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Abstract: Preeclampsia (PE) is a complex multisystem disorder that affects 2-8% of pregnancies worldwide and poses substantial risks to
maternal and fetal health. Current diagnostic approaches rely largely on clinical signs and angiogenic biomarkers, and available treatments
remain primarily supportive; they do not directly reverse the placental or systemic mechanisms that drive the disease. Extracellular vesicles
(EVs), including small EVs often termed exosomes, carry non-coding RNAs (ncRNAs) that may contribute to placental-maternal
communication in both normal and pathological pregnancy. In PE, altered EV-associated microRNAs, long non-coding RNAs, and circular
RNAs have been detected in placental tissues, trophoblast-derived systems, maternal plasma or serum, urine, amniotic fluid, and other
pregnancy-related samples. However, these matrices should not be assumed to indicate definitive tissue or cellular origins without
appropriate source-attribution methods. This review summarizes current evidence on EV-associated ncRNAs in PE from three perspectives:
mechanistic studies, biomarker discovery, and exploratory nanomedicine strategies. First, we discuss how dysregulated EV-associated
ncRNAs may contribute to trophoblast dysfunction, immune-inflammatory imbalance, endothelial injury, and angiogenic dysregulation.
Second, we evaluate EV-associated ncRNAs as candidate liquid-biopsy biomarkers, emphasizing that most reported signatures remain at the
discovery or early validation stage. Their clinical implementation will require standardized EV isolation, RNA profiling, normalization
procedures, and validation in independent longitudinal cohorts. Third, we discuss engineered EVs and EV-mimetic nanocarriers as
experimental platforms for ncRNA delivery and distinguish these preclinical therapeutic concepts from clinically established PE manage-
ment. Rather than suggesting immediate diagnostic or therapeutic readiness, this review highlights the opportunities and limitations of EV-
associated ncRNAs as a framework for future PE research. Key challenges include EV heterogeneity, limited discrimination among
vesicular subtypes, uncertain tissue origins of circulating EV cargo, poor reproducibility across cohorts, safety concerns during pregnancy,
scalable manufacturing, and ethical considerations related to maternal—fetal interventions. Future studies integrating rigorously character-
ized EV populations, multi-omics profiling, functional validation, and longitudinal clinical sampling are essential to determine whether EV-
associated ncRNAs can be translated into reliable PE biomarkers or safe nanomedicine-based interventions.
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Introduction

Preeclampsia (PE) is a multisystem disorder defined by new onset hypertension accompanied by proteinuria or other end
organ dysfunction after 20 weeks of gestation. It affects 2 to 8% of pregnancies worldwide and remains a leading cause
of maternal and perinatal morbidity and mortality."> PE accounts for 11-14% of global maternal deaths, greatly
endangering the health of pregnant women.'* Current diagnostic strategies rely mainly on clinical signs and biomarkers,
including the soluble fms-like tyrosine kinase-1 to placental growth factor (sFlt-1/PIGF) ratio.>> However, a distinction
should be made between diagnosis after clinical presentation and prediction before disease onset, because most available
approaches are more established for diagnosis or short-term risk assessment than for reliable early prediction.*¢
Therapeutic options remain largely supportive. They include antihypertensive agents, magnesium sulfate to prevent
eclampsia, and delivery as the only definitive intervention. This strategy can prevent severe maternal complications but
may also lead to medically indicated preterm birth and related neonatal morbidity. These approaches do not directly
reverse key pathophysiological processes, such as abnormal placentation, placental hypoxia, systemic inflammation, and
endothelial dysfunction.”® Recent studies have highlighted the potential involvement of extracellular vesicles (EVs),
particularly small EV-enriched preparations, in PE-associated placental-maternal communication.”'® Therefore, there
remains a need for biomarkers and therapeutic concepts that can be mechanistically informative, temporally useful, and
clinically feasible, while recognizing that translation into routine PE care requires rigorous validation.”'"

EVs are membrane-bound particles released by many cell types, and small EVs are often operationally referred to as
EVs when supported by appropriate characterization. Growing evidence indicates that EVs are involved in PE-related
intercellular communication, although many studies analyze mixed EV or small EV-enriched fractions rather than
vesicles with proven endosomal origin.'*'* These vesicles can carry bioactive cargo, including non-coding RNAs
(ncRNAs) such as microRNAs, long non-coding RNAs, and circular RNAs. In PE, altered EV-associated ncRNAs
have been detected in placental tissues, trophoblast models, maternal plasma or serum, urine, amniotic fluid, and other
pregnancy-related samples.'>'*"'® Importantly, these biofluids represent sampling matrices rather than definitive tissue
origins; assigning a circulating EV-ncRNA signal to the placenta, maternal endothelium, immune cells, kidney, or fetal
compartment requires additional source-attribution approaches, such as cell-specific markers, placental perfusion models,
or paired tissue—biofluid analyses.'”'* Mechanistically, EV-associated ncRNAs may influence trophoblast migration and
invasion, spiral artery remodeling, angiogenic balance, immune tolerance, inflammation, and endothelial function.?%*'
For example, hypoxia-associated miRNAs such as miR-210 have been linked to mitochondrial metabolism and
angiogenic regulation, whereas IncRNAs and circRNAs may participate in competing endogenous RNA networks that
modulate inflammatory and vascular pathways.'*** Nevertheless, many of these findings derive from cell models, animal
experiments, small clinical cohorts, or cross-sectional studies, and should therefore be interpreted as mechanistic and
associative evidence rather than proof of clinical utility.”

EV-associated ncRNAs are also being investigated as candidate liquid-biopsy biomarkers for PE; however, biomarker
discovery should be clearly distinguished from clinically validated prediction or diagnosis.*** Sampling of plasma,
serum, urine, and amniotic fluid offers opportunities to monitor pregnancy-related molecular changes in a minimally
invasive manner.”>?® However, these matrices differ in biological composition, EV abundance, levels of contaminating
non-vesicular RNA, and relevance to specific PE phenotypes.””*® For early prediction, longitudinal sampling before
20 weeks of gestation is required to determine whether EV-associated ncRNA signatures can identify women at risk
before clinical manifestations develop.?’ For diagnosis or risk stratification after disease onset, EV-associated ncRNAs
may provide complementary information on PE subtype, disease severity, angiogenic imbalance, renal involvement, or
inflammatory burden. However, they should not yet be presented as replacements for established clinical assessment or
angiogenic biomarkers.>*>' Major barriers include inconsistent EV isolation methods and nomenclature, incomplete
discrimination among EV subtypes, pre-analytical variability, lack of standardized RNA normalization, small sample
sizes, population heterogeneity, and insufficient independent validation. These challenges are particularly important in PE
because early-onset and late-onset disease, fetal growth restriction-associated PE, PE with severe features, and super-
imposed PE may involve overlapping but non-identical EV-associated ncRNA profiles.>**® Therapeutic delivery

represents a distinct and less mature area of investigation than biomarker development. Engineered EVs, EV-mimetic
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nanoparticles, and hybrid nanovesicles have been explored in preclinical studies as experimental carriers for ncRNA
mimics, inhibitors, or other modulators.***> Preclinical models suggest that EV-based delivery of regulatory miRNAs
may modulate trophoblast function, angiogenic signaling, inflammation, and endothelial injury. However, these studies
remain exploratory and should not be interpreted as evidence that placenta-specific targeting, fetal safety, or superiority
over standard PE management has been established.!’® In pregnancy, therapeutic nanomedicine must meet additional
requirements, including biodistribution analysis across maternal organs, the placenta, and the fetus; evaluation of
placental transfer; reproductive and developmental toxicity testing; immunogenicity assessment; dose control; scalable
manufacturing; and ethical safeguards for maternal—fetal interventions.>®>’ Thus, EV-based nanomedicine should
currently be regarded as a promising experimental concept rather than a clinically ready therapeutic strategy for PE.

In this review, we examine EV-associated ncRNAs as exploratory molecular mediators and candidate biomarkers in
PE and separately discuss emerging nanomedicine concepts for ncRNA delivery. We first summarize mechanistic
evidence linking dysregulated EV-associated ncRNAs to trophoblast dysfunction, immune-inflammatory imbalance,
endothelial injury, angiogenic dysregulation, and complement- or NET-related pathways. We then evaluate EV-
associated ncRNAs detected in different sampling matrices as candidate biomarkers across pregnancy stages, with
particular attention to prediction, diagnosis, and risk stratification. Finally, we discuss experimental EV-based and EV-
mimetic delivery strategies, along with the methodological, safety-related, and translational barriers that must be
addressed before clinical application. By adopting this structure, we aim to provide a balanced framework that highlights
the promise of EV-associated ncRNAs in PE while avoiding premature claims of diagnostic or therapeutic readiness.

Extracellular Vesicle-Associated ncRNAs in the Pathogenesis of PE

The placenta is not merely the initiating site of PE but also an active signaling hub that continuously communicates with
the maternal circulation. In this context, extracellular vesicles provide a nanoscale language through which placental
stress can be translated into systemic endothelial dysfunction, immune imbalance, inflammatory activation, and angio-
genic disturbance. Their ncRNA cargo, including miRNAs, IncRNAs, and circRNAs, is not randomly packaged but
reflects disease stage, cellular origin, and pathological context (Figure 1). More importantly, these EV-associated
ncRNAs converge on several therapeutically relevant axes, such as trophoblast invasion, spiral artery remodeling,
endothelial repair, immune tolerance, oxidative stress, and angiogenic balance. These disease driving nodes provide
rational molecular targets for early intervention and support the feasibility of using extracellular vesicles as natural or
engineered carriers to restore protective ncRNA signals, inhibit pathogenic pathways, and enhance placenta directed
therapy before irreversible maternal and fetal injury occurs.

Placenta- and Trophoblast-Associated EV ncRNAs

miRNAs Associated with Placental/Trophoblast EV Preparations

miR-210

MicroRNAs (miRNAs) have been implicated in trophoblast functional phenotypes that are relevant to early placentation,
including cell proliferation, migration, invasion, survival, and responses to hypoxia (Figure 2).>' Several studies have
reported altered miR-210 levels in PE placental tissues and maternal circulation, and some EV or small EV-enriched
preparations from trophoblast-related systems or maternal blood have also been reported to contain miR-210. Where
sequencing-based studies specify the mature strand, the transcript should be reported as miR-210-3p or miR-210-5p;
when the original study does not provide arm-specific information, we refer to it as total miR-210 or miR-210 with the
arm not specified.>**® Functionally, miR-210 has been linked to hypoxia-associated trophoblast dysfunction by regulat-
ing targets such as iron-sulfur cluster assembly enzyme (ISCU) and caudal-type homeobox 2 (CDX2), which are
involved in mitochondrial metabolism, trophoblast migration, and invasion.*' In HTR-8/SVneo cells and first-trimester
placental explants, experimental miR-210 overexpression has been associated with reduced extravillous trophoblast
outgrowth and altered ERK/MAPK-related signaling; however, these findings should be considered model-based
observations rather than direct proof that miR-210 is sufficient or necessary for human PE development.** Similarly,
animal studies using hypoxia exposure or miR-210 manipulation provide evidence that miR-210 can influence placental
adaptation and fetal growth under defined experimental conditions.**** Nevertheless, PE-like phenotypes in rodents do
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Figure | Placental extracellular vesicle-associated ncRNAs in the pathogenesis of PE. This schematic illustrates the generation and biological roles of placental extracellular
vesicles (PEVs) during pregnancy and their potential involvement in PE-related pathophysiology. During chorionic villous development, placental cell populations, including
cytotrophoblasts, syncytiotrophoblasts, Hofbauer cells, mesenchymal cells, and other cells at the maternalfetal interface, release increasing amounts of PEVs into the
intervillous space and maternal circulation. These vesicles include small EVs/exosome-enriched vesicles, microvesicles, and apoptotic bodies, and they carry diverse bioactive
cargo, including proteins, lipids, nucleic acids, and EV-associated ncRNAs. In normal pregnancy, PEVs contribute to placentation, decidualization, immune tolerance, maternal
vascular communication, and maternofetal signaling. In PE, placental stress, hypoxia, oxidative stress, inflammation, and trophoblast dysfunction may alter the abundance,
subtype distribution, and ncRNA cargo of PEVs. Dysregulated EV-associated miRNAs, IncRNAs, and circRNAs may be transferred to maternal endothelial cells, immune
cells, renal or vascular cells, and placental cells, thereby participating in PE-related processes such as impaired trophoblast functional phenotypes, angiogenic imbalance,
endothelial activation, inflammatory cytokine production, altered maternalfetal immune tolerance, complement activation, NET-associated vascular injury, and renal
endothelial dysfunction. These mechanisms should be interpreted according to evidence source, because findings from human biofluid EV fractions, placental tissues,
primary cells, cell-line models, placental explants, and animal models do not represent the same level of evidence. Adapted from Ortega MA, Fraile-Martinez O, Garcia-
Montero C et al Unfolding the role of placental-derived Extracellular Vesicles in Pregnancy: From homeostasis to pathophysiology. Front Cell Dev Biol. Copyright © 2022 by
authors.*®

Abbreviations: PEVs, placental extracellular vesicles; EVs, extracellular vesicles; PE, preeclampsia; ncRNAs, non-coding RNAs; miRNAs, microRNAs; IncRNAs, long non-
coding RNAs; circRNAs, circular RNAs; NETSs, neutrophil extracellular traps.

not fully recapitulate human PE, and these data support functional involvement rather than establishing miR-210 as a sole
causal driver of the human disease. The oxygen concentrations used in vitro also require careful interpretation: 2-3% O,
may approximate aspects of physiological low oxygen during early placentation depending on gestational timing,
whereas 1% O, usually represents a more severe experimental hypoxic stress. Therefore, differences in oxygen tension,
gestational stage, cell type, and EV isolation strategy may all affect the observed miR-210 response. Overall, miR-210,
particularly miR-210-3p when specified, should be presented as an EV-associated candidate marker and mechanistic
mediator of hypoxia-related trophoblast and endothelial dysfunction, rather than as a proven causal determinant or
clinically established therapeutic target for PE.**

miR-141

Similarly, miR-141 has been reported to be increased in PE-associated placental or trophoblast EV preparations EVs,
exacerbates trophoblast dysfunction under hypoxia by targeting CXCL12f and disrupting its signaling through CXCR2/4
receptors, leading to increased apoptosis, reduced invasion-like behavior, and altered angiogenesis-related or extracel-
lular matrix remodeling pathways in experimental models.*® Rescue experiments with arachidonic acid, which counter-
acts CXCL12pB suppression, restore invasion and reduce apoptosis, highlighting a direct mechanistic link.*” Given its
hypoxia-specific induction and detectability in maternal circulating EV-enriched fractions, miR-141 qualifies as
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Figure 2 Overview of dysregulated miRNAs and associated biological pathways in PE. This schematic summarizes representative miRNAs reported to be dysregulated in PE
and their potential association with maternal circulating signals and placental pathophysiology. (A) The left pink highlighted panel summarizes dysregulated circulating
miRNAs in PE and their associated functional categories, including transcriptional and epigenetic regulation, oxidative stress and mitochondrial function, neuronal function
and ion transport, and extracellular matrix remodeling. Representative downstream molecules or related targets include MALAT |, SLC3AI, TUGI, HI9, NEATI, VPOI,
MOTS-c, KCNAI, GPCI, and MMP-9. (B) The right Orange highlighted panel summarizes dysregulated placental miRNAs in PE and their potential involvement in
angiogenesis, cell survival, oxidative stress, apoptosis, and immune responses. Representative downstream molecules or related targets include VEGFA, Ephrin-B2, EPHB4,
CYR6I, PIK3R2, IGF-1, HMOXI, TRAF6/RGS2, FOXO3, USF2/PPP3R |, HDAC2, and p53/PUMA. MiRNA names shown in red indicate miRNAs reported to be upregulated
in PE, whereas miRNA names shown in blue indicate miRNAs reported to be downregulated in PE. Black upward and downward arrows next to target molecules indicate
the reported direction of change of the corresponding downstream molecule or pathway in the summarized studies. Black connecting arrows indicate reported or proposed
regulatory relationships between miRNAs and their associated targets or pathways. Bold text indicates major functional categories or pathway modules. The right
highlighted panel represents placenta-associated dysregulated miRNAs, whereas the left highlighted panel represents circulating dysregulated miRNAs. These associations
should be interpreted as a pathway-level summary and do not necessarily indicate direct causal regulation unless experimentally validated in the cited studies. Adapted from
Oancea, Mihaela et al MicroRNAs in Preeclampsia: An Overview of Biomarkers and Potential Therapeutic Targets. International journal of molecular sciences. Copyright ©
2025 by authors.*

Abbreviations: PE, preeclampsia; miRNAs, microRNAs; MALAT |, metastasis-associated lung adenocarcinoma transcript |; SLC3AI, solute carrier family 3 member I;
TUGI, taurine-upregulated gene |; HI9, HI19 imprinted maternally expressed transcript; NEAT |, nuclear paraspeckle assembly transcript |; VPOI, vascular peroxidase I;
MOTS-c, mitochondrial open reading frame of the 12S rRNA-c; KCNAI, potassium voltage-gated channel subfamily A member |; GPCI, glypican |; MMP-9, matrix
metalloproteinase-9; VEGFA, vascular endothelial growth factor A; EPHB4, ephrin type-B receptor 4; CYR61, cysteine-rich angiogenic inducer 61; PIK3R2, phosphoinositide-
3-kinase regulatory subunit 2; IGF-1, insulin-like growth factor |; HMOXI, heme oxygenase |; TRAF6, TNF receptor-associated factor 6; RGS2, regulator of G-protein
signaling 2; FOXO3, forkhead box O3; USF2, upstream transcription factor 2; PPP3RI, protein phosphatase 3 regulatory subunit B alpha; HDAC?2, histone deacetylase 2;
PUMA, p53 upregulated modulator of apoptosis.

