recognized as a central regulator of
fetal health, understanding its molecular and cellular mecha-
nisms has become crucial for improving prenatal care and
addressing pregnancy-related complications.”**>

Research has shown that abnormal placental function is
associated with increased risks of chronic diseases in
adulthood.”®*’ For instance, impaired placental blood flow or
gas exchange can have profound effects on fetal immune,
metabolic, and neurological systems.?® Factors such as placen-
tal hypoxia and chronic inflammation are believed to contrib-
ute to developmental delays in the fetus and may increase the
likelihood of post-birth health complications.>* ! In addition,
the impact of placental diseases extends beyond immediate
maternal and fetal health concerns, placing a significant
burden on healthcare systems.>* Conditions like preeclampsia,
placental abruption, and intrauterine infections lead to higher
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Primary methods for placental-targeted drug delivery

Fig. 1 Four key strategies for targeted drug delivery to the placenta
include LNPs, peptides, antibodies, and viral vectors.
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rates of preterm births, which in turn increase the demand for
neonatal intensive care and escalate healthcare costs.*>™*

One of the major challenges in treating placental diseases
is the difficulty in delivering therapeutics to the placenta
without risking harm to the fetus.*® The placenta acts as a selec-
tive barrier, limiting the ability of most drugs to reach therapeutic
concentrations.>® Additionally, the potential for maternal side
effects complicates the safe use of medications during pregnancy.
These challenges have spurred the development of placental-tar-
geted drug delivery strategies, which aim to minimize fetal risks.
For example, LNPs have shown promise for delivering mRNA to
the placenta, and targeting specific receptors or cell types on the
placental surface using peptides or small molecules may
enhance the specificity of drug delivery.”” Furthermore, lipo-
somes are being explored for encapsulating drugs to improve
their delivery to the placenta.>®?® These strategies hold potential
for more effective treatments of placental-related diseases by
improving the specificity of therapeutic agents, reducing off-
target effects, and ultimately improving maternal and fetal health
outcomes (Fig. 1).

This review focuses on the molecular techniques and nano-
technology employed for placental-targeted therapy in the treat-
ment of various placental disorders (Table 1). We explore the use
of specific targeting peptides, LNPs, liposomes, and small bio-
molecules for targeting the placenta. The review also highlights
recent advancements in these strategies and their potential appli-
cations in improving treatment outcomes for pregnancy-related
complications. Our goal is to provide an overview of the current
state of research in placental-targeted therapies, while inspiring
further developments in this promising field.

2. LNP delivery of mRNA for
placental disorder treatment

LNPs are nanostructures composed of lipid molecules

designed to encapsulate nucleic acids such as mRNA, enabling

Table 1 The primary methods currently employed for placental-targeted drug delivery

Delivery

strategy Recent advances Advantages Limitations Ref.

Lipid Enhanced surface modifications of =~ High drug loading capacity, Potential toxicity issues and delivery 47-51 and

nanoparticles  LNPs to improve targeting excellent biocompatibility, and efficiency constrained by the 53
specificity and delivery efficiency. protection of drugs from placenta’s selective permeability.

degradation.

Targeted Discovery and optimization of novel  Increased targeting specificity, Complex fabrication processes and 65-67 and

peptides placental-targeting peptides to reduced non-specific potential instability or loss of peptide  69-73
improve stability and modification distribution, and minimized side  functionality under physiological
techniques. effects. conditions.

Antibodies Development of novel antibodies High specificity, significantly High cost of antibodies, potential 93-96, 100
and optimization of antibody enhancing drug accumulation in ~ immunogenicity, and safety and
modification and carrier the placenta. concerns. 102-103
conjugation techniques.

Viral vectors Design of safer viral vectors with High gene delivery efficiency and  Risks of immune reactions, and the 114-117
reduced immunogenicity and potential for sustained drug safety and controllability of viral and
improved delivery control release. vectors require further validation. 120-122

mechanisms.
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efficient delivery into cells.**** They are primarily used for the
delivery of genetic material in therapeutic applications, includ-
ing mRNA vaccines, gene editing, and gene therapies.****
LNPs protect the nucleic acids from degradation, facilitate
their cellular uptake, and promote their release into the cyto-
plasm for translation. Currently, LNPs represent the most
advanced non-viral platform for nucleic acid delivery and have
been clinically proven in the development of mRNA vaccines
for COVID-19, as well as in gene editing therapies for genetic
disorders.*>*® Despite their widespread use in these areas,
LNP-mediated delivery has been relatively unexplored in the
context of pregnancy, particularly for applications targeting
the placenta.””*® Recent studies have begun to investigate the
potential of LNPs for placental delivery, with a focus on using
mRNA to mediate placental vasodilation in the treatment of
pregnancy-related complications such as pre-eclampsia and
fetal growth restriction.*>*® These early findings suggest that
LNPs could offer a promising strategy for targeted therapies
aimed at improving maternal and fetal health during
pregnancy.
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In a recent investigation, Mitchell et al. established a library
of ionizable LNPs engineered for the delivery of mRNA to a
range of placental cell types,’® including trophoblasts, endo-
thelial cells, and immune cells-key players in maintaining pla-
cental function (Fig. 2A). A notable contribution of the study is
the development of these LNPs for mediating placental vasodi-
lation, a critical therapeutic goal for addressing pregnancy-
related conditions such as pre-eclampsia and fetal growth
restriction. The authors demonstrated that the most effective
LNP formulation, encapsulating VEGF-mRNA, successfully
triggered vasodilation in the placenta, suggesting that LNPs
could serve as a promising non-viral delivery vehicle for
protein replacement therapies targeting placental dysfunction
during pregnancy. The LNPs were formulated by integrating
ionizable lipids with essential components, such as chole-
sterol, phospholipids, and polyethylene glycol-lipids, to
enhance particle stability and biocompatibility (Fig. 2B).
Cholesterol stabilizes the lipid bilayer, phospholipids help
maintain the structural integrity of the particles, and PEG-
lipids extend the circulation time in the bloodstream by redu-
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(mRNA), synthesis of ionizable lipid A4 via SN2 reaction. (B) Regions of the mouse placenta from maternal to fetal side, including cell types that sep-
arate maternal and fetal blood spaces in the labyrinth region. (C) and (D) in vivo delivery of luciferase mRNA via LNPs (0.6 mg kg™?) to non-reproduc-
tive maternal organs in nonpregnant and pregnant mice, shown by IVIS imaging and quantification of mRNA distribution in the heart, lungs, liver,
kidneys, and spleen. (E) In vivo delivery of luciferase mRNA via lipid nanoparticles (0.6 mg kg™) to the uterus, placenta, and fetuses in both nonpreg-
nant and pregnant mice, with imaging and measurement of mRNA uptake in these areas (n = 5). (F) IVIS imaging of luciferase mRNA LNP delivery
(0.6 mg kg™ to the placentas of pregnant mice, with normalized flux reported as mean + SEM for each mouse. Reproduced with permission from
ref. 51. Copyright 2023 American Chemical Society.
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cing protein adsorption and evading immune recognition.
These ionizable lipids play a crucial role in boosting transfec-
tion efficiency, as they undergo protonation in acidic environ-
ments, such as within the endosomal compartment, promot-
ing endosomal escape and enabling the release of mRNA into
the cytoplasm. As a result, in nonreproductive maternal
organs, LNPs tend to accumulate in the spleen, with minimal
distribution in other organs and no significant differences
observed (Fig. 2C and D). In Fig. 2E and F, the authors focused
on the in vivo delivery of mRNA specifically to the uterus, pla-
centa, and fetuses of pregnant mice. The figures show that
LNPs effectively deliver mRNA not only to the maternal organs
but also to the placenta, with successful transfection observed
in these tissues.

A key innovation of this study lies in the tailored optimiz-
ation of LNPs for placental targeting, marking a departure
from conventional applications of LNPs, such as in vaccines or
gene editing. By focusing on the placenta, the research intro-
duces a novel therapeutic approach aimed at enhancing both
maternal and fetal health. However, several challenges remain,
including issues related to the specificity and efficiency of LNP
targeting, as well as the scalability and long-term safety of
such treatments. While the findings show considerable
promise, the clinical feasibility and safety of mRNA LNPs for
treating placental disorders still require rigorous clinical trials

O HN
J o O al
NH
C ' 1504
ekekk
ekekk
ekekk
-~ ekkk -
€ 100+ £
£ 2
e =
S Fel
e s
S 50+ 3
o
0-
107
10°
)
§ 10%
§ 10t
3
10° )
NP P NP NP N P N P NP
Em PBS = S1 3 A1 BB 1:2aEGFR BB 1:3aEGFR B3 1:5aEGFR
Fig. 3

i "

View Article Online

Review

before they can be considered a viable therapeutic option for
widespread use.

In 2024, Geisler et al. investigated the development of epi-
dermal growth factor receptor (EGFR) antibody-conjugated
lipid nanoparticles (aEGFR-LNPs) to enhance mRNA delivery
to the placenta, offering potential therapeutic benefits for
pregnancy-related complications.’® By employing SPAAC
(strain-promoted alkyne-azide cycloaddition) chemistry, the
authors engineered LNPs with varying degrees of EGFR anti-
body conjugation (Fig. 3A), with the goal of facilitating uptake
by placental cells via receptor-mediated endocytosis through
the EGFR antibody (Fig. 3B). The authors characterized the
particle size of the LNPs and assessed their cytotoxicity,
finding that the modification with EGFR antibodies did not
affect the particle size or its toxicity (Fig. 3C). The most
effective formulation, which featured a moderate level of anti-
body attachment (1:5 aEGFR-LNP), exhibited superior luci-
ferase mRNA delivery to murine placentas in vivo, outperform-
ing non-targeted LNPs (A1, Fig. 3D). Notably, this LNP formu-
lation maintained a comparable safety profile to the non-tar-
geted version, with no evidence of fetal luminescence,
suggesting no adverse effects on the fetus. Moreover, the study
revealed that the 1:5 aEGFR-LNPs were preferentially interna-
lized by EGFR-expressing trophoblasts in the placenta, demon-
strating roughly double the uptake of non-targeted LNPs. In
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(A) Assembly of antibody-conjugated LNPs and (B) schematic illustrating the receptor-mediated untake of antibody-conjugated LNPs into placen-

tal cells. (C) Diameters of LNPs modified with varying ratios of EGFR antibodies and cytotoxicity in JEG-3 trophoblast cells, 24 hours following treatment
with non-targeted LNPs. (D) Luciferase imaging of mRNA administration (0.4 mg kg™ to the uterine tissue in non-pregnant and pregnant mice. (E)
Measurement of luminescence intensity in the uterine tissues of non-pregnant (NP) and pregnant (P) mice. Flow cytometric analysis of DiR+ cells in (F)
CK7+ trophoblasts and (G) CD45+ immune cells within placental tissues. Reproduced with permission from ref. 50. Copyright 2024 Elsevier.
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Fig. 3F, treatment with 1:5 aEGFR-LNPs resulted in a signifi-
cant increase in the proportion of DiR+ CK7+ trophoblasts
(approximately 20%) compared to LNP Al (10%), indicating
that EGFR-targeted LNPs more efficiently internalized in
EGFR-expressing trophoblasts. Fig. 6G shows a similar trend
in CD45+ immune cells. This suggests that the presence of
immune cells at the maternal-fetal interface enhances the tar-
geting and uptake of EGFR-conjugated LNPs in these cell
populations. Collectively, these works underscore the promis-
ing potential of antibody-conjugated LNPs as a targeted deliv-
ery system for mRNA, offering an innovative approach to
address obstetric disorders through precise targeting of EGFR-
positive cells in the placenta.

The authors recognize the importance of antibody selection
in the design of antibody-conjugated nanoparticle delivery
systems. While they used an off-the-shelf anti-EGFR antibody
for simplicity and reproducibility, they acknowledge that opti-
mizing the antibody clone could potentially enhance the tar-
geting efficacy of aEGFR-LNPs. The study also highlights the
potential of antibody-conjugated LNPs to target EGFR-expres-
sing cells in the placenta, which could be particularly ben-
eficial for addressing pregnancy complications such as placen-
tal dysfunction. However, the authors note that changes in
receptor expression during disease progression, such as the
upregulation of EGFR in preeclampsia, could further improve
the targeting and therapeutic potential of the system.
Additionally, the study suggests that engineered antibody frag-
ments, such as ScFvs, may offer advantages over whole anti-
bodies by enhancing safety and reducing immunogenicity,
especially in pregnancy. Future research should focus on opti-
mizing antibody clones and exploring the use of aEGFR-LNPs
in models of placental dysfunction to treat obstetric
complications.