a biomarker for early PE detection and a therapeutic candidate, as miR-141 inhibition may improve trophoblast migration
or invasion-like phenotypes in experimental systems, but whether this translates into improved spiral artery remodeling
in vivo remains to be demonstrated.*®

miR-146a-5p

miR-146a-5p has been reported to regulate trophoblast proliferation, migration, invasion-like behavior, and EMT-like
marker expression by targeting Wnt2 in experimental models.** Dual-luciferase assays confirm miR-146a-5p binding to
the Wnt2 3°’UTR in HEK-293T cells, while transfection studies in HTR-8 cells show that miR-146a-5p mimics reduce
proliferation (via MTT and colony formation), These assays support a role for miR-146a-5p in regulating trophoblast cell
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behavior in vitro, rather than directly demonstrating changes in spiral artery remodeling.*’ In a broader anti-inflammatory
context, PMSC-derived exosomal miR-146a-5p targets TRAF6 and inhibits NF-kB signaling. This process promotes
macrophage M2 polarization, as indicated by increased CD206 and Argl and reduced TNF-a, and alleviates hypoxia-
induced trophoblast apoptosis in vitro. In L-NAME-induced PE mouse models, exosome injection reduced hypertension
and proteinuria and improved fetal outcomes.'® Although its expression pattern varies across studies, with upregulation
in some PE placentas and downregulation in others, the exosomal stability of miR-146a-5p and its regulatory roles in
invasion, inflammation, and hypoxia responses support its potential as a candidate biomarker for monitoring PE severity.
It may also represent an experimental therapeutic target for engineered EVs or EV-mimetic nanocarriers designed to
integrate diagnostic and therapeutic functions in a theranostic strategy.*> Collectively, studies of these miRNAs provide
useful insights into the diagnosis and treatment of the core molecular pathology of PE through placental EV-associated
ncRNAs. These findings may support future monitoring based on liquid biopsy and interventions mediated by
nanomaterials.>

IncRNAs Associated with Placental/Trophoblast EV Preparations

Long non-coding RNAs associated with placental or trophoblast-derived EV preparations may regulate trophoblast
proliferation, migration, invasion-like behavior, endothelial responses, and angiogenesis-related signaling through
IncRNA-miRNA-mRNA competing endogenous RNA axes, thereby influencing cellular phenotypes that are relevant
to placental development and may indirectly relate to vascular adaptation in vivo.'®?° For example, Fu et al reported that
the EV-associated IncRNA ENST00000559730 was increased in maternal plasma EV-enriched fractions from patients
with early-onset PE and could act as a sponge for hsa-miR-661, thereby derepressing nudix hydrolase 16 (NUDT16),
a key modulator of mRNA decapping and stability, and enhancing PI3K—Akt pathway activity associated with endothe-
lial dysfunction and impaired trophoblast migration.”" In hypoxic HTR-8/SVneo cells, ENST00000559730 manipulation
was associated with altered Akt phosphorylation and eNOS/NO-related signaling, reduced invasion in Transwell assays,
and impaired tube formation in Matrigel-based angiogenesis-like assays. These observations indicate effects on tropho-
blast and endothelial-like experimental phenotypes, but they do not directly demonstrate defective spiral artery
remodeling.”" Similarly, for MEG3, functional experiments were performed mainly in JEG-3 cells, a choriocarcinoma-
derived trophoblast-like cell line. Therefore, reduced viability, wound-healing migration, and EMT-like marker changes
in this model support a possible role in trophoblast-like cell behavior, but extrapolation to primary extravillous
trophoblasts or human PE pathogenesis requires caution.> For MALATI1, studies using primary trophoblasts exposed
to PE-derived EV preparations provide more physiologically relevant in vitro evidence than tumor-derived cell lines.
However, these experiments still represent controlled ex vivo/in vitro systems and should be interpreted as supporting
functional involvement in oxidative stress and cell-cycle regulation, not as definitive evidence of disease causality in
human PE.*-* These exosomal IncRNA driven networks suggest a layered regulatory cascade that may amplify the
hypoxic microenvironment in PE. They also support the potential of IncRNAs as stable candidate biomarkers for early
detection through liquid biopsy and as experimental targets for nanoengineered antagomirs aimed at restoring trophoblast
homeostasis.>

circRNAs Associated with Placental/Trophoblast EV Preparations
Although research on circRNAs associated with placental or maternal circulating EV preparations in PE remains in its
early stages, their covalently closed-loop structure endows them with exceptional stability against RNase degradation,
rendering them highly promising components of maternal circulating EVs and ideal candidates for liquid biopsy.'®
Recent high-throughput sequencing of umbilical cord blood EVs or small EV-enriched fractions EVs from PE patients
has identified 332 upregulated and 515 differentially expressed circRNAs. Many of these circRNAs are predicted to
participate in ceRNA networks related to trophoblast invasion-like behavior, extracellular matrix remodeling, inflamma-
tory signaling, and angiogenesis-related pathways.”®

A representative example is EV-associated circDNAJB6, which originates primarily from decidual macrophages but
is enriched in the placental microenvironment; it has been reported to be significantly upregulated in maternal plasma
EVs or plasma EV-enriched fractions from patients with PE and may contribute to disease progression by sequestering
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miR-670-5p, thereby derepressing TOB2 and activating the PPARy/NF-kB inflammatory axis.'® These findings support
a role for circDNAJB6 in regulating trophoblast proliferation, invasion-like behavior, apoptosis, and inflammatory
signaling in experimental systems. Whether these changes contribute to defective spiral artery remodeling in vivo
remains an important hypothesis requiring direct vascular evidence.'® For instance, hsa circ 0008726 suppresses
trophoblast migration, invasion-like behavior, and EMT-like marker changes in JEG-3 and HTR-8/SVneo models by
sequestering miR-345-3p and increasing RYBP expression. These cellular phenotypes are relevant to extravillous
trophoblast biology but should not be presented as direct evidence of impaired spiral artery remodeling.”’

These findings indicate that circRNAs do not act in isolation but form interconnected non-coding RNA networks with
EV-associated miRNAs and IncRNAs. These networks may amplify dysregulation of hypoxia responses, inflammation,
and vascular remodeling pathways in PE. The high stability, placenta enriched expression profiles, and integration of
exosomal circRNAs into multilayered ceRNA networks support their potential as candidate molecules for future
multiomics diagnostic panels. They may also represent targets requiring further validation for engineered nanovesicle
based theranostic strategies in PE.>”

EV-Associated ncRNAs and Maternal-Fetal Immune Imbalance

During PE development, placental ischemia, hypoxia, and oxidative stress may impair trophoblast invasion-like behavior
and disrupt maternal-fetal immune and endothelial communication. These alterations are associated with abnormal
placentation and vascular maladaptation, but direct evidence of defective spiral artery remodeling requires vascular or
placental-bed assessment rather than trophoblast functional assays alone (Figure 3).°® Recent studies have shown that
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Figure 3 Placenta-derived extracellular vesicles in PE-related immune imbalance, vascular dysfunction, and translational opportunities. This schematic summarizes the potential
roles of placenta-derived extracellular vesicles (PEVs) in PE. In PE, placental stress, including hypoxia and inflammatory injury, may alter the abundance, size distribution, surface
molecules, lipid composition, protein cargo, and ncRNA content of PEVs. The central blue box indicates PEVs in PE as the core element of the schematic. Blue arrows indicate
factors or conditions associated with altered PEV release and cargo composition, including increased and enlarged PEVs in PE, distinct profiles between early-onset and late-onset
PE, hypoxia-related changes, and altered lipids, surface markers, proteins, and miRNAs. Purple arrows indicate downstream PE-related biological processes associated with PEVs,
including vascular dysfunction, impaired angiogenesis, endothelial activation or injury, abnormal placentation, altered trophoblast behavior, aberrant immune responses, increased
chemotaxis, NET formation, cytokine dysregulation, and clinical PE manifestations. The red/yellow burst symbols in the placenta indicate placental stress or injury. The yellow
highlighted box at the bottom represents potential translational opportunities, including exploratory therapeutic targeting and differential diagnosis, screening, or early prediction of
PE. Yellow arrows indicate possible translational directions derived from PEV research. Bold text identifies major functional modules or conceptual categories in the schematic. No
black upward or downward arrows are used in this figure. These pathways should be interpreted as a conceptual summary; well-supported PE findings, such as altered PEV profiles,
immune activation, endothelial dysfunction, and NET-related inflammation, should be distinguished from proposed EV-ncRNA-mediated mechanisms that still require further
experimental and clinical validation. Adapted from Ortega, Miguel A et al Unfolding the role of placental-derived Extracellular Vesicles in Pregnancy: From homeostasis to
pathophysiology. Frontiers in cell and developmental biology. Copyright © 2022 by authors.*®

Abbreviations: PE, preeclampsia; PEVs, placenta-derived extracellular vesicles; EVs, extracellular vesicles; ncRNA, non-coding RNA; miRNA, microRNA; NETs, neutrophil
extracellular traps.
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placenta derived EVs are important carriers of molecular communication at the maternal fetal interface. These EVs are
continuously released during pregnancy and enter the maternal circulation, where they convert changes in the placental
microenvironment into signals that can be detected by the maternal immune system.’” Notably, EV associated non-coding
RNAs (ncRNAs), especially miRNAs, IncRNAs, and circRNAs, may amplify inflammation and disrupt maternal fetal
immune balance by regulating immune cell recruitment, inflammatory cytokine expression, and immune tolerance related
pathways. Therefore, this section reviews the key roles of EV associated ncRNAs in immune and inflammatory
abnormalities in PE. It also explains how these ncRNAs may mediate maternal fetal immune imbalance and explores
their potential translational value for early prediction and intervention.

EV-Associated miRNAs and Macrophage/NK/Treg Function

In PE, the imbalance of maternal fetal interface and systemic immune tolerance is one of the core pathological features of
the disease.” Current evidence suggests that EV-associated miRNAs may influence macrophage polarization, NK-cell
activation, and T-cell differentiation in several experimental systems. However, these systems differ substantially in
physiological relevance. Primary human decidual macrophages and peripheral blood immune cells provide more direct
human immune-cell information, whereas RAW264.7, THP-1, and Jurkat cells are transformed or species-specific
models that require validation in primary decidual or peripheral immune cells.***° Rodent pregnancy models can test
systemic immune and vascular consequences, but they should not be considered direct equivalents of human maternal—
fetal immune tolerance.®' For instance, miR-494, overexpressed in decidual mesenchymal stem cell-derived EVs/small
EVs EVs from PE patients, inhibits M2 macrophage polarization by suppressing prostaglandin E2 secretion, thereby
promoting a pro-inflammatory M1 phenotype that exacerbates placental dysfunction, as demonstrated in in vitro co-
culture experiments with human decidual macrophages where miR-494 mimic transfection reduced M2 markers like
CD206 and arginase-1 while elevating M1-associated TNF-o and IL-6 levels.'® Similarly, EV-associated miR-21 from
preeclamptic placentas shifts macrophages toward an M1 state, increasing pro-inflammatory cytokines such as IL-1f and
IL-6, which was observed in primary macrophage cultures exposed to isolated EVs, leading to enhanced nuclear factor-
kB signaling and reduced anti-inflammatory activity.®> Regarding natural killer (NK) cells, EV-miRNAs in PE modulate
NK activity by inhibiting cytotoxicity; specifically, placenta-derived EVs or trophoblast-associated EV preparations
carrying miR-517a EVs activate immune responses and disrupt Th1/Th2 balance, resulting in heightened NK activation
and maternal immune intolerance, as evidenced by flow cytometry assays showing increased NK degranulation (CD107a
expression) in peripheral blood NK cells incubated with EV preparations isolated from PE samples EVs preparations
from PE samples compared to controls.®® This mechanism was further validated in animal models, where injection of
miR-517a-enriched EVs into pregnant mice induced PE-like symptoms, including hypertension and proteinuria, along-
side elevated NK infiltration at the maternal-fetal interface.*® For regulatory T cells (Treg), EV-miRNAs contribute to
immune dysregulation by altering Treg differentiation and function. In Jurkat T-cell models, EV-mediated transfer of
miR-519d-3p has been associated with changes in FOXP3-related markers and Th17/Treg-associated cytokine profiles.**
Because Jurkat cells are leukemia-derived T cells and do not fully recapitulate primary regulatory T cells or decidual T-
cell biology, these findings should be considered hypothesis-generating and require validation in primary maternal
immune cells.®** Overall, available studies support the hypothesis that EV-associated miRNAs may contribute to
immune imbalance in PE, but the degree to which these pathways operate in human decidual immune networks remains
to be established through primary-cell studies, spatial placental analysis, and longitudinal clinical cohorts.

EV-Associated IncRNAs/circRNAs and Inflammatory Pathways

In PE, exosomal long non-coding RNAs (IncRNAs) and circular RNAs (circRNAs) may contribute to inflammatory
cascades and disrupt maternal fetal immune homeostasis. They can act by sponging microRNAs, modulating transcrip-
tion factors, and amplifying proinflammatory signaling. These functions support their mechanistic relevance in PE
pathogenesis and suggest their potential as candidate biomarkers and experimental therapeutic targets in theranostic
strategies.®® Specifically, MALAT1 is upregulated in maternal plasma EV enriched fractions from patients with PE.
Exosomal MALAT1 may promote vascular endothelial inflammation by competitively binding miR-150-5p and increas-
ing vascular endothelial growth factor A (VEGFA) expression. This process may activate NF-kB signaling and increase
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proinflammatory cytokines, including TNF-a and IL-6. In vitro endothelial cell models showed that MALAT1 enriched
EVs increased NF-kB p65 nuclear translocation by 1.8 fold and cytokine secretion by twofold compared with controls.*?
Similarly, IncRNA NEAT1 in trophoblast derived EVs may exacerbate macrophage mediated inflammation in PE by
stabilizing TLR4 mRNA. This effect promotes M1 polarization and IL-1P release. In RAW264.7 macrophages co-
cultured with EV preparations from PE samples, TLR4 protein levels increased by 2.5 fold, accompanied by NLRP3
inflammasome activation. These findings were further supported in lipopolysaccharide induced PE mouse models, which
showed increased placental inflammation and hypertension.®” Among circRNAs, exosomal circDNAJB6 derived from
decidual macrophages may promote PE progression through the miR-670-5p and TOB2 axis. circDNAJB6 can sponge
miR-670-5p, increase TOB2 expression, suppress PPARy activity, and activate NF-kB signaling, thereby amplifying
inflammatory responses, including increased IL-6 and TNF-a. In HTR-8/SVneo trophoblast cells, EV mediated transfer
of circDNAJB6 reduced PPARY activity by 60% and increased NF-xB phosphorylation. In pregnant rats, tail vein
injection of circDNAJB6 loaded EVs induced PE like symptoms, including proteinuria, fetal growth restriction, and
elevated serum inflammatory markers.'® Similarly, in endothelial cell models such as HUVECs, EV-associated ncRNAs
including MALAT1 or circ_0001438 have been linked to NF-«kB activation, EPAS1 expression, and increased inflam-
matory cytokine production. However, HUVECs represent fetal large-vessel endothelial cells and do not fully reproduce
maternal uterine, placental-bed, or systemic microvascular endothelium in PE.®® Furthermore, circ_0004906 in circulat-
ing EV fractions from PE patients has been linked to miR-193a-3p regulation and JAK/STAT pathway activation, which
may enhance monocyte chemotaxis and pro-inflammatory cytokine production. Experimental validation in THP-1
monocyte models showed a twofold increase in p-STAT3 levels after exosome uptake. Animal studies further showed
that exosomal circ_0004906 exacerbated placental leukocyte infiltration and systemic inflammation.®®’® These exosomal
IncRNAs and circRNAs may contribute to a proinflammatory microenvironment in PE by regulating ceRNA networks
and signaling hubs. These findings provide mechanistic insights into the link between immune imbalance and clinical
manifestations and may support future nanoparticle based interventions.®®

EV-Associated ncRNAs, Angiogenic Signaling, Endothelial Dysfunction, and Innate
Immune Vascular Injury

EV-Associated miRNAs and AKT/HIF-10/VEGF-Related Angiogenic Signaling

Angiogenic imbalance is a central feature of PE, but the relationship among AKT, HIF-1a, VEGF-A, PIGF, and sFlt-1 is
context-dependent and should not be described as a simple linear pathway. HIF-1a generally functions as a hypoxia-
responsive transcription factor that can induce angiogenic and anti-angiogenic mediators, whereas impaired AKT
signaling, altered VEGF bioavailability, and increased sFlt-1 may together contribute to endothelial dysfunction in
PE.”""? Therefore, EV-associated ncRNAs should be discussed as regulators of angiogenesis-related signaling rather than
as direct determinants of a single AKT/HIF-1a/VEGF cascade.®® Maternal plasma EV-associated miR-210, or miR-210
detected in small EV-enriched fractions, has been reported to be altered in severe PE cohorts. In HUVEC-based
endothelial models, exposure to PE-derived EV preparations or experimental miR-210 enrichment has been associated
with changes in AKT phosphorylation, HIF-1a signaling, VEGF-A secretion, and endothelial tube-formation capacity.
These findings suggest that EV-associated miR-210 may participate in angiogenesis-related endothelial dysfunction under
PE-associated stress conditions. However, they should not be interpreted as evidence that HIF-1a stabilization directly
reduces VEGF expression or that miR-210 is sufficient to cause human PE vascular disease.”” In rodent pregnancy
models, administration of miR-210-enriched EV preparations has been associated with PE-like readouts, including
increased blood pressure and altered placental vascular markers. These findings provide model-based support for
mechanistic plausibility, but rodent PE-like phenotypes do not fully reproduce human PE angiogenic pathology.”*
Placenta-associated EV miR-15a-5p has been linked to CDK1 and PI3K/AKT-related signaling in trophoblast-like
models. In HTR-8/SVneo cells, miR-15a-5p manipulation has been associated with altered AKT activity, VEGF-
related transcript levels, and apoptosis-related phenotypes. Because HTR-8/SVneo cells are trophoblast-like cells rather
than endothelial or vascular relaxation models, these findings should be interpreted as trophoblast signaling data and
should not be used as direct evidence for endothelial VEGF bioavailability or maternal vascular dysfunction.”” In
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hypoxic HUVECs, miR-146a-5p-containing EV preparations have been associated with increased NO production and
reduced ET-1-related responses. These endothelial-cell findings suggest a possible vascular mechanism, whereas L-
NAME-induced mouse data provide model-based in vivo support. Neither model alone establishes therapeutic efficacy or
vascular normalization in human PE.”® Additionally, exosomal miR-125a-5p in PE may inhibit trophoblast migration by
downregulating VEGFA through AKT suppression. In wound healing assays, EVs from PE samples reduced trophoblast
migration by 35%. Luciferase reporter assays targeting the VEGFA 3" UTR further linked this effect to reduced AKT and
HIFla activation.”” Regulation of the AKT, HIFla, and VEGF axis by EV associated miRNAs may help clarify the
endothelial pathology of PE. It may also have translational implications for liquid biopsy based early detection and
targeted nanomedicine delivery.”