Several other studies have demonstrated the feasibility of
LNP-mediated mRNA delivery to the placenta in animal
models. For example, the use of different ionizable lipids,
phospholipids, and the adjustment of PEG content in LNP for-
mulations can be explored to improve targeting efficacy to tro-
phoblast cells and the placenta.’** Additionally, researchers
are investigating the use of LNPs to deliver pro-angiogenic
factors like vascular endothelial growth factor to improve pla-
cental blood flow in cases of placental dysfunction.>*

A landmark study by Mitchell et al. developed a placenta-
tropic LNP (LNP-55) capable of delivering mRNA with speci-
ficity and efficiency.>® Through high-throughput screening of
98 LNP formulations, LNP-55 exhibited a 183-fold higher pla-
cental mRNA delivery efficiency compared to FDA-approved
LNP benchmarks, attributed to its p2-glycoprotein I (p2-GPI)-
mediated endogenous targeting mechanism. In murine
models of preeclampsia, a single intravenous injection of
VEGF mRNA-loaded LNP-55 normalized maternal hyperten-
sion, restored placental vascularization, reduced anti-angio-
genic sFlt-1 levels, and improved fetal outcomes, including
increased birth weight and placental blood flow. The success
of LNP-55 highlights the broader potential of LNP technology
beyond vaccines, enabling precise modulation of placental
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pathophysiology. Furthermore, the study’s use of dual pree-
clampsia models (hypoxia- and inflammation-induced) under-
scores the robustness of LNP-55 across diverse etiologies,
enhancing its translational relevance.

Despite these breakthroughs, challenges remain in translat-
ing placental-targeted LNPs to clinical use. Safety concerns,
such as off-target effects and immune activation, require rigor-
ous evaluation, particularly given the vulnerability of fetal
development. While LNP demonstrated minimal off-target
delivery in mice, interspecies differences in placental biology
and receptor expression necessitate validation in non-human
primates.””*®  Additionally, long-term effects angiogenic
factors on placental and fetal development remain unexplored.
Scalability and regulatory hurdles, including standardized LNP
manufacturing and formulation stability, further complicate
clinical translation.””

Future directions may expand LNP applications to other pla-
cental disorders, such as intrauterine growth restriction, lever-
aging modular mRNA payloads to target diverse pathways.>®
Collaborative efforts integrating computational lipid design,
multi-omics profiling, and advanced imaging could refine pla-
cental targeting precision and safety.”® Ultimately, the conver-
gence of LNP innovation and placental biology holds immense
potential to redefine maternal-fetal medicine, offering curative
rather than palliative interventions for pregnancy
complications.®°

3. Peptide-based targeted delivery to
the placenta

Research on peptide-based targeting of the placenta is a
rapidly advancing field, focusing on harnessing the unique
physiological and molecular properties of the placenta to
enable precise delivery of therapeutic agents or diagnostic
probes.®®? Peptides-based strategies, due to their high speci-
ficity, low toxicity, and relatively straightforward synthesis,
have emerged as promising candidates for placenta-targeted
therapies.®*®* By exploiting differential receptor expression on
placental trophoblasts and vasculature, peptides selected
through in vivo phage display techniques can be engineered to
preferentially home to the placenta. For instance, the
VAR2CSA-derived peptide has been shown in preclinical
models to exhibit robust placental targeting when conjugated
to nanoparticle carriers, thereby improving local drug concen-
tration and reducing off-target distribution.®® Similarly, the
tumor-penetrating peptide iRGD,®® which mediates tissue infil-
tration via integrin and neuropilin-1 interactions, has been
repurposed to navigate the highly angiogenic microenvi-
ronment of the placenta,®” further demonstrating the versati-
lity of peptide ligands in overcoming biological barriers®’-®®
(Table 2). Collectively, these findings highlight the inherent
advantages of peptide-based delivery systems-notably their
high specificity, ease of chemical modification, and capacity
for modular design-which render them a promising platform
for addressing complex challenges in maternal-fetal medicine.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Peptide-based strategies for placenta target
Amino acid
Peptide sequence Target site/cell type Targeting strategy Disease Ref.
VAR2CSA- VAR2CSA Syncytiotrophoblast surface (binds Conjugated to nanoparticles or Preeclampsia, placental 65
derived chondroitin sulfate A) drugs for targeted delivery insufficiency
peptide
CGKRK CGKRK Placental vascular endothelial cells Used as a targeting ligand on Preeclampsia, placental 67 and
and some trophoblasts drug carriers to enhance placental ischemia 68
accumulation
iRGD CRGDKGPDC Placental vasculature and stromal Enhances tissue penetration of Placental insufficiency, 66, 68
cells (via a_v-integrins and nanoparticles/drugs across the ischemic conditions and 78
neuropilin-1) placental barrier
CNGRC CNGRC (cyclic)  Placental endothelial cells (via CD13  Used to decorate nanocarriers for ~ Abnormal placental 66 and
binding) improved targeting of placental angiogenesis, 77
vasculature preeclampsia
PLAP-1 CSPRRGLC Syncytiotrophoblasts expressing Employed in imaging or Trophoblastic diseases, 79
placental alkaline phosphatase therapeutic delivery systems placental insufficiency
(PLAP) targeting PLAP-expressing cells
TPP-1 CRWYDANAC Placental vascular endothelium Directs therapeutic agents Placental ischemia, 82
specifically to placental blood preeclampsia

One of the most studied categories includes trophoblast
cell-binding peptides, which interact with specific receptors or
proteins expressed on trophoblast cells. For example, peptides
that bind to the human placental growth factor receptor
(PIGF-R) or integrins such as avf3 and avp5, which are highly
expressed on placental trophoblast cells, have been
explored.®®””" Another class includes peptides that target the
placental transporters, such as the human placental lactogen
receptor (hPLR) or the syncytin-1 receptor, which plays a role
in trophoblast fusion and placental function.”””* Additionally,
peptides derived from naturally occurring placental proteins,
such as syncytins,”* have been investigated for their potential
in targeting trophoblasts, given their inherent ability to bind
specific receptors on the placental cell membranes.”>””

Compared to small molecules, peptides can be designed to
selectively bind to receptors with high affinity, reducing off-
target effects and improving therapeutic outcomes.”®”®
Additionally, peptides can be engineered to cross the placental
barrier more effectively, ensuring targeted delivery to the fetus
in conditions where this is therapeutically beneficial, such as
in the case of gene therapies or targeted delivery of anti-cancer
agents.®"®° Moreover, peptides are biodegradable and typically
exhibit low immunogenicity, making them suitable for long-
term use.

Harris et al. investigated the response of the placenta to two
tumor-homing peptides, CGKRK and iRGD (Fig. 4A).°” These
peptides, as distinct sequences of amino acids, serve as
specialized drug delivery vehicles, facilitating the targeted
transport of therapeutic agents. In experiments involving preg-
nant mice, the authors observed that, analogous to the way
these peptides effectively target tumors and deliver anticancer
drugs to specific sites, they could also be employed to selec-
tively target placental tissue and deliver growth factors to
enhance placental function. Notably, the growth hormones
had no adverse effects on normal-sized fetuses, while fetuses
exhibiting abnormal development due to compromised placen-

This journal is © The Royal Society of Chemistry 2025

vessels

tal function responded positively to the growth factor treat-
ment. The authors identified membrane-associated calreticu-
receptor CGKRK (Fig. 4B and C).
Immunofluorescence staining and flow cytometry analysis
revealed that calreticulin on the cell membrane is involved in
the uptake of the peptide by the placenta (Fig. 4D and E). To
develop biocompatible nanocarriers for precise and targeted
delivery of therapeutic agents to the placenta, the authors syn-
thesized liposomes functionalized with TAMRA-CGKRK, rho-
damine-iRGD, or TAMRA-ARA, and encapsulated them with
the fluorescent drug analog carboxyfluorescein. These lipo-
somes were intravenously administered to pregnant mice to
evaluate their accumulation at the maternofetal interface
(Fig. 4F). Additionally, peptide-functionalized liposomes were
incubated with human term placental explants to investigate
peptide binding and cellular uptake within human tissue. The
findings revealed that the liposomes successfully delivered to
the syncytium of placental explants, whereas those functiona-
lized with ARA were ineffective in facilitating efficient delivery.

A principal limitation highlighted in the study is the
efficiency of peptide-mediated drug delivery to the placenta.
While the tumor-homing peptides (CGKRK and iRGD) demon-
strated selective affinity for the placenta, the capacity to deliver
therapeutic payloads effectively and at adequate concen-
trations in a clinically relevant context remains uncertain. The
authors emphasize that, despite strong binding affinity
observed in both in vitro and in vivo models, ensuring that
these peptides can consistently and efficiently traverse the pla-
cental barrier to deliver therapeutic agents at concentrations
sufficient for a therapeutic response remains a formidable
challenge. This inefficiency could curtail the peptides’ thera-
peutic potential, particularly in human applications. The study
further discusses the inherent variability in placental structure
across individuals. The placental surface is not homogenous,
with considerable interindividual differences in its architec-
ture, which may influence the efficacy of peptide binding.
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Protein Gene ID Total number of peptides identified Number of unique peptides identified
Calreticulin Calr 21 4
Aspartyl aminopeptidase A DNPEP 3 2
Proteasome subunit j type-6 PSMB6 3 2
Protein disulfide isomerase 6 Pdia6 6 2
Triosephosphate isomerase Tpil 3 3
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(A) Tumor-targeting peptides are enriched in the syncytial layer of human placental explants. Uptake of the peptide (20 mM) by first-trime-

ster or term placental explants (n = 3). Green indicates FAM-labeled peptides. Scale bar, 50 pm. (B) Immunoblot analysis of sequential fractions
eluted from the chromatography column. (C) Proteins in mouse placental homogenates were identified by MALDI-TOF, with calreticulin being the
most abundant. (D) Immunofluorescence analysis of the binding of FAM-CGKRK to first-trimester placenta. (E) Flow cytometry quantification of the
binding rate of FAM-CGKRK to calreticulin. (F) Immunofluorescence analysis of liposomes decorated with tumor-homing peptides for targeted deliv-
ery to the placenta. Red, peptide; green, CF cargo; blue, DAPI (nuclei). Scale bar, 50 pm. Reproduced with permission from ref. 67. Copyright 2016

American Association for the Advancement of Science.

While the peptides effectively targeted both mouse and
human placental tissues, the authors acknowledge that the
variability in placental morphology and physiological con-
ditions during pregnancy could affect the consistency of
peptide targeting. This variability introduces complexity into
the clinical application of these peptides, underscoring the
necessity of personalized approaches to optimize therapeutic
outcomes.

Moreover, the molecular mechanisms governing peptide
binding and their full therapeutic potential remain insuffi-
ciently explored. Although the authors identify calreticulin as a
pivotal mediator in peptide-placenta interactions, they
concede that further research is imperative to unravel the
precise molecular pathways through which these peptides
modulate placental function. A more comprehensive under-

8322 | Nanoscale, 2025, 17, 8316-8335

standing of these mechanisms is crucial for refining the thera-
peutic application of peptides and enhancing their clinical
efficacy.

In 2018, Fan et al. developed a nanoparticle system for the
targeted delivery of therapeutic agents to the placenta by modi-
fying the nanoparticle surface with placental-targeting pep-
tides, plCSA-BP (CSA-binding peptide, EDVKDINFDTKEKFL-
AGCLIVSFHEGKC) or SCR (EVDNDKKLGLVFEKDKIFTE-
FACISHCG). The study involved intravenous injection of
pPICSA-BP-modified nanoparticles (such as those loaded with
indocyanine green or methotrexate) into pregnant mice to
assess their placental-specific delivery efficiency and potential
effects on fetal and placental development.®’ They demon-
strated that these nanoparticles selectively bound to tropho-
blast cells and successfully delivered methotrexate to the pla-

This journal is © The Royal Society of Chemistry 2025
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centa, significantly affecting placental and fetal development,
while showing no evident adverse effects on maternal tissues.
This approach offers a strategy for targeted treatment of preg-
nancy-related complications through placental-specific drug
delivery. In detail, Fig. 5A illustrated that, despite the broad
tissue distribution of chondroitin sulfate A (CSA) as confirmed
by anti-C4S (2B6) staining, the placenta remained uniquely tar-
geted by pICSA-BP. In the synthesis process, lecithin,
DSPE-PEG-COOH, and methotrexate (MTX) are used to form a
core-shell structure, followed by sonication to create MNPs.
The nanoparticles are then functionalized with pICSA for tar-
geted delivery, yielding pICSA-MNPs (Fig. 5B). The cumulative
release profiles of free MTX and various types of MNPs (MNPs,
SCR-MNPs, and pICSA-MNPs) over 48 hours demonstrate that
the release rate of MTX from pICSA-MNPs is more sustained
compared to free MTX and the other nanoparticle formu-
lations (Fig. 5C). Furthermore, the size stability of the MNPs
over a 6 week period shows that the diameter of pICSA-MNPs
remains stable, similar to that of SCR-MNPs and MNPs, indi-
cating that the particles do not undergo significant aggrega-
tion or degradation over time (Fig. 5D). TEM images of the
MNPs, SCR-MNPs, and pICSA-MNPs reveal their spherical
morphology, with the scale bars indicating the size of the
nanoparticles and further confirming their uniform size distri-
bution (Fig. 5E). IVIS imaging of the placentas from mice
injected with a single dose of pICSA-INP revealed that
PICSA-INP exhibited prolonged retention for 48 h (Fig. 5F).
Fluorescence staining of the placentas indicated that ICG was
primarily co-localized with trophoblast cells, while little or no
staining was observed in endothelial cells (Fig. 5G). This con-
firms that pICSA-INP is capable of targeting and delivering
ICG specifically to trophoblast cells.