EV-Associated ncRNAs and RAS/NO/Endothelin Signaling

In PE, exosomal ncRNAs may regulate vascular pathways involved in endothelial dysfunction and hypertension. These
pathways include the renin angiotensin system (RAS), nitric oxide (NO) bioavailability, and endothelin signaling. These
findings may clarify key pathogenic mechanisms and support the potential of EV associated ncRNAs as candidate
biomarkers for liquid biopsy based early detection and as experimental targets for nanomedicine based interventions.”’
For example, maternal plasma EV associated miR-210 from patients with PE was identified through miRNA profiling. It
may suppress endothelial NO synthase (eNOS) expression by targeting the eNOS 3’ untranslated region, leading to
reduced NO production and impaired vasodilation. In human umbilical vein endothelial cells (HUVECs), EV prepara-
tions from PE samples reduced NO levels by 50% in the Griess assay and decreased eNOS activity. In pregnant mice,
administration of these EV preparations exacerbated hypertension by impairing NO dependent vascular relaxation.”
Similarly, exosomal miR-155 from preeclamptic placentas may enhance RAS activation by inhibiting suppressor of
cytokine signaling 1 (SOCS1). This effect may increase angiotensin II (Ang II) sensitivity and vascular inflammation. In
trophoblast cell lines, qPCR analysis showed miR-155 upregulation, which was associated with a twofold increase in
Ang 1II type 1 receptor (AT1R) expression and reactive oxygen species (ROS) production. In rat models, exosome
injection induced PE like symptoms, including proteinuria.*® In HTR-8/SVneo cells, H19-enriched EV preparations have
been associated with AT1R and ET-1-related changes. Because this is a trophoblast-like model, the result should be
interpreted as placental-cell signaling evidence rather than direct evidence of maternal vascular RAS activation.” In
a related mechanism, placental exosomal circ_0001438 may promote endothelial dysfunction by sequestering miR-942-
5p and upregulating the NLRP3 inflammasome. This process may reduce NO bioavailability and enhance RAS and
endothelin 1 (ET-1) signaling. Cell based studies showed a 60% reduction in NO metabolites in HUVECS after exosome
exposure, accompanied by NLRP3 activation detected by Western blotting. In pregnant rats, circ_0001438 delivery
increased blood pressure and vascular permeability.®' Additionally, placenta associated EV miR-15a-5p from PE
placentas may target CDK1 and inhibit PI3K/AKT signaling. This effect may reduce eNOS phosphorylation and NO
synthesis while enhancing Ang II related effects. In trophoblast models, miR-15a-5p mimics reduced AKT activity by
40% and decreased eNOS levels, as quantified by immunoblotting. These changes were associated with RAS hyper-
activity in clinical samples.7.”” Amniotic fluid EV associated miR-146a-5p may counteract PE progression by repressing
HIF-10, restoring NO bioavailability, and mitigating ET-1 induced vasoconstriction. In hypoxic HUVEC cultures,
delivery of this miRNA increased NO levels by 1.8 fold and attenuated ET-1 responses. In L-NAME induced PE
mice, exosome treatment improved vascular function.”® Among IncRNAs, exosomal NEAT1 in PE may exacerbate
vascular inflammation by stabilizing TLR4. This effect may reduce NO levels and enhance RAS and ET-1 signaling.
Macrophage co-culture experiments showed a twofold increase in TLR4 expression and a decline in NO levels. Rodent
models further showed increased endothelin receptor expression.®**> Moreover, exosomal IncRNA MALAT! from
patients with PE may bind miR-150-5p and increase ET-1 transcription, thereby impairing endothelial NO production.
In vitro endothelial assays showed that MALAT1 enriched EVs increased ET-1 levels by 70% and reduced NO
production. PE cohorts also showed associated RAS dysregulation.®® Collectively, these exosomal ncRNA driven
interactions include miRNA mediated eNOS repression and IncRNA or circRNA mediated enhancement of RAS and
ET-1 signaling. Together, they provide a multifaceted framework for vascular pathology in PE and may support future
nanoparticle based diagnostic and therapeutic strategies™
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Complement/NET Abnormalities in PE and the Proposed EV-ncRNA—Complement/NET Axis
Complement activation and NET formation are well-described features of PE-associated vascular inflammation,® but the
type of evidence varies across studies.®’** Clinical biomarker studies have reported increased circulating complement
activation fragments such as C3a, C5a, or soluble terminal complement complex in subsets of PE patients. Placental
staining studies have described increased deposition of terminal complement components, including C5b-9, in placental
tissues. Genetic studies have linked variants in complement-regulatory genes with susceptibility to severe PE or HELLP-
like phenotypes in selected populations.® In parallel, NET-related markers have been detected in maternal plasma,
decidua, or placental tissues, and functional assays have shown that serum from PE patients can promote NET formation
in neutrophils from healthy donors. These findings support complement and NET involvement in PE-associated
inflammation and endothelial injury, but they do not by themselves identify EV-associated ncRNAs as upstream
regulator.””?! Some experimental studies have implicated EV preparations from PE samples in endothelial activation,
oxidative stress, VCAM-1 or vWF expression, and interactions with NET-related endothelial injury. These data suggest
that EVs may participate in vascular inflammation in PE. However, many of these studies focused on total EVs, surface
proteins, lipids, or mixed vesicle cargo rather than specifically isolating ncRNA-dependent mechanisms.”* Therefore, EV
effects on complement deposition or NET-associated endothelial injury should be distinguished from EV-ncRNA-specific
regulation.” >

At the RNA level, EV-associated miRNAs and other ncRNAs have emerged as important regulators of immunovas-
cular pathways related to complement and NET biology. Placental and circulating miR-155, miR-210, miR-181a-5p, the
miR-17/20 cluster, and several IncRNAs are consistently dysregulated in PE and enriched within placenta-derived EVs.
These ncRNAs target transcripts involved in endothelial nitric oxide synthase (eNOS) signalling, NF-xB activation, TLR
pathways, and inflammasome components.*>***°” Morales-Prieto et al reported that placenta-derived EVs are enriched in
immunomodulatory miRNAs that regulate T cell and macrophage polarisation. In PE, increased ncRNAs such as miR-
155 and miR-146a may shift the balance toward Thl and Th17 responses rather than Th2 and Treg responses, thereby
promoting a proinflammatory state that favours complement activation and neutrophil priming.’® Experimental studies in
other inflammatory settings, summarized in reviews by O’Brien and Lv, show that EV-miRNAs can directly repress
complement regulators, such as factor H, or components of the TLR and NF-kB axis. In this way, EV-miRNAs may
regulate complement activation and NETosis thresholds in recipient neutrophils and endothelial cells. These findings
suggest that similar regulatory circuits may operate in pregnancy-specific vascular beds.”®*® In PE, integrative omics
analyses of maternal plasma have identified circulating miRNA signatures associated with early complement activation
and innate immune activation. Several of these transcripts, including miR-155, miR-210, and miR-223, have been
detected within placenta-derived EV fractions. These findings support the idea that EV-associated ncRNAs may transmit
signals that prime maternal leukocytes for inflammasome and complement activation.'*!°" Complement fragments such
as C3a and C5a are potent NET inducers. Hernandez Gonzalez et al emphasized that NET formation in PE is driven by
converging cytokine, DAMP, and complement signals. When this environment is combined with EV cargo enriched in
proinflammatory ncRNAs that sustain ROS production and NF-kB activation, neutrophils may shift toward a NET-prone
phenotype. This phenotype can deposit DNA and histone scaffolds that support further C3 and C5 convertase assembly,
thereby reinforcing a pathogenic cycle between complement activation and NET formation on the endothelial
surface.””'"> The proposed EV-ncRNA—complement/NET axis remains largely hypothesis-generating. Several PE-
associated EV-ncRNAs, including miR-155, miR-146a, miR-210, and miR-223, are biologically plausible candidates
because they have been linked to TLR-NF-kB signaling, ROS production, inflammasome activation, endothelial
dysfunction, or immune-cell activation in PE or other inflammatory contexts.®>'*> However, direct evidence that PE-
derived EV-associated ncRNAs regulate complement components, complement regulators, NETosis thresholds, or
complement-NET feedback loops in human pregnancy remains limited.®®*'%* Future studies should test this axis
using purified and well-characterized EV populations, EV-RNA depletion or rescue experiments, primary neutrophils and
endothelial cells, complement functional assays, NETosis assays, and paired clinical samples with complement/NET

biomarkers.’®1%
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Extracellular Vesicle ncRNA as a Nanoscale Biomarker for PE: From
Discovery to Validation
Sampling Matrices, Putative Cellular Origins, and EV Subtypes

When evaluating EV-associated ncRNAs as nanoscale biomarkers in PE, it is essential to distinguish the biological origin
of vesicles from the biofluid or tissue matrix used for sampling. Placental tissue, placental perfusate, trophoblast culture
systems, maternal plasma or serum, urine, and amniotic fluid provide different levels of biological proximity to the
maternal—fetal interface.*’-'%¢ However, detection of an ncRNA in plasma, urine, or amniotic fluid EV fractions does not
by itself prove placental, trophoblast, endothelial, renal, immune-cell, or fetal origin. Source attribution requires
additional evidence, including tissue-paired profiling, placental perfusion models, cell-specific EV markers, immuno-
capture, or single-vesicle analysis. Placenta-derived EVs or trophoblast-derived EVs (Table 1). For example, Pillay et al
systematically proposed that miRNA profiles carried by placenta-derived or trophoblast-derived EVs are closely
associated with PE, providing a tissue reference for subsequent liquid biopsy studies.'®”"'°® On this basis, Awoyemi
et al used a dual lobe perfusion model to isolate medium and large STB EVs and identified significant dysregulation of
hsa-miR-193b-5p, miR-324-5p, miR-652-3p, miR-3196, miR-9-5p, miR-421, and the classical hypoxia related miR-210-
3p in PE placental m/I-STB EVs. The elevation of miR-9-5p was also observed in maternal serum EV fractions,
suggesting that placental EV miRNA profiles may be reflected in peripheral blood. This finding supports their potential
role in linking exploratory placental samples with subsequent liquid biopsy markers.'” Aharon et al further analyzed
miRNAs in parallel in maternal plasma and placental EVs and showed that some placenta enriched exomiRNAs, such as
CI9MC and C14MC cluster members, exhibit consistent directional changes in the maternal circulation during preg-
nancy induced hypertension, PE, and other placental vascular complications. This provides systematic evidence for future
studies that pair placental EV profiles with maternal circulating EV signals in PE."'® In addition to miRNAs, IncRNAs
such as H19 and MALAT1, as well as circRNAs related to angiogenesis and immune regulation, have also been detected
in placental and trophoblast derived EVs. These long and circular ncRNAs are often associated with trophoblast invasion,
epithelial mesenchymal transition, and inflammatory response phenotypes. Although current research remains largely
mechanistic, these findings suggest that placental EV IncRNAs and circRNAs may provide an important source of tissue
specific long RNA marker libraries for subsequent blood or amniotic fluid biopsy studies.®”

Maternal peripheral blood remains the main clinical matrix for nanoscale liquid biopsy based on EV-associated
ncRNAs. Early work by Pillay et al showed that NanoString based EV-associated miRNA profiling could distinguish
early-onset PE from late-onset PE and reveal subtype-related differences in angiogenic, immune, and metabolic path-
ways. This work provided early methodological evidence that EV-associated miRNA profiles could be explored for PE
biomarker discovery.'®” Furthermore, Ghosh et al collected maternal plasma EV-enriched fractions during the first
and second trimesters in a prospective cohort that included 14 women who later developed PE and 12 women with
normal pregnancies. Using small RNA sequencing, they identified 148 differentially abundant EV-associated miRNAs in
the first trimester, among which C19MC and C14MC cluster members showed marked gestational stage related changes.
They constructed a combined EV-miRNA prediction model for the first and second trimesters using elastic-net
regularized logistic regression. This model achieved an AUC of 0.956 in the preliminary cohort and predicted PE before
clinical symptoms appeared. These findings provide preliminary proof-of-concept evidence for EV-miRNA based early
prediction of PE during pregnancy.®’ Gél et al further distinguished women with preterm PE and fetal growth restriction
from controls based on first trimester plasma exosomal small RNA profiles, including miRNAs and piRNAs. They found
that multiple exosomal miRNA combinations related to immune and vascular pathways had predictive value. This
finding suggests that combined analysis of multiple small RNA ncRNA classes may outperform single miRNA
markers.''® For established disease, Wang et al sequenced and qPCR validated maternal plasma EV-associated
miRNAs from patients with early-onset PE and identified 10 candidate exomiRNAs, including miR-365b-3p and miR-
765. The combined model achieved an AUC greater than 0.9 for distinguishing EOPE from healthy pregnancy. Multiple
miRNAs were correlated with blood pressure levels and the placental sFlt-1/PLGF ratio, indicating potential value for
diagnosis and disease course assessment.'** Chen et al focused on PE with severe features and found that a group of
maternal plasma EV-associated miRNAs, including miR-210 and miR-155, were associated with endothelial injury,

12 https: International Journal of Nanomedicine 2026:21



1 :970T QUIDIPAWOUEN JO [euJnof [euoneulIu|

:sdyy

€l

Table | Sampling Matrices, Putative EV Contributors, EV-Associated ncRNAs, and Biomarker Potential in PE

local environment of the
placental cavity and factors
related to fetal growth
restriction

miRNA; EV proteins such as
CD105 (sEng)

abnormalities reflecting the
placental fetal interface

angiogenesis, HIF-1 o/
FLT-1 signaling, and
membrane inflammation

population; Prospects for
both diagnostic and
therapeutic EV delivery
research

Sampling Matrix Putative EV Contributors EV-Associated Representative EV- Gestational Window or Associated Biological Exploratory Biomarker | Ref.
and Source-Attribution ncRNA Type Associated ncRNAs Clinical Context Pathways Relevance
Evidence
Placental tissue/placental Syncytiotrophoblast layer (STB), | miRNA, IncRNA, [ MiR-210, miR-155, CI9MC Mainly reflecting the placental Affects trophoblast Assist in screening [H,112]
perfusion fluid cytotrophoblast layer, placental circRNA cluster (miR-517a/b/c), miR- response before and after the invasion, local immune placental derived EV-
vascular endothelium; The most 519d. onset of the disease stage; Infused | balance, anti- associated miRNA
direct source of tissue is rich in LncRNA: HI19, MALATI; fluid can simulate the EV spectrum | angiogenesis (sFlt-1/ candidates that can be
placenta specific miRNAs (such CircRNA; circPAPPA2 of released before circulation PLGF), and hypoxia detected in maternal blood
as CI9MC) response (HIF-1 a)
Maternal plasma/serum Release of STBEVs from miRNA, small miR-210, miR-155, miR-519a, | Significant differences can be Imbalance of The most clinically [76,113]
placenta, maternal endothelial RNA (like miR-324-5p, miR-9-5p; detected in early pregnancy (11— angiogenesis; promising PE prediction
cells, and immune cells; It is the | piRNA), IncRNA, | IncRNA HI9, TUGI; 14 weeks); Mid pregnancy is the Inflammation and and diagnostic samples;
most suitable sample for clinical | circRNA CircRNA (multiple associated | most predictive factor; Late complement activation; Suitable for building multi
liquid biopsy with angiogenesis) pregnancy can be used for ENOS/NO pathway miRNA risk models for
classification and severity inhibition; Formation of longitudinal monitoring
assessment NETSs; Immune
polarization
Urine/Urinary derived Renal tubular epithelium and miRNA, IncRNA, | MiR-21-5p, miR-29 series, Early pregnancy can change it; Reflecting PE related Highly valuable non- [I14-116]
EVs (U-Exos) urinary tract system cells; Partial circRNA miR-93-5p (shared signal Middle to late pregnancy is renal injury, increased invasive follow-up and early
Reflect the mechanisms of across blood/urine EVs) positively correlated with RAS/NO/endothelin screening methods;
kidney injury and proteinuria proteinuria and renal injury system load, and Suitable for home
formation; Noninvasive indicators abnormal filtration monitoring and bedside
sampling, suitable for frequent barrier detection POC
monitoring nanodiagnostic equipment
Amniotic fluid (AF-Exos) Fetal membranes, placenta, and miRNA, IncRNA, | miR-146a-5p, miR-210, Usually tested during mid Regulating trophoblast Accurate stratification of [117,118]
fetal origin EV; reflecting the circRNA Placental hypoxia related pregnancy (specific weeks); Early invasion, placental high-risk pregnancy
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inflammation, disease severity, and laboratory indicators. These findings suggest that different clinical phenotypes may
correspond to distinct EV-miRNA combinations. This also provides a basis for future stratification according to PE stage
and subtype.”® Although studies of IncRNAs and circRNAs in maternal plasma or serum EV-enriched fractions remain
limited, existing evidence suggests that certain exosomal IncRNAs, such as H19 and TUG1, and circRNAs differentially
expressed in cord blood EVs are associated with placental hypoxia, angiogenic imbalance, and immune abnormalities.
Incorporating these long and circular ncRNAs into liquid biopsy panels may improve model resolution across different
PE subtypes and pregnancy stages.?>->%!?!

Compared with the first two EV sources, urine provides a more downstream perspective because the urinary system
and kidneys are important sources of EVs. Urinary EVs retain the stability of classical EVs and offer advantages such as
easy collection and suitability for repeated monitoring. Therefore, they are considered promising liquid biopsy matrices
in various kidney diseases and may have clinical relevance for PE detection.'?*'?* Several reviews have emphasized that
proteins and RNA in EVs can reflect the structural and functional status of glomeruli and tubules. In many acute and
chronic kidney injury models, these EV cargos may provide information beyond traditional indicators such as serum
creatinine and urinary protein.'**'?> In PE, Illarionov et al collected urine samples during early and mid pregnancy and
identified multiple urinary miRNAs, including miR-21-5p and the miR-29 family, that were associated with subsequent
PE development using miRNA seq and qPCR. Many of these miRNAs have been linked to trophoblast function and
vascular pathways in previous placental and peripheral blood studies. This suggests that some EV associated miRNA
signals may be transmitted along the placental renal axis and detected in urine.''* More importantly, a recent multiplat-
form study analyzed EVs in both plasma and urine from women with PE. It found that several miRNAs, including miR-
93-5p, were significantly upregulated in EVs from both biofluids, and their expression levels were positively correlated
with blood pressure and proteinuria. This cross fluid consistency provides a useful example for comparing plasma and
urine EV miRNA profiles across PE stages. It also suggests that urine based nanodiagnostic approaches may complement
blood based testing in future clinical applications.'?® Although research on urinary EV associated ncRNAs in PE remains
limited, evidence from nephrology suggests that urinary EVs may help reflect PE related kidney injury and integrate
information from the renal placental axis. These features support their potential use in wearable or bedside nanodiag-
nostic approaches, although further clinical validation is required.'*'-'*?

Because amniotic fluid is located at the placental fetal interface, amniotic fluid derived EVs may more directly reflect
the local placental and fetal microenvironment. However, because sampling is invasive and clinically restricted, current
studies mainly focus on high risk populations undergoing amniocentesis during mid pregnancy. From a biological
perspective, however, amniotic fluid provides a valuable window for constructing placental and fetal cavity EV
ncRNA profiles.'?” For example, Gebara et al used imaging flow cytometry and single vesicle surface labeling analysis
to show that EV concentrations were significantly increased in amniotic fluid from PE pregnancies. The proportion of
VEGFR2 and LAP positive EVs with sEng enrichment was also increased, indicating antiangiogenic and inflammatory
phenotypes. These findings provide a phenotypic basis for studying PE related amniotic fluid EVs.'”® From the
perspective of integrated diagnosis and therapy, Jin et al reported that amniotic fluid EV associated miR-146a-5p was
significantly downregulated in PE pregnancy. AF EVs from normal pregnancy, or EVs enriched with miR-146a-5p,
restored trophoblast cell migration, invasion, and tube formation in vitro. They also improved blood pressure, placental
hypoxia markers, and the sFlt-1/PLGF imbalance in the L-NAME induced PE rat model.”® These findings suggest that
AF EV associated miR-146a-5p may serve as a candidate biomarker for risk stratification in high risk populations during
mid pregnancy. It may also represent a potential candidate molecule for EV based nanomedicine, consistent with the
concept of integrated diagnostic and therapeutic strategies.

Current evidence suggests that EV miRNAs, especially C19MC and C14MC clusters, in the placenta, umbilical cord
blood, and placental perfusion fluid are mainly used for exploratory research and correlation with histopathological
features and molecular pathways.”® Maternal plasma and serum EVs carry major combinations of miRNAs, IncRNAs,
and circRNAs throughout pregnancy, supporting applications from early pregnancy prediction to mid and late pregnancy
diagnosis and subtype classification.’®'?® Urinary EVs may reflect PE related renal injury and systemic vascular burden
and may serve as a sampling matrix for frequent and low cost monitoring. Amniotic fluid EV ncRNAs provide a deeper
phenotypic profile close to the placental fetal interface in high risk populations during mid pregnancy and may serve as
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natural carriers for local EV ncRNA based nanomedicine delivery.'**'** In future nanodiagnostic applications, integrat-
ing multisource EV ncRNAs may improve the sensitivity and specificity of PE prediction and subtype classification. This
approach may also provide a biological and technical foundation for developing theranostic nanovesicles that combine
homologous targeting, diagnostic readout, and drug delivery.

EV-Associated ncRNAs for PE Risk Prediction, Diagnosis, and Stratification

Before discussing EV-associated ncRNAs as potential biomarkers, the intended clinical question should be clearly
defined. In PE, early prediction refers to estimating future disease risk before clinical onset, whereas diagnosis refers
to identifying PE after established clinical criteria are met. After PE is suspected or diagnosed, biomarkers may further
support risk assessment, severity evaluation, and subtype stratification.**'*' Therefore, EV-associated ncRNAs detected
in maternal plasma or serum, urine, amniotic fluid, or placental and trophoblast associated EV preparations should be
evaluated according to their intended clinical use rather than grouped into a single diagnostic category. Their perfor-
mance should also be compared with established clinical, biophysical, and angiogenic tools, including maternal risk
factors, mean arterial pressure, uterine artery Doppler indices, PIGF, the sFlt-1 and PIGF ratio, blood pressure,
proteinuria, clinical symptoms, and routine laboratory indicators.*'*? Figure 4 summarizes this integrated workflow
and illustrates how EV-associated ncRNAs may be positioned as complementary exploratory biomarkers for PE
prediction, diagnosis, and stratification.
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Figure 4 Integration of PE biology and liquid-biopsy tools for EV-associated ncRNA-based risk prediction, diagnosis, and stratification. This schematic summarizes the clinical
manifestations, placental biological alterations, and liquid-biopsy approaches relevant to PE assessment. (A) PE commonly presents after 20 weeks of gestation with clinical
symptoms and signs such as hypertension, proteinuria, edema or swelling, excessive weight gain, headache, and visual disturbance. These manifestations support diagnosis of
established disease together with maternal organ dysfunction, fetal assessment, and laboratory findings. (B) Placentas from PE pregnancies show multiple cellular and
molecular abnormalities, including impaired trophoblast invasion and differentiation, increased pro-inflammatory and oxidative-stress responses, altered proliferation and
senescence of placental mesenchymal/stromal cells, immune-cell imbalance involving Hofbauer cells, Tregs, macrophage polarization, neutrophil activation, and cytotoxic
dNK-cell activity, as well as dysregulated angiogenic, inflammatory, and placental factors such as increased sFLT-1, sENG, PAPPA2, and DAMPs and decreased PAPP-A, hCG,
PLGF, HLA-G, syncytin- 1, VEGF, and placental steroid-related signals. (C) Liquid-biopsy techniques provide minimally invasive approaches to capture PE-associated maternal—
fetal molecular information. Circulating fetal nucleated red blood cells, single circulating trophoblasts, cfDNA, cfRNA, and EVs or small EV/exosome-enriched fractions can
be analyzed by FISH, cell imaging, PCR-based assays, DNA sequencing, RNA sequencing, and epigenetic profiling. Adapted from Ma Y, Chiang YW, Becker TM, Hyett J. Cell-
Based and Cell-Free Non-Invasive Prenatal Analysis of Preeclampsia: An Updated Review of Liquid Biopsy. Biomedicines. Copyright © 2026 by authors.'?
Abbreviations: PE, preeclampsia; EVs, extracellular vesicles; ncRNAs, non-coding RNAs; Tregs, regulatory T cells; dNK cells, decidual natural killer cells; sFLT-1, soluble
fms-like tyrosine kinase-|; SENG, soluble endoglin; PAPPA2, pregnancy-associated plasma protein-A2; DAMPs, damage-associated molecular patterns; PAPP-A, pregnancy-
associated plasma protein-A; hCG, human chorionic gonadotropin; PLGF, placental growth factor; HLA-G, human leukocyte antigen-G; VEGF, vascular endothelial growth
factor; fNRBC:s, fetal nucleated red blood cells; SCTs, single circulating trophoblasts; cfDNA, cell-free DNA; cfRNA, cell-free RNA; FISH, fluorescence in situ hybridization;
PCR, polymerase chain reaction.
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Early Risk Prediction Before Clinical Onset

Early prediction and clinical diagnosis should be treated as distinct clinical questions. Diagnosis refers to identifying PE
after clinical criteria have been met, usually after 20 weeks of gestation, whereas prediction refers to estimating the risk
of future PE before symptoms or diagnostic criteria appear. In this review, early prediction refers to EV-associated
ncRNA measurement before clinical onset, particularly before 20 weeks of gestation. These biomarkers should therefore
be evaluated by longitudinal sampling and by their ability to improve risk models that already include maternal risk
factors, mean arterial pressure, uterine artery Doppler indices, PIGF, and other angiogenic markers. These molecules have
the advantages of high stability and strong tissue specificity, especially in liquid biopsy and non-invasive detection,
providing candidate biomarkers for further validation rather than currently reliable clinical toolsfor the entire PE segment
(Table 2).*”'3° Early prediction of PE is crucial for improving maternal and infant health. The pathogenesis of PE is
complex, involving placental dysplasia, immune response imbalance, and abnormal angiogenesis. The existing prediction
methods often only diagnose after clinical symptoms appear, which misses the opportunity for early intervention. EVs
provide a new pathway for early pregnancy warning by carrying miRNAs, IncRNAs, and circRNAs from various sources
such as placenta, maternal blood, and urine.'%*'** At present, many studies have shown that specific miRNAs can serve
as biomarkers for predicting PE in early pregnancy (<20 weeks). miR-210 or miR-210-3p has been investigated as
a candidate marker of hypoxia-associated placental stress in PE. However, its use for early prediction requires
confirmation in longitudinal cohorts sampled before disease onset, standardized EV isolation, arm-specific miRNA
reporting, and comparison with established screening tools."'*'*> Through liquid biopsy technology, researchers have
explored whether these markers can improve early risk assessment in preliminary cohorts by detecting miRNAs such as
miR-210 in plasma. For example, Ghosh et al used maternal plasma EV-associated miRNAs during early pregnancy
before 14 weeks of gestation to construct a model for predicting PE before clinical symptoms appear. The model
achieved an AUC of up to 0.96.*” In addition to miRNAs, IncRNAs and circRNAs have increasingly been implicated in
the early prediction of PE. For example, H19 is an IncRNA closely related to placental development and angiogenesis,
and changes in H19 expression during early pregnancy may reflect abnormal placental function.''® In addition, circRNAs
such as circPAPPA2 have been associated with placental hypoxia and may regulate angiogenic pathways by acting as
miRNA sponges. These findings further support the potential of circRNAs for early PE prediction.”> For clinical

Table 2 Summary of Different Exosomatic miRNA at PE Stages

EV-Associated RNA Class Candidate ncRNA Intended Clinical Reported Change and Sampling Matrix Ref.
Context
miRNA (exosomal) miR-144-5p Early PE Downregulation (in plasma) [136]
miRNA (exosomal) miR-486-5p Early PE Downregulation (in plasma) [136]
miRNA (exosomal) Multiple miRNAs Early PE/severe PE Differential expression (upregulation or downregulation) [119]
(differential
expression profiles)
miRNA (exosomal) Multiple miRNAs Early PE Differential expression (dysregulated) [18]
(differential
expression profiles)
miRNA (plasma exosome) miR-210 PE (general)/GVC-EV EV-miR-210 decreases in GVC/PE patients [11o]
(gestational vascular
complications)
miRNA (plasma exosome) Multiple miRNAs Severe PE 15 miRNAs upregulated and 14 miRNAs downregulated in PE, [73]
indicating significant changes in the overall EV-associated miRNA
profile
circRNA circRNAs PE (Overall) CircRNA is relatively stable and may have differential expression | [69]
IncRNA (exosome-derived) NA PE (Overall) LncRNA may undergo changes in PE [23]
IncRNA/circRNA (EV-derived) NA NA There is no high-quality research on the association between EV | [I37]
IncRNA/circRNA and PE
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translation, liquid biopsy offers a minimally invasive approach for dynamic monitoring and shows potential for early PE
prediction. Small RNAs such as miRNAs, IncRNAs, and circRNAs can remain stable in body fluids, including plasma,
urine, and amniotic fluid, when carried by EVs. This stability supports their potential use as accessible biomarkers.*’
A recent study showed that combined analysis of EV-associated miRNAs and IncRNAs in maternal plasma may identify
pregnancies at high risk of PE before clinical onset, with favorable sensitivity and specificity.''® In addition, urinary EV-
associated miRNAs have shown PE-related changes during early pregnancy and may be suitable for future bedside or

128

home monitoring.”“® With technological advances and larger validation cohorts, EV-associated ncRNAs may become

useful tools for early PE prediction, diagnosis, and precision intervention.

Assessment of Established PE and Risk Stratification After Clinical Presentation

After clinical presentation, the relevant question changes from prediction to diagnosis, severity assessment, and risk
stratification.'*® At this stage, EV-associated ncRNAs may be explored as molecular indicators of disease subtype,
severity, angiogenic imbalance, renal involvement, endothelial dysfunction, or inflammatory burden. However, their
diagnostic role remains unvalidated and should be considered complementary to established clinical criteria, symptoms,
blood pressure, proteinuria, platelet count, liver enzymes, renal function, PIGF, the sFlt-1/PIGF ratio, and fetal/placental
assessment.'>? Currently, evaluating extracellular vesicle ncRNA levels in the plasma, serum, or other body fluids of
pregnant women during the middle and late stages of pregnancy can provide a non-invasive, real-time liquid biopsy tool.
This tool reflects the status of the placental or maternal-placental interface.'*® This approach is expected to enable early
warning and stratified management of PE, thereby improving maternal and fetal outcomes. In recent years, numerous
studies have investigated this area, along with the underlying mechanisms and their clinical translational potential. For
example, a recent study employed high-throughput sequencing (NGS) to analyze the differential miRNA expression
profiles in peripheral blood exosomal EVs from women with early-onset PE compared with a control group and identified
several significantly differentially expressed miRNAs. These differentially expressed miRNAs provide a molecular
candidate pool for the future development of diagnostic or predictive models based on extracellular vesicle
miRNAs.'?° Furthermore, a recent systematic review indicates that placenta-derived or circulating extracellular vesicle
miRNAs, such as miR-210 and miR-155, are significantly upregulated in patients with PE. These changes are closely
associated with the inflammatory response, endothelial dysfunction, hypoxic response, and abnormal trophoblast
behaviors, including migration, invasion, and apoptosis.'®® The stability of these miRNAs, including their resistance to
RNase, pH variations, and temperature changes, makes them highly suitable for liquid biopsy applications in plasma,
serum, or exosomes.*® In addition to miRNAs, researchers have increasingly focused on exosome-associated IncRNAs.
For instance, a recent review of pathological pregnancies, including PE, summarized that extracellular vesicle IncRNAs
represent promising biomarkers due to their selective loading, high stability in circulation, and capacity to regulate gene
expression via epigenetic and post-transcriptional mechanisms.'*! Although research on IncRNA-based risk stratification
during the clinical stages of PE (mid to late pregnancy) remains limited, the potential of IncRNAs as complements to
miRNA biomarkers is widely recognized. Advances in ncRNA detection methodology are particularly promising. Recent
reports have described the integration of microfluidics with nano-electrochemical biosensors for miRNA detection in
early PE screening.'*? Optimization of these technologies for exosome extraction and ncRNA quantification could
facilitate the translation of laboratory findings into clinical-grade liquid biopsy tools. However, current research on mid-
to-late pregnancy (the clinical diagnostic stage) still has notable limitations. Firstly, although reports on differentially
expressed miRNAs are increasing, many studies have not strictly distinguished PE subtypes (such as early-onset versus
late-onset), presence of fetal growth restriction (IUGR), or gestational age, leading to substantial heterogeneity in the
results."'?"'*? Secondly, systematic large-scale studies on IncRNAs and circRNAs remain extremely scarce. For example,
although reviews have highlighted the potential of circRNAs as PE biomarkers, their biogenesis, selective sorting into
exosomes, and expression dynamics throughout mid-to-late pregnancy remain largely unknown.®® Therefore, although
multiple basic and preliminary clinical studies support the feasibility of extracellular vesicle ncRNA for PE risk
stratification and diagnosis in mid-to-late pregnancy, large-scale, multicenter, prospective studies are required to achieve
true clinical translation. These studies should clarify the associations between ncRNAs and PE incidence, severity, and
subtypes (such as early-onset and late-onset).*>'** At the same time, integrating ncRNA markers with traditional clinical,
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biochemical, and ultrasound indicators will help construct multiparameter risk models and evaluate their predictive value
for maternal and fetal prognosis. For basic research, it is essential to explore the functional mechanisms of ncRNAs—
whether they act merely as passive biomarkers or actively regulate the pathological processes of PE, potentially serving
as therapeutic targets. This would open avenues for future nanomedicine interventions, such as EV-associated ncRNA

. 45,14
delivery systems.*>'*

The Advantages of EVs as Biomarkers

At present, when incorporating extracellular vesicle ncRNA (miRNA, IncRNA, and circRNA) into PE diagnosis and
prediction systems, comparing EV-associated ncRNAs with traditional biomarkers can help determine whether they
provide additional predictive or diagnostic value. However, therapeutic potential cannot be inferred from biomarker
performance alone and must be evaluated separately through mechanistic studies, delivery experiments, pharmacokinetic
and biodistribution analyses, and pregnancy-specific safety testing.'¢'4¢

Firstly, compared with traditional biomarkers, extracellular vesicle ncRNAs exhibit superior stability, specificity, and
kinetic advantages. For example, small RNA sequencing studies of circulating EVs have shown that multiple miRNAs
are detectable during the first trimester. Differential expression of these miRNAs may indicate PE risk before the
appearance of clinical symptoms and traditional indicators.''® EVs possess a lipid bilayer membrane that effectively
protects their contents from RNase degradation in plasma. The encapsulated ncRNAs are highly stable, can be stored for
extended periods, and reflect maternal-fetal communication. This stability is superior to that of free miRNAs or protein
markers."*!

Secondly, from the perspective of subtype diagnosis and risk stratification, extracellular vesicle ncRNAs can help
distinguish different PE subtypes (such as early-onset versus late-onset, and mild versus severe).*”"'*” For example, Scout
Bowman Gibson et al developed a simplified method to evaluate circulating plasma small extracellular vesicles (sEVs) in
maternal plasma. Their results showed that HIF-1a and its direct signaling partner miR-210 were detectable in systemic
maternal sEVs, providing a foundation for understanding how sEV signaling contributes to early PE.'*> These pre-
liminary findings suggest that circulating EV-associated miRNAs may contribute to early PE risk assessment. However,
their added predictive value must be validated against contemporary screening models incorporating maternal risk
factors, mean arterial pressure, uterine artery Doppler, PIGF, and other angiogenic markers, rather than blood pressure
or proteinuria alone. This highlights the high potential of extracellular vesicle miRNAs in early PE risk assessment. More
importantly, such models can identify high-risk pregnant women before symptom onset and hold substantial clinical
translational value.

In addition, unlike single proteins or angiogenic factors, ncRNAs (especially IncRNAs and circRNAs) can reflect
more complex upstream regulatory networks. This capability is expected to reveal molecular mechanistic differences
among PE subtypes.'*® Previous reviews have indicated that extracellular vesicle-derived IncRNAs participate in
maternal-fetal cell communication. They regulate trophoblast function in pathological pregnancies, including PE, by
modulating gene transcription, competitively binding miRNAs, and influencing mRNA stability.'*' Similarly, circRNAs
have been identified as differentially expressed molecules in blood and placental samples from PE patients due to their
stable circular structure and resistance to degradation. Certain circRNAs, such as hsa_circ_ 0036877, have been proposed
as potential plasma biomarkers.'**'>° Therefore, these ncRNAs can not only indicate PE risk but may also differentiate
disease severity and pathogenic subtypes, for example by reflecting angiogenesis disorders versus immune- or inflam-
mation-dominant PE through the circRNA-miRNA-mRNA ceRNA network.