The utilization of peptides for targeting the placenta in
therapeutic applications offers several notable advantages,
including high specificity and affinity for placental bio-
markers,** which can enhance the precision of drug delivery
and minimize off-target effects.*>®* This targeted approach
can lead to increased therapeutic efficacy while reducing sys-
temic side effects, thereby improving overall patient safety.
Additionally, peptides can be engineered to facilitate the
efficient transport of therapeutic agents across biological bar-
riers, potentially overcoming some of the limitations associ-
ated with conventional drug delivery systems.*>*>%® However,
there are significant limitations and challenges that must be
addressed to realize the full potential of peptide-based placen-
tal therapies. One major limitation is the inherent instability
of peptides in vivo, as they are prone to rapid degradation by
proteases, which can diminish their effectiveness and necessi-
tate frequent dosing or the use of protective delivery systems.
Furthermore, the potential immunogenicity of peptide thera-
peutics poses a risk of adverse immune responses, which
could compromise treatment safety and efficacy.’” Another
challenge lies in the identification and optimization of pep-
tides with high specificity and binding affinity for placental
targets, as off-target interactions could lead to unintended
effects on other tissues.®®®° Additionally, the complexity of the

This journal is © The Royal Society of Chemistry 2025
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placental environment and the dynamic changes that occur
during pregnancy make it difficult to predict and control
peptide behavior in vivo. Scaling up peptide synthesis for clini-
cal applications also presents logistical and economic chal-
lenges, potentially limiting the widespread adoption of such
therapies.’® Finally, regulatory hurdles and the need for exten-
sive safety evaluations, particularly in the context of pregnancy,
add further layers of complexity to the development and
implementation of peptide-targeted placental therapies.?**°
Addressing these limitations and challenges will require multi-
disciplinary efforts to enhance peptide stability, specificity,
and delivery mechanisms, as well as rigorous preclinical and
clinical testing to ensure the safety and efficacy of these inno-
vative therapeutic strategies.

By engineering peptides to bind selectively to trophoblast
cells, researchers aim to increase both the precision and safety
of therapeutic interventions for pregnancy-related compli-
cations.®® Notable findings include enhanced drug loading
efficiency, improved binding affinity, and reduced systemic tox-
icity when peptides are conjugated to nanocarriers such as
liposomes and polymeric nanoparticles.®>*" These advances
have broadened the scope of potential treatments for con-
ditions like preeclampsia and fetal growth restriction, under-
scoring the value of peptide-based approaches in addressing
unmet clinical needs. However, the successful translation of
this technology from the laboratory to the clinic faces substan-
tial obstacles. Immunogenicity, peptide stability under physio-
logical conditions, and variability in receptor expression across
different gestational stages and patient populations remain
key challenges.”® Additionally, the regulatory landscape
demands rigorous safety and efficacy evaluations before these
peptide-based strategies can be adopted in clinical practice.
Despite these hurdles, ongoing efforts to refine peptide design
and conjugation methods, alongside an increasing under-
standing of placental biology, promise to move peptide-tar-
geted placental delivery closer to clinical reality.

4. Antibody-mediated placenta
target

Recent studies have highlighted several approaches to enhance
the targeted delivery of antibodies or antibody-based mole-
cules to the placenta. One of the most promising strategies
involves the use of placenta-specific antigens or receptors to
guide antibodies to particular cell types within the placenta.”®
For example, the trophoblast cells in the outer layer of the pla-
centa express specific receptors, such as Flt-1 and the syncytio-
trophoblast cell-specific receptor, which can be targeted by
antibodies or antibody-drug conjugates.’**> These antibodies,
once bound to their targets on the placenta, can mediate the
localized delivery of therapeutic agents or even induce thera-
peutic effects through receptor-mediated endocytosis.

One of the key advancements in the field involves the use of
monoclonal antibodies (mAbs) and antibody-drug conjugates,
which are designed to selectively target the placenta by recog-
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Fig. 5 (A) Mouse tissues staining for total CSA in placenta, pancreas, ovary, lung, liver, kidney, heart, bone, and spleen. Scale bar, 20 um. (B)
Schematic illustration showing the sonication process for MNP synthesis and EDC/NHS conjugation with plCSA-BP. (C) Release profile of MTX in
MNPs, SCR-MNPs, and plCSA-MNPs. (D) The size stability of nanoparticles in serum over 5 weeks. (E) Transmission electron microscope images of
MNPs, SCR-MNPs, and plCSA-MNPs with scale bars of 100 nm. (F) Immunofluorescence staining images of the placenta 48 hours after intravenous
injection of SCR-INPs or pICSA-INPs. Scale bar, 50 pm. (G) IVIS imaging shown in vivo delivery of plCSA-MNPs to uteri (n = 5). Reproduced with per-

mission from ref. 81.Copyright 2018 Ivyspring International Publisher.

nizing specific placental proteins.’® mAbs was used to deliver
cytotoxic drugs directly to the placenta, effectively bypassing
systemic circulation and minimizing off-target effects.’” These
conjugates were shown to bind selectively to trophoblast cells

8324 | Nanoscale, 2025, 17, 8316-8335

and enhance the localized delivery of therapeutic agents.
Further research has focused on the use of antibodies to
deliver therapeutic proteins or to block harmful signaling
pathways within the placenta.

This journal is © The Royal Society of Chemistry 2025
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Hickey et al. investigated how antiphospholipid antibodies
(aPL) interact with placental mitochondria to promote oxi-
dative stress and potentially lead to placental dysfunction.’®
The researchers used two monoclonal aPL, ID2 and IIC5, as
models of pathogenic aPL to assess their effects on first trime-
ster placental explants (Fig. 6A-C). Both ID2 and IIC5 had a
higher binding affinity to isolated mitochondria compared to
the isotype-matched control antibody. Additionally, the
binding of these aPL to placental mitochondria was associated
with respiration rate, suggesting that the antibodies specifi-
cally interacted with the placental mitochondria, likely
through the binding of 2 glycoprotein I (32GPI) on the mito-
chondrial membranes (Fig. 6D and E). The study also high-
lighted that both ID2 and IIC5 are triple-positive aPL, with
different epitopes on p2 glycoprotein I, and that ID2 was more
potent in affecting mitochondrial function (Fig. 6F).