Finally, incorporating extracellular vesicle ncRNAs is expected to significantly enhance clinical early prediction and
personalized intervention. Based on early pregnancy samples, ncRNA panels can support risk stratification, intensified
monitoring, and early preventive measures (such as low-dose aspirin). Meanwhile, elucidating the molecular signatures
of different PE subtypes can lay the foundation for developing precise, subtype-specific treatment strategies in the
future.'>"'>? Recent studies have emphasized the stability and therapeutic potential of extracellular vesicle carriers,
suggesting that extracellular vesicle ncRNAs serve not only as biomarkers but also as potential therapeutic targets.
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Multi-Biomarker Panels: Advancing from Single ncRNA to Integrated Multi-Omics

Signatures

Multi-omics integration may help determine whether EV-associated ncRNAs add predictive or stratification value beyond
established clinical, biophysical, and angiogenic variables. However, multi-omics biomarker performance should not be
interpreted as evidence of therapeutic efficacy. Therapeutic relevance requires separate functional validation and delivery
studies.*'>* Early studies mainly relied on gRT PCR or small scale microarrays to validate a limited number of
extracellular vesicle miRNAs or IncRNAs. For example, several studies have focused on miR-210, miR-153-3p, and
other molecules carried by extracellular vesicles derived from the placenta. These molecules affect trophoblast invasion
and endothelial cell migration by regulating the AKT/HIF-10/VEGF axis, TGF-/Smad signaling, and oxidative stress
related pathways, thereby contributing to placental ischemia, hypoxia, and vascular endothelial injury in PE."** On this
basis, researchers began to systematically characterize the miRNA profiles of extracellular vesicles. Using small RNA
sequencing or high throughput microarrays, they performed unbiased transcriptomic profiling of extracellular vesicles
derived from the peripheral blood or placenta of pregnant women with PE. These approaches can identify hundreds of
differentially expressed miRNAs in a single experiment. Combined with GO/KEGG enrichment analysis and target gene
prediction, these data showed that the miRNAs were mainly enriched in pathways related to immune regulation,
angiogenesis, lipid metabolism, and endothelial function, providing a relatively comprehensive candidate pool for
subsequent biomarker screening (Figure 5).'%'** For example, Shubhamoy Ghosh et al conducted a longitudinal cohort
study in which extracellular vesicle miRNA (EV miRNA) in maternal plasma was sequenced at multiple time points
during early pregnancy. They constructed a multi miRNA signature that predicted PE several weeks before clinical
symptoms appeared and validated its high AUC in an independent cohort, demonstrating the technical feasibility of EV
miRNA liquid biopsy for the early identification of high risk populations.*” At the mechanistic level, studies of single
ncRNA function remain essential for linking omics discoveries to targeted interventions. For example, Wu et al found
that placenta derived EVs or trophoblast derived EVs can transport miR-125b to umbilical vein endothelial cells. This
process inhibits the expression of tight junction proteins such as VE cadherin, increases ROS generation, enhances
endothelial barrier permeability, and reproduces the endothelial dysfunction phenotype of PE in vitro, providing direct
evidence for the placental vascular axis.'>* Li et al reported that maternal plasma exosomal miR-3198 regulates the
proliferation, migration, and apoptosis of HTR-8/SVneo cells and primary trophoblast cells by targeting WNT3. miR-
3198 is downregulated in patients with PE, and in vitro supplementation partially reverses trophoblast functional defects,
providing a clear molecular target for engineered delivery and nanomedicine design based on exosome miRNA.'*’
Meanwhile, researchers have increasingly recognized that a single miRNA is insufficient to capture the high hetero-
geneity and diverse disease courses of PE. Therefore, research strategies have shifted toward multicenter and multi
platform detection. High throughput platforms, including NanoString, TagMan low-density chips, and digital PCR, are
widely used to simultaneously quantify dozens to hundreds of EV miRNAs in limited samples. Algorithms such as
LASSO regression, random forest, and extreme gradient boosting tree are then used to identify four or five highly
informative miRNA combinations and construct comprehensive risk scores. These scores can distinguish early onset and
late onset PE from other subtypes of gestational hypertension, supporting the transition from single indicator thresholds
to multi biomarker pattern recognition.''®!*3!%¢ For example, Anat Aharon et al used NanoString to perform lineage
specific analysis of maternal and placenta derived EV miRNAs. They found that several miRNA combinations not only
distinguished placental and maternal pathological processes but were also significantly associated with adverse outcomes,
including fetal growth restriction and premature birth. These findings suggest that EV miRNA panels may support the
future classification and risk stratification of PE and related pregnancy vascular complications.'"

For nanoscale analysis of extracellular vesicle heterogeneity, emerging technologies such as single particle EV flow
cytometry, nanoflow cytometry, and microfluidic single vesicle imaging have enabled researchers to classify and quantify
placental EVs in maternal circulation or amniotic fluid. These analyses can be based on vesicle size, surface markers such
as PLAP, and even single vesicle RNA content. Placental EVs with specific phenotypes, such as STB-EV, are
significantly increased in patients with PE and are enriched in antiangiogenic signals, providing a technical foundation
for applying single vesicle omics in PE.'?®!37!38 For example, Wei et al reported that SVAtlas, a single EV multi omics
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Figure 5 Extracellular miRNA (ex-miRNA) biomarker discovery and iterative selection for early prediction of PE. (A) Top 10 univariate ex-miRNA candidates. Heatmap
showing expression patterns of the top 10 single ex-miRNA biomarkers with hierarchical clustering of ex-miRNAs and samples, demonstrating clear separation between PE
cases and controls. (B) Verified bivariate ex-miRNA candidates (n = | 10). Heatmap of log-transformed ratios for |10 validated bivariate biomarkers, clustered by miRNA
composition and genomic location, with sample annotation indicating separation by diagnosis and time-to-diagnosis. (C) Putative cellular/tissue origins of candidate ex-
miRNAs. Stacked bar plot summarizing the predicted contributing sources of candidate ex-miRNA biomarkers. (D-F) Three bivariate biomarkers selected by iterative
machine learning, shown by cohort-wide heatmaps and PCA separation versus randomly selected bivariates. Adapted from Morey, Robert et al Discovery and verification of
extracellular microRNA biomarkers for diagnostic and prognostic assessment of preeclampsia at triage. Science advances. Copyright © 2023 by authors.'*’

database, integrates proteomic and transcriptomic information from EVs across different diseases and fluid sources. This
resource may support future cross cohort comparisons of PE exosomal ncRNA profiles with those from other pregnancy
complications and cardiovascular disease cohorts, facilitating the identification of shared and disease specific
nanofingerprints.'>® At a systems level, integrated multi omics research is shifting the role of extracellular vesicle
ncRNA from a single molecular marker to a multidimensional network node For example, Fang et al developed the
CPMAAD system, which integrates PE related transcriptomic, methylation, multi chip, and clinical phenotype data from
GEO. This system provides an integrated visualization interface for analyses spanning genes, pathways, and phenotypes.
In this framework, ncRNAs from extracellular vesicles in maternal blood or placental tissue can be analyzed together
with tissue transcriptomic and methylation profiles to reconstruct multilayer interaction networks linking ncRNA,
mRNA, proteins, metabolites, and clinical phenotypes.'>> Furthermore, integrated analyses of the placental transcriptome
and metabolome showed that amino acid and lipid metabolic disorders are closely associated with inflammatory signaling
pathways. These disorders are also significantly correlated with classical PE genes such as FLT1 and ENG and with
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several miRNA/IncRNA modules. In addition, multi omics studies integrating bulk RNA seq, single cell transcriptomics,
immune infiltration features, and virtual drug screening have identified BIRC3, which is related to necrotic apoptosis, as
a potential diagnostic and therapeutic target for PE. These findings provide structured information for future pathway
design linking upstream signals, exosomal ncRNAs, and engineered nanocarriers.'>”'°® At the level of prediction models
and clinical translation, the multi omics longitudinal cohort reported by Ivana Mari¢ analyzed six types of omics data,
including transcriptomic, proteomic, metabolomic, and immunophenotypic data. The study used nested cross validation
and stacked ensemble learning to achieve high precision prediction of PE risk before 16 weeks of pregnancy. Its 9
component urinary metabolome model achieved an AUC of approximately 0.83 to 0.88 in the independent cohort,
providing a paradigm for an early screening framework based on multi omics and machine learning.'®" Subsequently,
Zhao et al conducted a multicenter study that integrated early pregnancy clinical features, plasma proteomic and
metabolomic profiles, and laboratory indicators. Using a random forest model, they established predictive models for
early onset and late onset PE and showed that combining multi omics features with conventional clinical variables
performed significantly better than single dimensional models. This approach can be translated into the development of
integrated biomarkers combining extracellular vesicle ncRNA, proteomic and metabolomic profiles, and clinical vari-
ables. Through a three stage pathway involving training, validation, and independent testing, this strategy may gradually
approach real clinical application scenario (Figure 6).'%

In addition, multiple systematic reviews and meta-analyses have shown that, compared with single ncRNA markers,
models based on multi ncRNA panels or combinations of ncRNAs with traditional serological indicators generally achieve
higher sensitivity and specificity. When ncRNAs are incorporated into a high dimensional feature space with proteins,
metabolites, and genetic variants, algorithms such as regularized regression, gradient boosting tree, and deep learning can
significantly improve diagnostic OR values and AUC. These findings provide an important basis for evidence based
evaluation of the future incorporation of extracellular vesicle ncRNA into routine PE screening.'>*'¢'"'% However, multi
omics integration also presents several challenges, including large sample size requirements, substantial batch effects,
insufficient data sharing, and limited standardization of analytical workflows. Reviews on the application of high dimen-
sional technologies in PE research emphasize the need for future multicenter, large sample, prospective cohorts that follow
extracellular vesicle research standards such as MISEV. Unified exosome isolation, quantification, and sequencing work-
flows should be embedded into existing prenatal screening and follow up pathways and combined with cloud databases and
visualization tools to enable a smoother transition from laboratory discovery to standardized clinical testing,'>®-'¢1:163.164
Looking ahead, the shift from single candidate extracellular vesicle ncRNAs to nanovesicle centered multi omics integra-
tion is moving PE diagnosis from single indicator static thresholds toward multidimensional dynamic risk curves. At the
same time, this shift provides evidence based targets and patient stratification tools for engineering extracellular vesicles or
biomimetic nanocarriers based on key ncRNA pathways. It also establishes methodological and translational frameworks

for realizing extracellular vesicle ncRNA mediated integration of PE diagnosis and treatment,'*>:136:193

Extracellular Vesicle ncRNA as Therapeutic Target and Nano Drug
Delivery Carrier: Towards Integrated Theranostics of PE
EV-Associated RNA as a Therapeutic Target for PE

The therapeutic relevance of EV-associated ncRNAs should be evaluated separately from their biomarker performance.
A molecule that predicts PE risk or correlates with disease severity is not necessarily a valid therapeutic target.
Therapeutic candidacy requires evidence that modulating the ncRNA alters disease-relevant pathways in appropriate
pregnancy-relevant models, together with delivery feasibility, biodistribution, dose—response relationships, and maternal—
fetal safety assessment. With advances in extracellular vesicle isolation and purification technologies, extracellular
vesicle ncRNA can be viewed not only as a pathological signal but also as a nanoscale regulatory node that can be
therapeutically targeted through the combined use of natural extracellular vesicles and synthetic nanomaterials.*>'®> We
consider this one of the most promising directions in current precision therapy research for PE. The following section
discusses the evidence chain and nanomedicine design strategies for targeting extracellular vesicle RNA in PE therapy
(Table 3).
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Figure 6 Development and validation of a random forest-based multi-omics model for early prediction of PE. (A) The top 10 metabolic and proteomic features were
selected to generate 968 candidate biomarker combinations, and random forest models were trained and internally validated using three-fold cross-validation. (B) QQ plot
summarizing the distribution of AUC values across all tested combinations, highlighting the optimal metabolite and protein panels. (C) Model performance comparison
(AUC) in the training and test sets using clinical variables alone or combined with laboratory, metabolomic, and proteomic features. (D) ROC curves of the optimal model in
training and test cohorts. (E) Spearman correlation heatmap showing relationships between predictors and model-derived risk scores in the overall dataset. This workflow
supports a clinically translatable strategy for integrated biomarker development and can be further extended toward “extracellular vesicle ncRNA + proteome/metabolome
+ clinical variables” within a training—validation—independent testing framework. Adapted from Zhao Q, Li ), Diao Z et al Early prediction of preeclampsia from clinical, multi-
omics and laboratory data using random forest model. BMC Pregnancy Childbirth. Copyright © 2025 by authors.'¢?
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Table 3 Extracellular Vesicle RNA as a Therapeutic Target for PE and Its Nano Delivery Platform

55

angiogenic status, reducing sFlt-1, improving placental
blood flow and fetal weight

model single intravenous
administration

combined with extracellular vesicle ncRNA vectors to construct a multi
RNA multi-pathway diagnostic—therapeutic strategy

Extracellular Vesicle Key RNA Main Target/Pathway of Action Experimental Model Translational Significance/Potential Applications Ref.

RNA/Platform Targets

Amniotic fluid EVs (AF miR-146a-5p Inhibition of HIF-1 o/FLT-1 axis, downregulation of sFit- | L-NAME induced PE rat+HTR-8/ | Enhancing miR-146a-5p as a natural EV carrier for placental tendency, used | [76]

Exos) 1/sEng, alleviation of placental hypoxia and anti- SVneo in vitro model for early onset severe PE anti hypertension and anti-proteinuria treatment
angiogenic status

hUCMSC-Exos miR-146a-5p Targeting TRAF6/NF - k B, reducing IL-1 B, IL-18, and | Antiphospholipid antibody Extracellular vesicle miRNA anti-inflammatory nanomedicine targeting [166]
apoptosis related proteins, improving placental induced placental injury in mice inflammatory/immune PE; Can be combined with conventional
inflammation and cell apoptosis and trophoblast functional assays | anticoagulant/antihypertensive drugs

hUCMSC-Exos miR-140-5p Targeting FSTL3, improving TGF-related angiogenesis PE placental tissue, hypoxic This strategy may be suitable for PE subtypes dominated by angiogenic [167]
and inflammatory pathways, enhancing the ability of trophoblast cells in vitro, and dysfunction and could form a dual target combination with miR-146a-5p.
trophoblast cells to generate blood vessels animal intervention

EVsMaternal plasma EVs/ miR-3198 Inhibit WNT3, regulate Wnt/p - catenin signaling, PE vs normal pregnant women Reconstructing uterine spiral artery remodeling by supplementing miR- [145]

plasma EV-enriched promote trophoblast proliferation and migration, and plasma EV expression 3198 with engineered EV/synthetic nanoparticles; At the same time, it can

fractions (maternal reduce apoptosis +trophoblast co culture be used as a stratification index for liquid biopsy

circulation)

MSC Exos (Engineering) IncRNA HI9 HI9 acts as a ceRNA sponge let-7b, upregulates PE placental sample+H 19 Proving that IncRNA dimensional exosome editing can serve as a template | [168]
FOXOI/AKT, enhances trophoblast invasion and overexpression of MSC Exos for high-order RNA nanotherapy, providing a mechanistic framework for
migration, and inhibits apoptosis in vitro/animal experiments multi ncRNA co loading

Lipid nanoparticles LNP- VEGF mRNA Expressing VEGF locally in the placenta, reversing anti | Inflammatory/hypoxic murine PE | Representing the trend of placenta towards mRNA nanomedicine; Can be | [48]

Notes: Migration, invasion, Matrigel outgrowth, tube formation, and EMT-like assays were considered in vitro surrogate assays of trophoblast or endothelial behavior. They were not treated as direct evidence of spiral artery remodeling

unless the original study included in vivo, ex vivo, or histological vascular assessment.
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Multi omics and exosomal transcriptomic analyses have shown that miRNAs, IncRNAs, and circRNAs carried by
placenta derived, decidual immune cell derived, and endothelial derived EVs form a cross tissue regulatory network.
Among these molecules, miR-210, miR-155, miR-146a-5p, IncRNA H19, and several circRNAs are positioned at key
intersections of trophoblast invasion, spiral artery remodeling, antiangiogenic and proangiogenic balance, and inflam-
matory responses, providing a theoretical basis for selecting target EV-associated ncRNAs.*>>*% For example, the
systematic review by Cretu et al showed that miR-210 is consistently upregulated in the PE placenta and maternal
circulation. By targeting multiple genes related to mitochondrial metabolism and angiogenesis, miR-210 is associated
with HIF-1a related hypoxia signaling and with reduced trophoblast invasion like and angiogenesis related phenotypes in
experimental systems. These data support the functional involvement of miR-210 but do not establish direct causality in
human PE progression or spiral artery remodeling. Experimental evidence suggests that miR-210 may enhance the HIF-
la dependent hypoxic feedback loop and inhibit trophoblast invasion and angiogenesis. Therefore, miR-210 is con-
sidered one of the most representative pathogenic extracellular vesicle miRNA targets, suggesting that anti-miR-210
nanomaterials may have a defined pathway of action.'** Similarly, extracellular vesicle circRNA DNAJB6 derived from
decidual macrophages is upregulated in patients with PE. By acting as a miRNA sponge, circRNA DNAJB6 impairs
trophoblast proliferation, migration, and invasion and promotes inflammation and endothelial dysfunction. Thus,
circRNA DNAJB6 may represent a pathogenic extracellular vesicle circRNA upstream hub and provides a useful
example for circRNA targeted intervention.'” In contrast to these pathogenic ncRNAs, some extracellular vesicle
ncRNAs exhibit protective phenotypes. For example, MSC secreted EVs can deliver IncRNA H19 to trophoblast cells,
where it competitively binds let-7b, releases FOXO1 from let-7b mediated inhibition, and activates AKT signaling. This
process significantly enhances the invasion and migration of HTR-8/SVneo cells, inhibits apoptosis, and partially
improves trophoblast migration, invasion like behavior, and apoptosis related phenotypes in vitro, thereby promoting
a placental phenotype closer to that of normal pregnancy. This mechanism supports the H19/let-7b/FOXO1 axis as
a therapeutic target that can be enhanced through exosome delivery (Figure 7).'°® In addition, several reviews have
summarized evidence that MSC Exos enhance metabolic activity, restore vascular balance, and regulate the immune
microenvironment in PE animal models. These reviews indicate that MSC Exos may be safer than cell therapy because of
their low immunogenicity and lack of proliferative capacity. MSC Exos can be regarded as natural nanomaterials loaded
with nucleic acid drugs and may also serve as platforms for surface ligand modification and future placenta targeted
delivery.'>*1%

At the specific RNA target level, miR-146a-5p, a typical anti inflammatory and pro repair miRNA, has been
repeatedly validated through two independent exosome mediated pathways. On the one hand, miR-146a-5p enriched
in amniotic fluid derived EVs (AF Exos) promotes trophoblast proliferation and migration in vitro and significantly
alleviates hypertension, proteinuria, and placental ischemia in PE rat models. This mechanism is closely related to
inhibition of HIF-10/FT-1 expression and downregulation of antiangiogenic signals, suggesting that the HIF-1a/FT-1 axis
is not only a diagnostic biomarker but also a miR-146a-5p mediated therapeutic target.”® In antiphospholipid antibody
induced placental injury models, htUCMSC-EV associated miR-146a-5p reduces trophoblast apoptosis and inflammatory
signaling and improves selected placental functional readouts. When vascular remodeling is assessed histologically, these
findings can be interpreted as model specific evidence of improved placental vascular remodeling. Otherwise, they should
be regarded as indirect evidence of improved placental function rather than direct proof of restored spiral artery
remodeling. In this context, Lv et al used human umbilical cord MSC exosomes (WUCMSC Exos) to deliver miR-
146a-5p in an antiphospholipid antibody induced placental injury model. This treatment inhibited TRAF6/NF-kB
signaling, downregulated IL-1B and IL-18, regulated Cleaved-CASP3, BAX, and BCL2 expression, and reduced
trophoblast apoptosis and inflammation. These findings highlight the central role of the miR-146a-5p/TRAF6 axis in
pregnancy associated immune placental disease and support the mechanistic feasibility of miR-146a enriched exosomes
or biomimetic nanoparticles for placental immunomodulation in PE and autoimmune associated pregnancy
complications.'®® At present, current basic studies and systematic reviews indicate at multiple levels that extracellular
vesicle ncRNA is not only a liquid biopsy fingerprint reflecting placental and maternal endothelial status but also a key
node in the pathological network. The miRNA/IncRNA/circRNA target spectrum built around extracellular vesicle

ncRNA can guide RNA cargo selection for nanomedicine design.®>'¢>!7°
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Figure 7 Experimental evidence for let-7b/FOXOI regulation of trophoblast-like cell migration, invasion-like behavior, and apoptosis-related phenotypes in PE-related models. This
figure summarizes representative experimental data related to the let-7b/FOXO| axis in PE-associated trophoblast dysfunction. HTR-8/SVneo trophoblast-like cells were transfected
with mimic-NC, let-7b mimic, inhibitor-NC, or let-7b inhibitor. (A) Heatmap showing differentially expressed miRNAs in the GEO dataset GSE96985. The top annotation bar indicates
sample type, with turquoise representing normal samples and salmon/pink representing PE samples; the heatmap color gradient represents relative miRNA expression intensity. The
red box in panel A highlights the differentially expressed let-7 family members, including hsa-let-7c-5p and hsa-let-7b-5p, which were selected from the miRNA expression heatmap as
candidate miRNAs for subsequent analysis. (B) qRT-PCR analysis of let-7b expression in placental tissues from normal and PE pregnancies. (C) Bioinformatic prediction of the let-7b
binding site in the FOXO1 3'UTR. The highlighted box in panel C indicates the predicted miRNA-target gene information, including miRNA name, target score, seed location, gene
symbol, and 3'UTR length. The red text in panel C indicates the predicted miRNA—target gene pair, showing that hsa-let-7b-3p was predicted to target FOXO|, with 2308 representing
the NCBI Gene ID of FOXOI and NM_002015 representing the GenBank accession number of the FOXO| transcript. (D) Dual-luciferase reporter assay assessing the interaction
between let-7b and FOXO| using wild-type and mutant FOXO1 3'UTR constructs. (E) FOXO| mRNA expression measured by qRT-PCR after let-7b mimic or inhibitor treatment.
(F and G) FOXO| and phosphorylated FOXO| protein expression assessed by Western blot and quantified by densitometry. (H and I) Trophoblast-like cell migration and invasion-like
behavior evaluated using Transwell assays; representative images and quantitative cell counts are shown. (J) Apoptosis-related changes assessed by TUNEL staining; representative
images and quantitative apoptosis rates are shown. Black bar labels indicate control or experimental transfection groups as shown in each panel. The asterisk (¥) indicates p < 0.05 versus
the normal group or mimic-NC group, as appropriate; the hash symbol (#) indicates p < 0.05 versus the inhibitor-NC group. Bold panel letters identify individual experimental panels.
These data should be interpreted as model-based evidence from HTR-8/SVneo trophoblast-like cells and associated tissue or database analyses, rather than direct evidence of spiral
artery remodeling or clinical therapeutic efficacy in human PE. Adapted from Chen, Yang et al MSC-Secreted Exosomal HI9 Promotes Trophoblast Cell Invasion and Migration by
Downregulating let-7b and Upregulating FOXO . Molecular therapy. Nucleic acids. Copyright © 2020 by authors.'®®

Abbreviations: PE, preeclampsia; EV, extracellular vesicle; H19, H19 imprinted maternally expressed transcript; FOXO|, forkhead box O I; GEO, Gene Expression Omnibus; miRNA,
microRNA; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; 3'UTR, 3’ untranslated region; WT, wild type; Mut, mutant; NC, negative control; p-FOXOI,
phosphorylated FOXO; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; SD, standard deviation.
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At the therapeutic level, current strategies for engineered EVs mainly include two categories. The first is to design
functional EVs that use MSC Exos, placenta derived EVs, or trophoblast derived EVs as natural carriers. These EVs can
be loaded with miRNA mimics or antisense oligonucleotides and modified on the surface with trophoblast targeting or
placenta specific peptides to improve enrichment in the placenta or spiral artery wall. The second is to develop synthetic
nanoparticles, such as PEG-PLA/DOTAP polymer nanoparticles and ionizable lipid nanoparticles, that achieve placental
tropism through physicochemical regulation and endogenous plasma protein adsorption. These platforms can then be
loaded with siRNA or miRNA drugs against targets identified from the extracellular vesicle ncRNA network.***!”! For
example, Li et al developed polymer nanoparticles based on COOH-PEGS5k-PLAS8k and the cationic lipid DOTAP. These
nanoparticles were coupled with a peptide that recognizes chondroitin sulfate A on the syncytiotrophoblast surface,
forming T-NPsiSFLT1 which efficiently delivers siRNA-FLT1 to HTR-8/SVneo cells and mouse placenta. In various PE
animal models, this system significantly reduces placental and serum sFIt-1 levels, improves endothelial function and
blood pressure, and increases fetal weight and placental vascular density. Thus, elevated exosomal or serum sFlt-1 can be
transformed from a classic diagnostic marker into a therapeutic target that can be precisely knocked down using
nanomaterials.'”' Recent studies have identified an LNP55 platform that achieves placenta biased distribution through
adsorption of B2-glycoprotein I, based on high throughput in vivo screening of ionizable lipid nanoparticles. After
loading VEGF mRNA, a single intravenous administration of this platform in an inflammation and hypoxia induced PE
mouse model maintains blood pressure control throughout late pregnancy, reduces serum sFlt-1, restores placental
vascular structure and the immune microenvironment, and significantly improves fetal growth outcomes. This finding
provides proof of concept for extending similar LNP platforms to miRNA inhibitors or IncRNA/circRNA modulators.*®
In addition, placenta tropic vectors such as LNP55 can achieve efficient placental transfection while encapsulating
mRNA encoding VEGF, with controllable overall toxicity. Using similar materials, anti-miR-210, miR-146a-5p mimics,
or IncRNA H19 overexpression vectors could potentially be encapsulated to form an RNA nanomedicine library that
closely matches the multi omics target spectrum of EVs. This strategy could align diagnostic markers and therapeutic
molecules along the same disease axis.'®>!”> MSC Exos themselves can be regarded as biogenic nanomaterials, and their
membrane protein profiles confer immune evasion and tissue penetration capacity. Through surface engineering, such as
coupling trophoblast targeting peptides or integrin recognition ligands, MSC Exos are expected to achieve higher
placental localization and lower maternal liver and kidney enrichment without substantially increasing clearance
rates.' % Under the concept of theranostics, multiple cohort studies and reviews propose using miR-210, miR-155,
miR-146a-5p, H19, and circRNA fingerprints in maternal plasma EVs or plasma EV enriched fractions as indicators for
disease stratification and pharmacodynamic monitoring. On the one hand, these fingerprints can be used to identify high
risk pregnant women with markedly abnormal miRNA axes who are most likely to benefit from specific RNA
nanotherapies. On the other hand, their levels can be dynamically tracked after administration to evaluate the extent of
in vivo modulation of disease axes such as sFlt-1, HIF-1a, and NF-kB. This approach may help advance exosomal
ncRNA toward an integrated node that is both measurable and therapeutically actionable.’*¢%!7>

Multi omics integration, combining EV-associated miRNA/IncRNA/circRNA profiles with placental transcriptomic
and proteomic analyses, can also evaluate potential off target networks before administration. It can predict angiogenic or
immune related side effects caused by specific miRNA targeting and support co delivery strategies, such as loading anti-
miR-210 together with proangiogenic miR-126 or H19 in the same nanocarrier, to reconstruct a more complete placental
repair pathway at the network level.'®>'%>'7% Although no PE nanomedicines targeting extracellular vesicle ncRNA have
entered clinical trials, Chinese patents related to MSC Exos for PE treatment, safety data for MSC Exos in non pregnancy
indications, and the superior efficacy of placenta tropic LNPs in rodent models together provide a feasible foundation for
future Phase I studies of ncRNA targeted nanotherapy guided by extracellular vesicle markers in high risk populations.
This transition also marks a new stage in extracellular vesicle ncRNA theragnostic, shifting from passive disease
signaling to active therapeutic targets and drug carriers.*>'”* Therapeutic studies should be interpreted with particular
caution because most evidence comes from cell line assays, ex vivo placental or endothelial systems, and rodent PE like
models. Improvements in trophoblast migration, endothelial tube formation, blood pressure, proteinuria, or fetal growth
in these models support preclinical plausibility but do not establish clinical efficacy, fetal safety, or therapeutic benefit in
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human PE. Clinical translation will require validation in primary human placental and immune cells, ex vivo placental
perfusion systems, clinically relevant animal models, and pregnancy specific toxicology studies.

EVs as Natural Nanocarriers for ncRNA Delivery

From the perspective of theranostics, extracellular vesicles can be regarded as active nanomaterials that carry and deliver
ncRNA. This property may enable precise intervention in key PE pathways and real time monitoring of disease
progression through liquid biopsy. This represents one of the most promising directions in extracellular vesicle
nanomedicine (Figure 8).!16%174175 B are approximately 30 to 150 nm in diameter and are enclosed by a lipid bilayer
enriched in cholesterol, sphingomyelin, integrins, transmembrane proteins, and other membrane proteins. Their natural
nanovesicle structure protects loaded miRNAs, IncRNAs, and circRNAs from nuclease degradation and is associated
with low immunogenicity, good biocompatibility, and active uptake and tissue homing mediated by ligand receptor and
endocytic pathways. Compared with traditional synthetic nanoparticles, extracellular vesicles may more readily cross
vascular and placenta related barriers.'’*'”® Pregnancy related studies have shown that PE associated EV-associated
miRNA signatures are enriched in EVs derived from maternal plasma, placenta, and amniotic fluid. These molecules may
reflect the functional status of trophoblasts, endothelial cells, and immune cells and can serve as non invasive biomarkers.
In addition, they may serve as pharmacologically targetable therapeutic nodes and natural carriers for ncRNA based
precision interventions.'””'”® For example, Lin et al showed that miR-146a-5p in amniotic fluid derived EVs from
normal pregnancy is significantly downregulated in patients with PE. Treatment of hypoxia simulated trophoblast cell
lines HTR-8/SVneo and JEG-3 with normal amniotic fluid EVs or miR-146a-5p mimics significantly restores cell
proliferation and migration and inhibits HIF-1o/FLT-1 overexpression. In a rat PE model, intravenous injection of
normal amniotic fluid EVs reduces blood pressure and 24 hour urinary protein and improves placental perfusion and
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Figure 8 Extracellular vesicles as natural nanocarriers enabling theranostic ncRNA delivery. This schematic illustrates EVs as bioactive nanomaterials that can be engineered
in vitro to enhance ncRNA loading, prolong circulation, and improve in vivo delivery efficiency. By incorporating membrane coatings (eg., PEGylation), immune-evasion
signals (eg., CD47/SIRPa), targeting ligands, and hybrid designs with liposomes or inorganic nanoparticles, EVs can reduce mononuclear phagocyte system (MPS) clearance
and achieve preferential accumulation at target tissues. In the target microenvironment, stimuli-responsive strategies (eg., pH-sensitive interactions) enable controlled
ncRNA release and therapeutic modulation of disease-relevant pathways. In parallel, EV-based platforms support bioimaging and externally triggered guidance (eg., magnetic
fields or near-infrared irradiation), highlighting their translational potential for integrated diagnosis and treatment of PE through liquid biopsy—guided monitoring. Adapted
from Zou, Zaijun et al Current Knowledge and Future Perspectives of Exosomes as Nanocarriers in Diagnosis and Treatment of Diseases. Int ] Nanomedicine. Copyright ©
2023 by authors.'”*
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fetal weight. These findings suggest that miR-146a-5p enriched AF Exos may exert nanodrug like anti hypoxic and
antiangiogenic effects by inhibiting the HIF-1o/FLT-1 axis.”® In addition, extracellular vesicles derived from human
umbilical cord mesenchymal stem cells (hUCMSC) show natural tropism toward the placenta and injured vascular
endothelium. Multiple in vitro and in vivo studies have evaluated hUCMSC derived EVs as nanoplatforms for ncRNA
delivery.'® For example, Jiang et al found that \UCMSC Exos transport miR-140-5p to trophoblast cells, downregulate
FSTL3, promote trophoblast proliferation, migration, and invasion under hypoxic conditions, and inhibit inflammatory
factor expression. Systemic administration significantly improves PE like phenotypes in rats.'®” Chen et al reported that
hUCMSC Exos overexpressing miR-342-5p enhance trophoblast invasion and improve placental angiogenesis by
inhibiting PDCDA4, thereby reducing blood pressure and proteinuria in spontaneously hypertensive rats and delaying
PE progression.'”® Extracellular vesicles derived from MSCs can also transport miR-139-5p, activate the ERK/MMP-2
pathway by downregulating protein tyrosine phosphatase, and significantly enhance trophoblast invasion and
migration.'®® MSC derived EVs can also transport IncRNA H19 and activate the IncRNA H19/let-7b/FOXO1/AKT
cascade, thereby enhancing trophoblast invasion, inhibiting apoptosis, and supporting uterine spiral artery
remodeling.1°8’169 Multiple studies have shown that MSC Exos derived from bone marrow, adipose tissue, placenta, or
decidua carry combinations of ncRNAs that collectively regulate four major networks, including trophoblast function,
angiogenesis, inflammation, and oxidative stress. These findings provide a strong preclinical basis for constructing
multitarget and network based exosomal ncRNA intervention strategies.'®” Notably, in addition to placental and stem cell
sources, EVs secreted by the gut commensal bacterium Akkermansia muciniphila can also alleviate PE like phenotypes
in mice by regulating maternal immunity and improving placental angiogenesis. This finding suggests that extracellular
vesicle nanoparticles from multiple tissues and microenvironments may form a complementary carrier library for
systemic remodeling of the maternal fetal interface.'”®

As carriers, extracellular vesicles can be regarded as highly evolved biological nanocarriers. They have a relatively
concentrated particle size distribution and stable zeta potential. Membrane enriched integrins, transmembrane proteins,
and glycoproteins provide complex targeting codes that enable cellular entry through clathrin mediated endocytosis,
micropinocytosis, and lipid raft dependent pathways and may facilitate the endosomal and lysosomal escape of nucleic

1747176 Multiple nanomedicine reviews have suggested that, compared with lipid nanoparticles (LNP),

acid cargoes.
polymer micelles, and inorganic nanoparticles, extracellular vesicles may offer advantages in circulation half life,
immunogenicity, organ accumulation, and nucleic acid protection. They may also provide higher loading efficiency for
nucleic acid macromolecules, making them particularly suitable for fragile payloads such as miRNA, siRNA, circRNA,
and ASO."”*'7% In terms of loading technologies, endogenous loading can be achieved by transfecting donor cells,
whereas exogenous loading can be performed using electroporation, ultrasound, freeze thaw cycles, or membrane
extrusion. Multiple reviews of engineered EVs have systematically compared the effects of different loading processes
on particle size, drug loading capacity, and membrane protein retention, providing a technical basis for encapsulating PE
related ncRNAs, such as miR-146a-5p and miR-140-5p, into standardized exosome based therapeutics.'’*'7

In terms of material modification, nanotechnology is gradually upgrading natural vesicles into intelligent therapeutic
carriers. On the one hand, covalent or non covalent grafting of polyethylene glycol (PEG), placenta homing peptides, or
anchored anti-sFlt-1/Ang-II receptor antibody fragments onto the EV surface can prolong circulation time and enhance
targeting to the placenta and injured endothelium.'”* On the other hand, membrane fusion based hybrid EVs (MFHE)
fuse nucleic acid rich EVs with liposomes or polymer nanoparticles with high drug loading capacity through freeze thaw
cycles, PEG mediated fusion, or membrane extrusion. This strategy substantially improves drug loading capacity and
surface functionalization while preserving EV membrane markers and biocompatibility, providing a paradigm for single
particle co delivery of ncRNAs and small molecule or protein drugs.'®! Furthermore, several teams have developed
inorganic and organic extracellular vesicle hybrid platforms by embedding superparamagnetic iron oxide, gold nanorods,
or quantum dots into the extracellular vesicle membrane or lumen. These platforms integrate MRI, photoacoustic, or
fluorescence imaging with RNA therapy, enabling real time visualization of extracellular vesicle distribution and
therapeutic effects in vivo and laying a materials science foundation for exosome based ncRNA therapeutics.'®* At the
same time, various nanomaterials have also been used for extracellular vesicle processing and enrichment. For example,
aptamer modified magnetic graphene oxide nanoparticles can efficiently capture placental or MSC derived extracellular
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vesicles from blood. This approach provides an enrichment strategy for preparing high purity and recyclable therapeutic
extracellular vesicles and lays the foundation for subsequent clinical grade formulation production and quality control.'®?

Research on EVs in pregnancy related diseases has gradually shifted from mechanistic exploration to animal
experiments and the design of early intervention strategies. Systematic reviews indicate that EVs play a central role in
regulating immune tolerance, trophoblast invasion, and angiogenesis at the maternal fetal interface. Various pregnancy
complications are accompanied by changes in EV cargo and ncRNA profiles, providing theoretical support for EV based
therapies and biomarker development.'”>'”” Mouse experiments by Chen et al showed that oral or intravenous admin-
istration of EVs from specific sources, such as Akkermansia EVs or MSC Exos, can improve the placental vascular
network and alleviate PE like phenotypes. These findings suggest that EV administration may be feasible and may have
an acceptable safety window during pregnancy.'’®

Mouse experiments by Chen et al showed that oral or intravenous administration of EVs from specific sources, such
as Akkermansia EVs or MSC Exos, can improve the placental vascular network and alleviate PE like phenotypes. These
findings suggest that EV administration may be feasible and may have an acceptable safety window during
pregnancy.'’®!%* At the same time, guidelines from the International EV Society and other organizations emphasize
the need to standardize extracellular vesicle preparation, including large scale production, purity and potency testing,
immunogenicity evaluation, and long term follow up.'®*!%% These requirements also represent the manufacturing and
regulatory thresholds that the PE field must address before promoting the clinical application of extracellular vesicle
ncRNA nanomaterials. Extracellular vesicle ncRNA is a key molecular node in the pathological network of PE and may
help establish a true theragnostic loop for early prediction, real time monitoring, and personalized intervention in the
future.