The study provides important insights into how antipho-
spholipid antibodies, particularly ID2 and IIC5, target the pla-
cental mitochondria and induce reactive oxygen species pro-
duction, which contributes to oxidative stress and placental
dysfunction. However, there are several aspects of the study
that could benefit from further investigation and clarification.
First, while the research demonstrates that aPL interact with
trophoblast mitochondria and increase ROS production, the
specific mechanisms by which aPL enter trophoblast cells and
bind to mitochondria remain unclear. Although these com-
pounds have shown promise in preclinical models, their use
in treating pregnant women with antiphospholipid syndrome
requires careful investigation.

Despite these advances, several challenges remain in the
development of antibody-based therapies for placental target-
ing.”® One of the primary obstacles is the difficulty in achiev-
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ing specific and efficient delivery to the placenta due to the
complex nature of placental barriers and the presence of high
maternal blood flow.'®® Furthermore, while certain antibodies
can selectively bind to placental cells, they must also be able to
cross the placental barrier to reach their targets.** This
requires careful design of the antibody or conjugate to ensure
that it is not only highly specific but also capable of being
transported across the placental layers.

The field of antibody targeting to the placenta has seen sig-
nificant advancements in recent years, driven by the identifi-
cation of the placenta as a unique and promising therapeutic
target due to its distinctive immunological properties and
roles in pregnancy-associated diseases.'”"'°> Researchers have
focused on engineering antibodies that can specifically bind to
placental antigens, thereby enabling targeted delivery of thera-
peutic agents to the placenta while minimizing systemic tox-
icity. Recent studies have explored the use of placenta-specific
antibodies to treat conditions such as preeclampsia, placental
insufficiency, and placental tumor metastasis.'

Among the most recent innovations, researchers have devel-
oped fully humanized monoclonal antibodies, bispecific anti-
bodies, and antibody-drug conjugates optimized for placental
targeting. For instance, antibodies targeting placental-specific
receptors, such as the chemokine receptors CCR1/CCR2 or the
placental growth factor, have shown promise in preclinical
models of preeclampsia and placental dysfunction.'®*'
Additionally, anti-angiogenic monoclonal antibodies, such as
those targeting VEGF, have been investigated for their poten-
tial to modulate placental angiogenesis in pathological con-
ditions.>® These advancements have contributed to a deeper
understanding of placental biology and have opened new
avenues for therapeutic intervention. Recent research findings
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(aPL) antigen, anti-B2 glycoprotein | (32GPI), in the mitochondria. (F) Effect of ID2 or IgG antibodies on placental mitochondrial respiration after the
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highlight the potential of placenta-targeted antibodies to
improve therapeutic outcomes while reducing systemic side
effects. For example, studies using anti-malignant fetal and
neonatal collider antibodies have demonstrated the feasibility
of targeting placental trophoblasts in cancer metastasis
models.'® Furthermore, advancements in antibody engineer-
ing, such as the use of placenta-specific antibody fragments or
nanobody-based targeting systems, have enhanced the pre-
cision and efficacy of placental delivery.'®”

Despite these promising developments, challenges remain
in translating placenta-targeted antibody therapies into clini-
cal practice. Key hurdles include optimizing antibody delivery
across the placental barrier, minimizing immune responses,
and ensuring fetal safety.'®® Additionally, the dynamic and
heterogeneous nature of the placenta necessitates a deeper
understanding of its temporal and spatial antigen expression
patterns. To address these challenges, researchers are explor-
ing novel strategies, such as combination therapies, placenta-
specific drug delivery systems, and adaptive immune response
modulation.”®*°

In summary, antibody-based therapies show great promise
for targeting placental dysfunction. The biggest advantage of
antibody-based targeting compared to peptide or LNP-based tar-
geting lies in its specificity and versatility.”> Antibodies can be
engineered to precisely recognize and bind to specific antigens
on the surface of target cells, such as those in the placenta,
allowing for a high degree of selectivity. This specificity reduces
off-target effects and minimizes damage to non-target tissues,
potentially improving the safety profile of the treatment.®'
Furthermore, antibodies can be easily conjugated with thera-
peutic agents, such as small molecules or imaging agents,
enhancing their therapeutic efficacy. In contrast, while peptides
and LNPs are also effective for targeted delivery, they may have
limitations in terms of targeting precision, stability, and
immune evasion. Peptides, for example, might be more prone
to degradation or immune recognition, whereas LNPs require
careful formulation to achieve optimal delivery and release of
the payload.®* Antibodies, with their well-characterized structure
and ability to bind multiple targets simultaneously, can offer
more controlled and adaptable targeting strategies.

5. Viral vectors as delivery tools for
placenta delivery

Viral vectors have emerged as effective delivery tools for target-
ing drugs or genes to the placenta, exhibiting unique charac-
teristics and advantages in this application. Their innate
ability to infect cells allows for efficient delivery of exogenous
genes or therapeutic agents directly into placental cells."*”
Common viral vectors used include adenoviruses, adeno-
associated viruses (AAV), retroviruses, and lentiviruses, each
offering distinct properties suitable for specific research
objectives.' 112

A significant feature of viral vectors is their modifiability
through genetic engineering. This enables alterations to
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capsid proteins or viral genomes to enhance specificity toward
placental tissue or to reduce immunogenicity.'** Additionally,
viral vectors can be designed for controlled gene expression—
either transient or sustained—to meet various therapeutic
time frames.''*!*>

The authors infected explants from mid- and late-gestation
placentas, as well as early pregnancy chorionic villi, with the
Nicaraguan ZIKV strain. ZIKV infected primary placental cells,
including trophoblasts, endothelial cells, fibroblasts, Hofbauer
cells, amniotic epithelial cells, and trophoblast progenitor
cells in the amniochorionic membranes that express viral
entry cofactors Axl, Tyro3, and TIM1."*® Compared to late-ges-
tation placentas, mid-gestation amniotic epithelial cells exhibi-
ted higher viral titers and induced NS3 and E protein pro-
duction. Duramycin, a peptide that blocks TIM1 binding,
effectively reduced ZIKV infection in placental cells and
explants, suggesting that targeting TIM1 may inhibit infection
at the uteroplacental interface. Fig. 7A shows that first-trime-
ster chorionic villus explants infected with MR766 or Nical-16
strains exhibited infected proliferative trophoblasts expressing
E and NS3 proteins, suggesting cell-to-cell viral spread.
Additionally, second-trimester amniotic epithelial cells
infected with MR766 or clinical isolates exhibited 6- to 8-fold
higher viral titers at 7 days post-infection, with a 4-fold
increase in viral release (Fig. 7B and C). To further explore the
transmission pathways of ZIKV, Fig. 7D shows Axl expression
in invasive trophoblasts, Hofbauer cells, and amniotic epi-
thelial cells in mid-gestation decidua, placenta, and fetal mem-
branes. Fig. 7E then summarizes the ZIKV transmission path-
ways, providing further insight into how the virus spreads
from the uteroplacental interface to different placental regions
and the amniochorionic membranes.