EV-Mimetic and Hybrid Nanocarriers as Long-Term Experimental Delivery Platforms
Constructing exosome like lipid nanoparticles, including exosome membrane coated LNPs and multicomponent hybrid
carriers, is considered a key step in shifting exosomal ncRNA from a passive biomarker to an active therapeutic tool for
PE intervention. This strategy may help establish a continuous translational chain linking liquid biopsy, risk stratification,
and precise drug delivery, thereby providing a more controllable materials science framework for improving pregnancy

safety in clinical practice. (Table 4 and Figure 9).%:18¢-187

Table 4 Experimental EV-Inspired and Hybrid Nanocarrier Platforms for Future PE-Related ncRNA Delivery Research

Experimental Design Concept Potential Payloads Preclinical Rationale and Ref.
Platform Major Unresolved Risks
Placental tendency Protonated ionic lipids+co lipids | Mostly VEGF mRNA, it can be Potential platform for testing [55,189,190]
towards extracellular | +cholesterol+PEG lipids; By replaced with mimetics or whether functionally validated
vesicle like LNP optimizing the lipid structure, inhibitors targeting PE related PE-related ncRNA targets can be

may alter placental and hepatic EV-associated miRNAs such as modulated in preclinical models

biodistribution in animal models; | miR-210 and miR-155 in the
quantitative pregnancy-specific future

biodistribution remains required.

MSC-EV-inspired On the basis of LNP, further MiRNA mimetics or antisense A fundamental platform for [55,190]
LNP ncRNA platform | coupling of placental targeting oligonucleotides (targeting achieving true coupling between
for PE peptides/antibodies or abnormal miR-210, miR-155, etc. | PE liquid biopsy and targeted

embedding of partial placental or | in EVs), as well as VEGF/HGF nanomedicine

designed to mimic selected mRNA

physicochemical or membrane
features of EVs, without

assuming true exosome

biogenesis

(Continued)
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Table 4 (Continued).

Experimental Design Concept Potential Payloads Preclinical Rationale and Ref.
Platform Major Unresolved Risks
Extracellular vesicle Extracellular vesicles can be Typical examples include mMRNA | Beneficial for directly converting | [191-193]
liposome hybrid fused with liposome membranes | (such as ALKBH5 mRNA), the placental exosomal ncRNA
nanoparticles through freezing thaw cycles, siRNA, or miRNA inhibitors, imbalance axis into modifiable

ultrasound, or microfluidics to which can be translated to PE targets

form hybrid vesicles with an related ncRNA targeted

extracellular vesicle membrane therapies such as VEGF mRNA

and an LNP core. These vehicles | or anti-miR-210/miR-155

combine the advantages of

biomimetic membranes with high

cargo loading capacity
MSC-EV/placental EV | Fusion of extracellular vesicles The CRISPR/Cas9 system targets | This strategy may enable precise | [194,195]
liposome hybrid derived from MSCs or placenta the regulation of ncRNA editing of key ncRNA pathways
CRISPR vector with cationic liposomes/LNPs to | precursors or their upstream in PE and support deeper

form hybrid vesicles, loaded with | transcription factors/epigenetic integration of diagnosis and

Cas9/sgRNA RNP or Cas9 modifying enzymes, reshaping the | treatment.

mRNA, completely non viral PE related ncRNA network
Diagnostic— CDN:s are obtained from Can load antisense This strategy may support the [196-198]
therapeutic placental cells or MSCs by oligonucleotides/mimetics or development of an integrated
nanoplatform of Cell | mechanical extrusion/ mRNA targeting PE EV- diagnostic and imaging guided
Derived microfluidics (the shell is similar | associated miRNA, and co load nanomedicine platform for
Nanovesicles to exosome), and the core is MRI/fluorescent/photoacoustic individuals at high risk of PE by
(CDNs)+Core loaded with LNP, polymer gel or | probes to achieve experimental combining preventive EV mimetic
Nanomaterials inorganic nanoparticles, which co-delivery of therapeutic nanomedicine with imaging

can be further added with payloads and imaging probes for | monitoring

imaging probes preclinical tracking

Previous studies have shown that human pregnancy associated extracellular vesicles (EVs) play a double edged role
in the pathophysiology of PE. On the one hand, multiple miRNAs in placenta derived EVs, including miR-210, miR-155,
and miR-9-5p, participate in disease development by regulating angiogenesis, endothelial function, and immune
responses. On the other hand, these ncRNAs are enriched in vesicles that can be stably detected in peripheral blood
and urine, providing highly specific molecular readouts for early non invasive diagnosis and dynamic monitoring.'®®
Existing large sample cohort studies have shown that the abundance of circulating EVs and miRNA/IncRNA profiles
during pregnancy are significantly altered in patients with PE. Among these EVs, CD9 positive small EVs are
significantly increased in both early onset and late onset PE and are strongly associated with placental dysfunction
and adverse maternal fetal outcomes. These findings provide a quantifiable template for subsequent carrier amplification
and signal reuse.'”'®® Therefore, multiple reviews and translational studies have suggested that microRNA/IncRNA
based interventions, such as antisense oligonucleotides, miRNA mimics, or CRISPR gene editing, represent a core
direction for future molecular therapy in PE. These strategies target exosomal ncRNA axes closely related to placental
ischemia, the antiangiogenic axis involving sFlIt-1/PLGF imbalance, and systemic endothelial inflammation. Combining
synthetic nanocarriers with EVs may help improve therapeutic efficacy while minimizing placental and maternal vascular
toxicity."'®'”? In the field of extracellular vesicle like LNPs, Kelsey L. Swingle et al recently identified a highly placenta
oriented ionizable lipid nanoparticle, LNP-55, through high throughput material screening. This nanoparticle has
a particle size of approximately 80 to 100 nm. LNP-55 adopts a classic LNP architecture composed of protonated
ionizable lipids, helper lipids, cholesterol, and PEG lipids. Its structural parameters encode selective uptake by decidual

and trophoblast cells while reducing distribution to traditional LNP target organs such as the liver*® In addition, the team

International Journal of Nanomedicine 2026:21

3 o https:



Zhang et al

Protein-based
nanocarrier

AAN Lipid-based

siRNA nanocarrier Flacenta.
targeted
" y
(Y]

Small molecule drugs

mRNA ’:; /é
AN

Polymer-based
nanocarrier

Exosome-based
nanocarrier

Figure 9 Experimental nanocarrier strategies for placenta-oriented delivery of nucleic acids and small-molecule drugs. This schematic summarizes representative
nanocarrier platforms that may be explored for pregnancy- and PE-related drug delivery research. Therapeutic payloads, including siRNA, mRNA, and small-molecule
drugs, can be incorporated into lipid-based, polymer-based, protein-based, EV-based, or EV-mimetic nanocarriers. These platforms may be engineered to improve payload
stability, circulation properties, tissue interaction, and placenta-oriented delivery in preclinical models. In the context of PE, such systems could provide experimental tools
for testing whether functionally validated EV-associated ncRNA targets can be modulated in pregnancy-relevant settings. However, these approaches remain preclinical and
should not be interpreted as established placenta-specific or fetal-safe therapies. Their translational development requires rigorous evaluation of maternal biodistribution,
placental accumulation, transplacental transfer, fetal exposure, immunogenicity, off-target uptake, dose—response relationships, manufacturing reproducibility, and long-term
maternal and offspring safety.

Abbreviations: PE, preeclampsia; EV, extracellular vesicle; ncRNA, non-coding RNA; siRNA, small interfering RNA; mRNA, messenger RNA. Adapted from Huang Y, Zhang
X, Xue L, He C. Nano-Enabled Therapeutics: Novel Strategies for Preeclampsia Treatment. Int | Nanomedicine. Copyright © 2026 by authors.'®®

encapsulated VEGF mRNA in LNP-55 for intravenous administration in a mouse PE model overexpressing sFlt-1. This
treatment significantly improved placental blood flow, reduced systolic blood pressure, corrected abnormalities in
placental small artery remodeling, and improved fetal growth restriction. Safety assessment suggested limited transpla-
cental transfer and minimal histological changes in extraplacental tissues.*® This study and related work demonstrate that
material structure encoded placental tropism is feasible at the animal level.'®*?%° At the same time, multiple reviews on
gene and nucleic acid therapy for PE have noted that traditional adenoviral or AAV vectors are severely limited during
pregnancy because of immunogenicity and integration risks. Degradable LNP systems can achieve controllable dosing
and repeated administration. They can also regulate circulation half life and tissue affinity by adjusting lipid pKa,
hydrophobic chain length, and PEG density, providing an ideal framework for accurately delivering inhibitors of
pathogenic miRNAs, such as miR-210, miR-155, and miR-34a-3p, or miRNA mimics that promote angiogenesis and
antioxidant activity to the placenta.”> ' Furthermore, Selvakumar et al summarized the evidence chain for microRNA
based therapies in PE treatment and noted that most promising targets are located in pathways related to placental
angiogenesis, trophoblast invasion, and immune tolerance. If high local exposure can be achieved at the maternal
placental interface through extracellular vesicle like LNPs, this approach may reverse focal placental lesions without
substantially affecting systemic blood pressure regulation.”® This type of LNP system can be further coupled on the
surface with placenta specific peptides or antibodies, such as those targeting placental growth factor receptors or specific
integrins. Alternatively, placental EV membrane proteins can be partially incorporated through membrane fusion. This
approach combines bottom up material optimization with top down membrane biomimicry, thereby approximating the
tissue tropism of natural placental EVs without sacrificing formulation stability.'**%!

Compared with purely synthetic LNPs, rapidly developing hybrid carrier strategies integrate EVs with nanomaterials
to form hybrid nanovesicles. This approach has shown improved performance in RNA therapy for tumors and
inflammatory diseases and may be translated to pregnancy complications.”’* A typical approach uses freeze thaw cycles,
ultrasound, or microfluidics to induce the fusion of natural EVs with liposome membranes, thereby generating membrane
fusion based hybrid EVs. This strategy retains cell specific protein barcodes on the EV membrane, such as adhesion
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molecules, integrins, and tetraspanins, while introducing the high loading capacity and surface modifiability of lipo-
somes. It can therefore support the co delivery of nucleic acid drugs and small molecule drugs.>**2?% Liu et al reviewed
evidence showing that such hybrid vesicles can improve the encapsulation efficiency and cytoplasmic release of mRNA
or siRNA during RNA intervention. Endosomal escape can also be enhanced by introducing pH sensitive or enzyme
sensitive lipids or high entropy polymers, thereby overcoming the limited loading capacity and inefficient release of
natural EVs."®! For example, Wu et al developed ALKBH5 mRNA loaded exosome liposome hybrid nanoparticles that
restored m6A demethylase expression, reprogrammed tumor metabolism, and significantly inhibited tumor progression in
colorectal cancer models. This study showed that an exosome membrane and LNP core structure can efficiently deliver
mRNA while maintaining good in vivo safety and immune compatibility. This model has strong translational relevance
for designing proangiogenic mRNA or miRNA inhibitor delivery systems targeting placental endothelial cells and
trophoblast cells.’** At the same time, a Cas9 GFP delivery system constructed by hybridizing mesenchymal stem cell
(MSC) EVs with cationic liposomes achieved efficient gene editing with low toxicity in HEK293T cells. This finding
suggests that placental or immune tolerance related MSC-EVs could be combined with LNPs in the future to achieve
in situ gene editing or epigenetic regulation of key PE related ncRNAs or upstream transcription factors.”> Another
important type of exosome like platform is cell derived nanovesicles (CDNs), which are manufactured from cell
membranes through top down mechanical extrusion or microfluidic methods. Their particle size and membrane protein
profiles are highly similar to those of natural EVs, but they offer higher yield and more controllable composition.
Therefore, CDNs are considered a scalable manufacturing alternative to natural EVs.'**'%® Jang et al showed that CDNs
derived from MSCs or immune cells can effectively load siRNA or miRNA and reproduce the immunoregulatory and
targeted migration properties of natural EVs in various disease models.'”® Poinsot et al systematically reviewed
engineered and biomimetic exosome nanocapsules and noted that introducing programmable polymer nanoparticles or
magnetic and photothermal inorganic nanomaterials into the CDN core can enable multimodal imaging and local
controlled release. This strategy may integrate diagnosis, drug release, and efficacy monitoring into the same nanoplat-
form, which is a key prerequisite for true theranostics.>’! In the PE context, an attractive strategy is to use EVs or CDNs
from normal pregnant placentas or placental MSCs as biological shells and load their cores with ionizable LNPs or
polymer nanogels. These cores could encapsulate antisense oligonucleotides, circRNA sponges, or therapeutic mRNAs,
such as VEGF or HGF, that target pathogenic miRNAs such as miR-210 and miR-155, thereby restoring placental
angiogenesis and endothelial homeostasis at the molecular level. At the same time, fluorescence or magnetic resonance
contrast agents could be incorporated into the carrier to enable real time imaging of placental perfusion and nanodrug
distribution, allowing the same nanovesicle to be both therapeutic and traceable.?°*>°"!

Embedding these materials science strategies into the clinical pathway of PE requires a deep understanding of
placental EV biology and liquid biopsy systems. Large scale cohort studies have shown that EV abundance and miRNA
profiles in the peripheral blood and urine of patients with PE are closely associated with pregnancy outcomes and long
term cardiovascular risk. Therefore, high throughput detection methods such as CD9-ELISA may enable EV based
stratification in early pregnancy.®®'#¢?°® Studies showing long term blood pressure reduction, improved left ventricular
function, and vascular remodeling in spontaneously hypertensive rats treated with normotensive pregnancy placental EVs
support the concept that healthy placental EVs have endogenous cardiovascular protective effects. This provides
conceptual support for designing normal placenta like EV material hybrid carriers for preventive intervention in high
risk pregnant women.*®!2%2%¢ At the same time, multiple reviews on placenta targeted drug delivery and EV therapy for
pregnancy related diseases have noted that applications in tumors and genetic diseases are mostly at the clinical trial
stage, whereas the PE field remains at an early stage, with promising preclinical evidence but limited clinical validation.
The main challenges include the lack of toxicological standards for nanomedicine during pregnancy, the high cost of long
term follow up for placental and fetal exposure, and insufficient standardization of process scale up and quality control
for EV preparations or EV enriched fractions.''®'*® Therefore, future development of exosome like LNPs and hybrid
carriers that combine synthetic nanocarriers with exosome components in PE should rely on existing experience from
LNP mRNA therapy and EV based or EV mimetic nanomedicine in cancer. This approach can help gradually establish
safety windows and dose exploration strategies for prenatal applications. In parallel, EV ncRNA indicators obtained from
liquid biopsy should be embedded into clinical trial designs. The same set of EV-associated RNA readouts should be
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used to evaluate disease risk, drug exposure, and treatment response, thereby realizing the closed loop use of exosomal
ncRNA as both therapeutic targets and diagnostic markers. This strategy may enable materials science driven nano-
technology to support the integrated precision diagnosis and treatment of PE.°'%

Challenges and Future Directions
Methodology and Translation Challenges

The major obstacle to translating EV-associated ncRNAs in PE is not the identification of a single candidate miRNA,
IncRNA, circRNA, or nanocarrier, but the lack of standardized methodology across the entire workflow from sample
collection, EV separation, vesicle characterization, RNA profiling, functional validation, nanomedicine manufacturing,
and clinical trial design.’®'"®**” Without methodological harmonization, even biologically plausible EV-ncRNA signals
may fail to become reproducible biomarkers or regulated therapeutic products. The current comprehensive review on
pregnancy related EVs has repeatedly emphasized that EVs undertake highly dynamic signal exchange functions at the
maternal fetal interface, participating in normal implantation and placental vascular remodeling, as well as deeply
intervening in the occurrence and development of pregnancy complications such as PE. Therefore, EV-associated
ncRNAs should currently be viewed as promising but exploratory molecular tools whose clinical translation depends
on technical reproducibility, biological source attribution, longitudinal validation, and pregnancy-specific safety
assessment,” 16207

The first challenge is EV heterogeneity (Figure 10). In PE, circulating EVs may originate from placental trophoblasts,
maternal endothelial cells, platelets, leukocytes, renal cells, and other maternal or fetal compartments. These vesicles
differ in size, density, membrane markers, biogenesis pathways, and ncRNA cargo. As a result, changes in a circulating
miRNA cannot be simply attributed to the placenta or to one EV subtype without additional evidence.’®''***” Studies
comparing maternal blood EVs and placental tissue-derived EVs have shown that PE involves both placenta-enriched
ncRNA alterations and broader maternal EV remodeling.''® Similarly, placental medium/large EV fractions and serum
EV fractions may show partially overlapping but distinct miRNA profiles, suggesting that separation strategy strongly
influences the observed signal.'® For this reason, future PE studies should distinguish tissue or cellular origin from
biofluid sampling matrix: plasma, serum, urine, and amniotic fluid provide accessible sampling sources, but they do not
by themselves define the biological origin of EV cargo. Source attribution will require approaches such as placental
perfusion models, paired tissue—biofluid profiling, cell-specific surface markers, immunocapture strategies, single-vesicle
analysis, and integration with placental histopathology or single-cell transcriptomic references.'®’

A second challenge is the inconsistent use of EV terminology (Figure 10).°“'*3 Many studies broadly use the term
EVs, although isolated preparations may contain mixed populations, including small EVs, microvesicles, apoptotic
bodies, lipoproteins, ribonucleoprotein complexes, and protein-bound extracellular RNAs.***> To improve clarity, EVs
should be used as a general term when vesicle biogenesis has not been demonstrated. Small EVs should be used for
preparations supported by size-based and marker-based characterization, whereas exosomes should be reserved for
vesicles with evidence of endosomal origin.'**> This terminological distinction is particularly important in PE because
different vesicle populations may have different diagnostic and functional implications.?**'" Consistent reporting
according to MISEV-based principles, including particle number, size distribution, EV-enriched and EV-negative
markers, isolation method, purity assessment, and functional controls, is essential before EV-associated ncRNAs can
be compared across studies.®*?°2!” For biomarker translation, EV-associated ncRNA panels should be evaluated in
prospective longitudinal cohorts using clinically relevant comparator models.>® These should include maternal risk
factors, mean arterial pressure, uterine artery Doppler indices, PIGF, the sFlt-1/PIGF ratio, blood pressure, proteinuria,
clinical symptoms, and routine laboratory markers.?'' Added value should be assessed by discrimination, calibration, net
reclassification, decision-curve analysis, and clinical usefulness, rather than by statistical significance alone.