The advantages of using viral vectors for placental targeting
are multifaceted. They demonstrate higher transfection
efficiencies both in vitro and in vivo compared to non-viral car-
riers like liposomes or polymeric nanoparticles.'*® By engin-
eering viral vectors to target specific cell types within the pla-
centa, off-target effects on non-target tissues can be mini-
mized. Some vectors, such as lentiviruses, have the capability
to integrate genes into the host genome, providing long-term
gene expression beneficial for sustained therapeutic out-
comes.'’” Moreover, certain viral vectors like adenoviruses
possess large gene-carrying capacities, allowing for the delivery
of sizable genes or multiple gene combinations."*®

Current research on viral vectors for placental targeting is
primarily at the foundational stage, involving cell culture and
animal models."*® For example, adenoviral vectors delivering
the VEGF-A165 gene in sheep models have shown potential in
ameliorating FGR.'* Safety assessments are a critical focus,
addressing concerns about the immunogenicity and potential
toxicity of viral vectors."”"'?* Efforts are underway to develop
vectors with reduced immunogenicity and to evaluate their
safety profiles in both maternal and fetal contexts.

Enhancements in targeting specificity are being pursued by
displaying placenta-specific ligands on viral surfaces or utiliz-
ing placenta-specific promoters, thereby increasing the pre-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (A) Immunofluorescence images of chorionic villus explants infected with ZIKV MR766 (1 x 10° PFU) and immunostained for envelope
protein and cytokeratin. (B and C) Examination of viral titers in ZIKV-infected amniotic epithelial cells during mid- and late gestation. (D)
Immunofluorescence analysis of Axl expression at the uterine—placental interface. (E) ZIKV infects diverse cell types, indicating multiple potential
transmission pathways. Reproduced with permission from ref. 116. Copyright 2016 Elsevier.

123 Some viral vectors

cision of delivery to placental tissues.
have progressed to testing in large animal models, laying
important groundwork for future human clinical trials.
Despite these advancements, several technical challenges
persist.’>'** These include avoiding adverse effects on the
mother and fetus, controlling the temporal and spatial speci-
ficity of gene expression, and navigating potential ethical and

regulatory issues associated with gene therapy.

6. Conclusion and discussion

The placenta is a highly specialized, transient organ that
serves as the critical interface between the mother and the
developing fetus during pregnancy.'”>'*® It facilitates the
exchange of gases, nutrients, and waste products, and plays a

This journal is © The Royal Society of Chemistry 2025

pivotal role in hormonal regulation to maintain gestation. The
placenta is characterized by its complex structure, comprising
fetal chorionic villi that invade the maternal uterine tissue,
creating an extensive surface area for efficient exchange while
maintaining a selective barrier between maternal and fetal
circulations."”**®

Targeting the placenta is exceedingly difficult due to several
intrinsic and extrinsic factors. Firstly, the placental barrier is
designed to be selectively permeable, allowing only specific
molecules to pass while restricting others, thereby protecting
the fetus from potentially harmful substances.®®'*>'*° This
selective permeability poses a significant challenge for the
delivery of therapeutic agents, as many drugs are unable to
cross this barrier effectively. Secondly, the placenta exhibits
dynamic changes throughout gestation, both structurally and
functionally, which complicates the development of universal
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targeting strategies applicable at all stages of pregnancy.’?%"*!
Additionally, the placenta expresses a variety of efflux transpor-
ters and metabolic enzymes that actively expel or degrade
xenobiotics, including therapeutic compounds, reducing their
efficacy. The unique immunological environment of the pla-
centa, which modulates maternal immune responses to toler-
ate the semi-allogeneic fetus, can also influence the distri-
bution and activity of targeted agents.'** Moreover, the risk of
unintended effects on fetal development and maternal health
necessitates stringent safety considerations, limiting the types
and dosages of agents that can be employed.'*® Ethical con-
straints further restrict experimental interventions during
pregnancy, hindering clinical research and the advancement
of placenta-targeted therapies.

This review details various methods currently researched
for targeting the placenta, including LNP targeting, targeted
peptide modifications, specific antibody targeting of placental
receptors, and viral vectors. These approaches represent sig-
nificant advancements in overcoming the challenges associ-
ated with delivering therapeutic agents to the placenta, a
complex and selectively permeable organ essential for fetal
development.'®'3

LNPs have gained significant attention as drug delivery
systems due to their ability to encapsulate a wide range of
therapeutic agents, including nucleic acids, proteins, and
small molecules, while offering advantages such as biocompat-
ibility, immunogenicity, and controlled release
profiles. By modifying the surface of LNPs with placental-
targeting ligands, researchers have enhanced their specificity
and uptake by placental cells.>® Mechanisms of LNP targeting
to the placenta exploiting the natural properties of lipid
bilayers and their ability to fuse with cell membranes. For pla-
cental targeting, LNPs can be modified with surface ligands
that specifically recognize placental receptors, improving cellu-
lar uptake and enhancing the specificity of delivery to placen-
tal tissues. (1) Receptor-mediated targeting: LNPs can be func-
tionalized with peptides, antibodies, or small molecules that
target specific placental receptors such as the transferrin
receptor, low-density lipoprotein receptor, or folate recep-
tors."*® These receptors are involved in nutrient and ligand
transport across the placenta, providing a mechanism for tar-
geted delivery. (2) Surface modification with PEG or polymers:
the surface of LNPs can be coated with polyethylene glycol or
other biocompatible polymers to increase circulation time,
improve stability, and reduce non-specific interactions with
other tissues, enhancing the overall targeting efficiency.'**"*”
(3) Targeting the trophoblast layer: the trophoblast cells, par-
ticularly CTBs and STBs, are key components of the placental
barrier and present valuable targets for LNP-mediated drug
delivery."*® These cells are accessible through the bloodstream
and highly involved in nutrient and immune regulation.

Translating placenta-targeted lipid nanoparticles from the
laboratory to clinical applications faces several challenges,
including the complexity of the placental barrier, which limits
effective delivery. Variability in receptor expression across
different pregnancy stages and pathological conditions compli-
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cates receptor-targeting strategies.’*® Additionally, optimizing
the stability, size, and pharmacokinetics of LNPs is crucial to
ensure efficient delivery and controlled release of therapeutic
agents, while minimizing immune responses.'*® Despite these
challenges, the potential of LNPs for treating placental dis-
orders is promising. Advances in nanotechnology and receptor
targeting offer the possibility of more effective, precise, and
safe treatments, with the potential for clinical trials to further
assess their efficacy in improving maternal-fetal health.'*!