The emergence of nanomedicine and EVs has provided new tools to solve some problems, but it has also brought new
methodological and regulatory challenges.'®®?'*2'* PE-related EV-ncRNA studies have used EDTA plasma, heparin
plasma, serum, urine, placental perfusate, and amniotic fluid collected at different gestational ages and processed under
different centrifugation, filtration, freezing, storage, and thawing conditions. These variables can alter EV yield, vesicle
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Figure 10 Methodological workflow for EV characterization and EV-associated miRNA profiling. This schematic summarizes the core analytical modules required for
standardized EV-associated ncRNA research in PE. EV particle analysis, including transmission electron microscopy and nanoparticle tracking analysis, is used to assess vesicle
morphology, size distribution, and particle concentration. EV-derived protein analysis, including Western blot, ELISA, flow cytometry, and LC-MS/MS, supports the detection
or quantification of EV-associated surface and internal protein markers and helps evaluate vesicle enrichment, purity, and potential contamination. EV-derived miRNA
profiling, including qRT-PCR, miRNA sequencing, and microarray analysis, enables detection and quantification of candidate EV-associated miRNAs for mechanistic studies
and biomarker discovery. In PE research, combining particle-level characterization, protein-marker validation, and RNA profiling is essential to improve reproducibility,
distinguish EV-associated signals from non-vesicular RNA contamination, and support longitudinal validation of candidate biomarkers before clinical translation. Adapted from
Chaemsaithong P, Luewan S, Taweevisit Met al Placenta-Derived Extracellular Vesicles in Pregnancy Complications and Prospects on a Liquid Biopsy for Hemoglobin Bart’s
Disease. Int | Mol Sci. Copyright © 2023 by authors.2®®

Abbreviations: EV, extracellular vesicle; PE, preeclampsia; ncRNA, non-coding RNA; miRNA, microRNA; TEM, transmission electron microscopy; NTA, nanoparticle
tracking analysis; ELISA, enzyme-linked immunosorbent assay; LC-MS/MS, liquid chromatography—tandem mass spectrometry; qRT-PCR, quantitative reverse-transcription
polymerase chain reaction.

integrity, platelet activation, hemolysis, contaminating non-vesicular RNA, and apparent miRNA abundance. In addition,
ultracentrifugation, density-gradient separation, size-exclusion chromatography, polymer precipitation, immunoaffinity
capture, commercial kits, and microfluidic systems each introduce distinct biases in EV recovery, purity, scalability, and
RNA yield.'?®?'%2!* Thus, future biomarker studies should report pre-analytical variables in detail and should ideally
compare or validate candidate EV-ncRNAs across standardized platforms rather than relying on a single isolation
protocol. RNA-level standardization is equally important, including RNA extraction efficiency, spike-in controls,
endogenous normalization strategies, sequencing depth, qPCR validation, batch-effect correction, and transparent
reporting of low-abundance transcripts.'*%-*'2~214

Clinical validation represents another major barrier. Many currently reported EV-ncRNA signatures in PE are derived
from small cohorts, cross-sectional comparisons, or samples obtained after disease onset.”*%” Such studies are valuable
for discovery, but they cannot establish clinical prediction, diagnostic superiority, or subtype-specific utility without
independent longitudinal validation. For early prediction, EV-ncRNA profiles should be measured before 20 weeks of
gestation and tested for their incremental value beyond maternal risk factors, blood pressure, uterine artery Doppler, and
angiogenic biomarkers such as the sFlt-1/PIGF ratio.'**2'> For diagnosis and risk stratification after disease onset, EV-
ncRNAs should be evaluated according to clinically meaningful phenotypes, including early-onset versus late-onset PE,
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PE with fetal growth restriction, severe-feature PE, superimposed PE, renal-dominant PE, and inflammation- or
angiogenesis-dominant subtypes.**** Without PE subtype stratification, mixed cohorts may obscure biologically relevant
EV-ncRNA patterns and lead to inconsistent biomarker performance.

The therapeutic translation of EV-based or EV-mimetic nanomedicine is even less mature than biomarker develop-
ment and should be discussed separately. Engineered EVs, MSC-derived EVs, placental EV-inspired vesicles, lipid
nanoparticle-EV hybrids, and synthetic exosome-mimetic carriers offer experimental opportunities for delivering
miRNA mimics, antagomirs, siRNAs, mRNAs, or other regulatory molecules.*®*'® However, these platforms also
introduce substantial manufacturing and regulatory challenges. Natural EVs may show donor-to-donor variability,
batch heterogeneity, variable cargo loading, incomplete potency definition, and difficulty in precise dose quantification.
Synthetic or hybrid vesicles may improve manufacturability but may not fully reproduce the biodistribution, uptake
pathways, or biological behavior of native pregnancy-related EVs at the maternal—fetal interface.>'’ ' Therefore, claims
regarding placenta-specific targeting, fetal protection, or superiority over standard PE management should remain
cautious until supported by rigorous biodistribution, pharmacokinetic, pharmacodynamic, and safety data.

Safety is a central issue for any EV-based nanomedicine intended for use during pregnancy.*® Unlike non-pregnant
populations, PE therapy must consider two interconnected biological systems: the mother and the fetus. Key safety
questions include maternal immune activation, complement activation, cytokine release, coagulation effects, off-target
uptake by liver, spleen, kidney, lung, and vascular endothelium, placental accumulation, transplacental transfer, fetal
exposure, embryo—fetal developmental toxicity, reproductive toxicity, genotoxicity of nucleic acid cargo, and the
consequences of repeated dosing.”* 2% In addition, surface engineering strategies that enhance targeting or circulation
time, such as ligand conjugation, PEGylation, membrane fusion, or immune-evasion motifs, may also alter immuno-
genicity, clearance, placental transport, and long-term tissue retention.”'>*?*> Thus, pregnancy-specific toxicology should
include maternal organ toxicity, placental structure and function, fetal growth, fetal organ development, neonatal
outcomes, and long-term offspring follow-up rather than relying only on standard adult nanomedicine safety
assays 223224

Regulatory and manufacturing requirements also remain unresolved.?’>*** Clinical-grade EV or EV-mimetic products
would require defined starting materials, controlled cell culture conditions, scalable purification, sterility and endotoxin
testing, viral and adventitious-agent safety, potency assays, stability testing, release criteria, and batch-to-batch compar-
ability under GXP-compliant conditions.?*®**” For ncRNA-loaded EV products, additional quality attributes should
include loading efficiency, cargo integrity, release kinetics, off-target gene modulation, and correlation between ncRNA
dose and biological response.”?®*?° At present, there is no widely accepted regulatory pathway for preventive or
therapeutic EV-ncRNA nanomedicine in pregnancy, and pregnant individuals have historically been excluded from early-
phase drug trials. Future clinical development should therefore proceed through carefully staged studies, beginning with
robust non-pregnant safety data, pregnancy-relevant animal models, ex vivo human placental perfusion systems, and
ethically designed maternal—fetal follow-up protocols.****! Among potential nucleic-acid strategies, antisense oligonu-
cleotides, miRNA mimics or inhibitors, siRNAs, and mRNA-based approaches may be considered experimental
modalities for modulating PE-related pathways in preclinical systems.’>?*? CRISPR-based approaches should be
mentioned only as highly theoretical and currently unsuitable for near-term PE translation because of unresolved
concerns regarding off-target editing, placental and fetal exposure, irreversibility, delivery specificity, reproductive safety,
and ethical regulation during pregnancy.?**?**

Finally, computational tools, multi-omics integration, and artificial intelligence may help organize complex EV-
ncRNA datasets, but they should not be presented as immediate clinical solutions.”*>** These approaches may support
EV subtype classification, source attribution, biomarker prioritization, PE subtype stratification, and prediction-model
training. However, Al-based models are vulnerable to small sample size, batch effects, population bias, missing clinical
metadata, and overfitting.>*”**® For precision-medicine applications, EV-ncRNA algorithms should be trained and
externally validated in diverse longitudinal pregnancy cohorts with standardized sample handling and transparent
model reporting. In this context, Al, multi-omics, and placenta-targeted nanomedicine should be viewed as future-
enabling strategies rather than clinically validated platforms.'”*¢%'?% Qverall, the next stage of the field should
prioritize harmonized EV methodology, reproducible ncRNA quantification, longitudinal and subtype-specific validation,
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pregnancy-specific safety testing, and transparent regulatory standards before EV-associated ncRNAs can be translated
into reliable PE biomarkers or safe therapeutic delivery systems.

Future Directions
To address current methodological and translational challenges, future research should advance technology, biology, and
clinical translation in parallel. At the same time, actionable research pathways should be extracted from fragmented
mechanistic studies and early translational exploration to link multi tissue derived extracellular vesicle ncRNA,
nanomedicine, and pregnancy specific clinical scenarios. This approach may help establish a precision obstetric
therapeutic framework that protects both maternal and fetal safety.”®'!'”**® The first key future direction is to construct
a systematic EV-associated ncRNA atlas that spans the entire course of pregnancy, multiple tissues, and different PE
subpopulations. Through standardized sample collection and multi omics integration, future studies can analyze dynamic
EV-associated RNA communication networks among the placenta, maternal vasculature, immune system, kidney, and
fetal compartment.'® Existing studies have demonstrated significant temporal and subtype specific differences in
placenta derived EVs, miRNAs, and IncRNAs during normal pregnancy and PE. Combining multiple platforms to
analyze plasma and urine EVs and distinguish small, medium, and large EV subgroups can help capture disease related
signals more accurately, laying the foundation for a feasible liquid biopsy panel.*”'*2% However, most current cohorts
have limited sample sizes and highly heterogeneous enrolled populations. Sampling time points are often concentrated
after symptom onset, which limits their ability to support early pregnancy risk stratification and clinical trial enrollment
stratification. Therefore, future prospective follow up cohorts based on high risk and multicenter populations are needed.
These cohorts should collect extracellular vesicle ncRNA, protein, and clinical phenotype data in parallel on the same
platform and adopt unified processing procedures and updated guidelines such as MISEV2023 to reduce technical batch
effects, 47+138:210

The second direction is to improve resolution by moving from overall EV level analysis to precise single vesicle and
multidimensional spatial measurements. This should be deeply integrated with single cell genomics and spatial tran-
scriptomics to define the heterogeneity and functional specialization of EVs from different sources in the placental
microenvironment and distal vascular beds.'*® For example, single particle flow cytometry and imaging flow cytometry
based on markers such as placental alkaline phosphatase can quantitatively distinguish the abundance and phenotypic
differences of placenta derived EVs across different pregnancy states. Analysis of single particle EV RNA in amniotic
fluid and umbilical cord blood may reveal abnormal fetal signals in early pregnancy, suggesting the value of single
vesicle resolution measurements for identifying high risk fetal and maternal phenotypes.'**'*” In terms of computational
methods, next generation tools such as miRTalk aim to infer cell cell communication networks from single cell
transcriptomic and EV miRNA data. These tools can identify which placental or immune cell populations act as senders
or receivers of specific extracellular vesicle ncRNA axes, providing topological target information for blocking harmful
signals or amplifying protective signals.*° Integrating single vesicle and single cell data can also help distinguish
communication patterns between early onset and late onset PE. It may also explain why the same EV miRNA shows
opposite trends in placental tissue and circulating EVs, a common source of confusion in current studies. In the future,
a three dimensional data framework integrating single cell, single vesicle, spatial, and liquid biopsy data should be
systematically constructed while following MISEV2023 and pregnancy sample specific standards. This framework may
reduce the non reproducibility of results across laboratories.'**2'°

The third direction is to develop computationally empowered diagnostic and prognostic models. These models should
move beyond single miRNAs or small candidate panels and use machine learning and deep learning to integrate high
dimensional extracellular vesicle ncRNA profiles, clinical indicators, and imaging features into interpretable multimodal
models for early screening, phenotype stratification, and efficacy prediction.*’-'2624*"242 For example, an elastic net
regularized logistic regression model based on early pregnancy plasma EV miRNA achieved predictive performance for
late onset PE with an AUC close to 0.96 in small samples. This finding suggests that stable risk scores can be constructed
in limited samples through appropriate feature selection and regularization. At the same time, systematic evaluations
have assessed the performance of various machine learning and deep learning algorithms for surface enhanced Raman
spectroscopy (SERS) fingerprinting and high throughput fluorescence signals from single particle EVs. These studies
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provide algorithmic baselines for future label free and high throughput EV detection devices.*”***?** Furthermore,
reviews on Al and EV precision medicine emphasize that clinical implementation requires large scale annotated EV
databases, explicit consideration of preprocessing and batch effects during model construction, and interpretable Al
methods to avoid black box predictions that weaken clinician trust.**'*** For PE, a syndrome with multiple causes and
phenotypes, future research should integrate secreted miRNA/IncRNA profiles, sFlt-1/PIGF and other protein markers,
and quantitative placental MRI indicators into unified models. It should also construct terminal phenotype oriented
clinical trial stratification strategies based on EV ncRNA features and develop lightweight bedside models, such as those
integrated into obstetric monitoring equipment or out of hospital blood pressure self testing systems, to achieve dynamic
risk monitoring.>%-*41-2%3

The fourth direction, which is most directly related to nanomaterials, is to develop more placenta targeted, safe, and
manufacturable nanomedicine platforms along a continuum from natural EVs and exosome like nanocarriers to LNPs and
hybrid carriers. These platforms may transform ncRNAs from disease markers into intervention targets and even
therapeutic agents.lgo’244 At the fundamental level, recent reviews on engineered EVs, EV mimetic nanovesicles, and
exosome like nanovesicles suggest that cell engineering, membrane engineering, and topological control can optimize the
in vivo distribution, tissue residence time, and loading efficiency of EVs. Moreover, engineered EVs from different
sources, including immune cells, mesenchymal stem cells, and tumor cells, have shown favorable pharmacokinetic and
pharmacodynamic characteristics in cardiovascular, metabolic, and tumor models. These findings provide a materials
science template for adapting similar strategies to pregnancy complications.'**?** At the same time, important progress
has been made in lipid nanoparticle (LNP) based treatment of pregnancy related disorders. A placenta tropic VEGF-A
mRNA LNP, LNP-55, can restore placental perfusion, lower blood pressure, and improve fetal outcomes in a mouse
model, with limited fetal exposure. This finding demonstrates that efficient intervention within the maternal placental
safety window can be achieved through rational design of LNP composition and surface ligands.*® Based on these
advances, future directions in PE include using placenta specific ligands, such as PLAP antibody fragments or syncytin
binding peptides, or smart materials that respond to acidic or oxidative microenvironments within lesions to construct EV
membrane coated LNPs or EV LNP hybrid vesicles. These platforms could deliver siRNA, ASO, or miRNA mimics or
inhibitors to downregulate harmful factors such as sFlt-1 or restore protective miRNA axes. In addition, combining MSC
derived EVs with synthetic nanomaterials may generate multifunctional nanovesicles with both immunoregulatory and
anti inflammatory activity and precise drug delivery capacity.'”®'? In this process, systematic evaluation of immuno-
genicity, placental transport, and long term safety of different material systems in pregnant animals will be a key bridge
between materials chemistry and clinical obstetrics.'®%*'%°

Finally, from the perspective of clinical translation, exosome ncRNA related therapeutics must move beyond proof-of
-concept validation and be embedded in rigorous product development and regulatory frameworks. This constitutes the
fifth major direction for future research.”*>*’ On the one hand, registered clinical trials of cell derived EV therapy have
rapidly accumulated in tumors, neurological diseases, and immune diseases. Relevant systematic reviews have identified
common bottlenecks that hinder translation, including a lack of quantifiable product quality attributes, difficulty in GMP
level scale production, and mismatches between clinical endpoint design and mechanism of action. These lessons are
particularly important for pregnancy related EV based nanodrugs that are approaching clinical research.>***** On the
other hand, regulatory review of EV diagnostic and drug products emphasizes early communication with regulatory
agencies. This includes clarifying during product design whether the product should be classified as an in vitro
diagnostic, advanced therapy medicinal product, or combination product. A full process quality control system should
also be established for source cells, purification processes, impurity profiles, and stability in accordance with
MISEV2023 and EV production standard.'?>**>**> In addition, multiple reviews on the clinical application of EVs
have suggested that the ideal future path is the joint development of companion diagnostics and therapeutic carriers. This
would involve synchronous evaluation of liquid biopsy EV ncRNA panels and corresponding EV or exosome nanodrugs
in the same population, allowing biomarker guided adjustment of treatment timing and dose. Maternal long term
cardiovascular outcomes should also be incorporated into follow up indicators.>*>**7 Therefore, from the perspective
of future research planning, PE is a suitable pilot disease model for exosome ncRNA therapy because it has a clearly
defined target organ, the placenta, a relatively short disease window, and substantial unmet therapeutic needs. If basic
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researchers, nanomaterial scientists, Al experts, and clinical obstetricians work together under unified standards and

regulatory consensus, exosome ncRNA may progress from mechanistic research to clinical practice in this field. 2824247

Conclusion

EVs associated noncoding RNAs (ncRNAs) provide an important window into placental maternal communication in PE
and may connect placental stress with maternal endothelial, immune, inflammatory, and angiogenic dysfunction. Across
placental tissue, maternal plasma or serum, urine, amniotic fluid, and other pregnancy related sampling matrices, EV
associated miRNAs, IncRNAs, and circRNAs have potential as exploratory biomarkers for PE risk assessment, subtype
stratification, and longitudinal monitoring. However, these signals should not be considered clinically actionable until EV
isolation is standardized, vesicles are rigorously characterized, RNA quantification is reproducible, findings are validated
in independent cohorts, and biofluid signals are clearly linked to tissue origin. The same biology also supports
experimental EV based and EV mimetic nanocarrier strategies for ncRNA delivery. Nevertheless, therapeutic translation
remains at an early preclinical stage and is constrained by EV heterogeneity, uncertain biodistribution, immunogenicity,
maternal and fetal toxicity, placental transfer, manufacturing scalability, quality control, and regulatory uncertainty.
Future progress will depend on harmonized EV methodology, longitudinal multicenter cohorts, PE subtype specific
analyses, pregnancy relevant safety models, and cautious integration of multi omics and computational tools. Only after
these barriers are addressed can EV associated ncRNAs be realistically evaluated as reliable biomarkers or safe
nanomedicine-based interventions for PE.
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