Targeted peptide modifications involve designing peptides
that specifically bind to receptors or antigens expressed on pla-
cental cells.”>® Current research focuses on identifying pep-
tides that can selectively bind to placental receptors, facilitat-
ing the targeted delivery of drugs to placental tissues.’®'*?
Notable receptors that have been targeted include integrins,
folate receptors, and angiogenesis-related receptors such as
VEGF.*>'*! These receptors are either overexpressed or highly
specific to the trophoblast layer, endothelial cells, or other pla-
cental structures, making them ideal targets for peptide-
mediated delivery systems. Furthermore, peptides are often
conjugated to nanoparticles or liposomes to enhance their
stability, bioavailability, and efficiency in drug delivery.*"”®

Despite the promising potential of peptide-based targeting,
several challenges need to be addressed. The complexity of the
placental barrier, composed of multiple cellular layers and
varying receptor expressions across different pregnancy stages,
limits the efficiency of peptide-based drug delivery.®>®” For
example, while some peptides may target trophoblasts efficien-
tly, crossing the syncytiotrophoblast layer-an important barrier
for maternal-fetal exchange-remains a significant hurdle.'*?
Additionally, peptides can be susceptible to rapid degradation
in vivo, reducing their half-life and limiting their therapeutic
potential.®” To improve their clinical efficacy, strategies such as
peptide cyclization, incorporation of non-natural amino acids,
and the development of protease-resistant peptides are being
explored to enhance stability and prolong their circulation time.

There is a lack of comprehensive understanding of receptor
dynamics throughout pregnancy and in pathological con-
ditions such as preeclampsia or intrauterine growth restric-
tion.'** The expression of placental receptors may vary across
different stages of pregnancy or under various disease con-
ditions, which can complicate the development of universally
effective peptide-targeted therapies.”® Therefore, further inves-
tigation is needed to map receptor expression patterns at
different gestational stages and in distinct placental regions,
which could guide the design of more targeted and personal-
ized therapeutic approaches.

Specific antibodies directed against placental receptors
offer another avenue for targeted therapy.'*> Monoclonal anti-
bodies or antibody fragments can be engineered to recognize
and bind to placental antigens with high specificity and
affinity. This method holds potential for delivering thera-
peutics directly to placental tissue, reducing systemic exposure
and associated side effects.

Translating placenta-targeted antibodies from the labora-
tory to the clinic involves a complex interplay of challenges

This journal is © The Royal Society of Chemistry 2025
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and prospects. The challenges include validation in animal
models, which may not always predict human outcomes
accurately.®*"'*® Immunogenicity is another concern, as anti-
bodies from other species might evoke adverse immune
responses in humans. Manufacturing these antibodies at a
large scale while maintaining consistent quality is technically
demanding. Regulatory approval poses significant hurdles due
to strict requirements set by FDA. Functional assays are essen-
tial to demonstrate the antibodies’ efficacy. Additionally, the
unpredictable placental transport can affect their efficacy, as
antibodies may be metabolized before reaching their target.**”
The diversity of placental antigens among different patients
further complicates efficacy and safety profiles.

On the other hand, personalized medicine approaches
could enhance the effectiveness of these antibodies by tailor-
ing them to individual patients.'*® Synergistic combinations
with other therapies, such as cancer treatments or placenta-
targeted drugs, could amplify their therapeutic effects.
Technological advancements in antibody engineering, includ-
ing improved stability and bioavailability, could overcome
current limitations."*® Enhanced in vitro and in vivo models
for placental function could accelerate development pro-
cesses."*® Ultimately, successful translation could revolutionize
the treatment of placental pathologies, improving maternal
and fetal health, and serve as a platform for delivering other
therapeutic agents.

Viral vectors have been explored for their innate ability to
infect cells and deliver genetic material efficiently."*> By engin-
eering viral vectors to display placental-specific ligands or
using placental-specific promoters, their specificity for placen-
tal  cells can be enhanced  while reducing
immunogenicity."*®'*! This approach has shown potential in
preclinical models for gene therapy applications aimed at
treating placental insufficiencies.

Clinical translation of placental-targeted viral vectors
remains in early stages but shows significant potential.
Preclinical success includes adenovirus-mediated delivery of
miRNA inhibitors (e.g., miR-145) to enhance trophoblast pro-
liferation in fetal growth restriction models. AAV vectors encod-
ing anti-inflammatory cytokines or antioxidant genes have also
shown efficacy in mitigating placental oxidative stress in
animal studies.'® However, challenges persist, including
maternal immune responses to viral capsids, potential fetal
exposure, and variability in placental receptor expression
across gestational stages. For instance, neutralizing antibodies
against common viral serotypes (e.g., Ad5) in mothers may
limit repeated dosing."®* To address this, hybrid biomimetic
vectors-such as viral particles cloaked in placental cell mem-
branes-are being developed to evade immune detection and
enhance tropism.

The future of placental-targeted viral vectors hinges on
resolving these barriers through iterative engineering and rig-
orous safety validation."**"'® Advances in vector design, such
as transient expression systems or CRISPR-mediated gene
editing, could further enhance precision."®" Clinically, these
tools may revolutionize prenatal therapies for genetic dis-
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orders, placental dysfunction, and congenital infections,
offering interventions that are both localized and minimally
invasive.'>® However, ethical considerations, stringent regulat-
ory frameworks, and the need for scalable manufacturing pro-
cesses must be addressed to realize their full translational
potential."**

The placenta’s selective permeability and dynamic changes
throughout gestation complicate the development of universal
targeting strategies.®'*'>* Efflux transporters and metabolic
enzymes present in the placenta can reduce the efficacy of deli-
vered therapeutics by actively expelling or degrading
them.'®>'°® Additionally, safety concerns are paramount; any
therapeutic intervention must avoid unintended effects on
fetal development and maternal health. Ethical considerations
also limit experimental interventions during pregnancy,
posing hurdles for clinical translation.'*> Future research
should focus on addressing these challenges by improving tar-
geting specificity and delivery efficiency while ensuring safety.
Advances in nanotechnology, molecular biology, and a deeper
understanding of placental physiology could facilitate the
development of more effective targeting strategies.

In conclusion, the development of targeted delivery
methods to the placenta holds significant promise for treating
placental disorders and improving pregnancy outcomes. While
obstacles remain, continued research and innovation in this
field are essential. By refining these strategies and addressing
safety concerns, it may be possible to develop effective thera-
pies that benefit both mother and fetus, ultimately enhancing
neonatal health and long-term developmental outcomes.
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