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Abstract: Molecular biomarker profiling is an emerging field in maternal-fetal health with
the potential to transform early detection and prediction of placental dysfunction. By
analysing a range of biomarkers in maternal blood, researchers and clinicians can gain
crucial insights into placental health, enabling timely interventions to enhance fetal and
maternal outcomes. Placental structural function is vital for fetal growth and development,
and disruptions can lead to serious pregnancy complications like preeclampsia. While con-
ventional methods such as ultrasound and Doppler velocimetry offer valuable information
on fetal growth and blood flow, they have limitations in predicting placental dysfunction
before clinical signs manifest. In contrast, molecular biomarker profiling can provide a
more comprehensive assessment by measuring proteins, metabolites, and microRNAs
(miRNAs) in maternal blood, reflecting the placenta’s endocrine and metabolic functions.
This approach offers a deeper understanding of placental health and function, aiding
in early detection and prediction of complications. Challenges in developing molecular
biomarker profiling include pinpointing specific molecular changes in the placenta linked
to pathologies, timing predictions of conditions before clinical onset, and understanding
how placental dysfunction affects maternal metabolism. Validating specific biomarkers
and integrating them effectively into clinical practice requires further research. This review
underscores the significance of molecular biomarker profiling as a powerful tool for early
detection and prediction of placental dysfunction in maternal-fetal health. Through an
exploration of biomarker analysis, we delve into how a deeper understanding of placental
health can potentially improve outcomes for both mother and baby. Furthermore, we
address the critical need to validate the utility of biomarkers and effectively integrate them
into clinical practice.
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1. Introduction
Molecular biomarker profiling is rapidly emerging as a promising field in maternal-

fetal health, with the potential to revolutionize early detection and prediction of placental
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dysfunction. This innovative approach involves identifying specific biological markers at
the molecular level, such as proteins, RNA, or metabolites, which provide insights into the
health and function of the placenta. Given the critical role the placenta plays in supporting
fetal development and ensuring maternal well-being, early identification of dysfunctions
through biomarker profiling could significantly improve prenatal care. By enabling timely
interventions, this approach holds the promise of reducing pregnancy complications and
improving outcomes for both mother and baby.

2. Placenta
2.1. Structure and Cellular Components of Human Term Placenta

The placenta is a unique fetal-maternal organ composed by complementary but distinct
fetal and maternal tissues, such as the fetal membranes, the chorionic villi, the umbilical
cord, and the decidua [1,2].

The fetal membranes include the amniotic and the chorionic membranes, namely the
amnion and the chorion, respectively [1,3]. They protect and support the growth of the
foetus by serving as a semi-permeable physical barrier that withstands mechanical stress
from fetal movements, regulates amniotic fluid volume, and shields against local insults
(i.e., infection) [4,5]. The amnion, the innermost membrane, is a thin, avascular structure
composed of an epithelial monolayer, in direct contact with the amniotic fluid, and a
mesenchymal layer, characterized by collagens, rare macrophages and dispersed fibroblast-
like mesenchymal cells [1,6]. On the other hand, the chorion is made up of a reticular
portion, containing chorionic mesenchymal stromal cells, and a chorionic trophoblastic
region, rich in proliferating extravillous trophoblasts.

Chorionic villi, the placenta’s functional units, anchor it to the maternal endometrium
and facilitate fetal-maternal exchange [2,3,7]. These finger-like projections contain
two layers of specialized epithelial cells: the outer syncytiotrophoblast, which inter-
acts with maternal blood, and the inner cytotrophoblast, which gradually shrinks
throughout pregnancy [8].

Developing from the chorionic plate, the umbilical cord connects the fetus to the pla-
centa, facilitating Fetal-maternal exchanges without direct blood mixing [9]. It is made up
of a sheath of amniotic epithelial cells, an internal fibroblast-like cells enriched connective
tissue (Wharton’s jelly) [10], one vein (conveying oxygenated and nutrient-rich blood) and
two arteries (transporting de-oxygenated and nutrient-depleted blood) [11,12].

The maternal component of placenta, the decidua, is crucial for embryo implantation
and pregnancy maintenance until placenta formation [13]. It consists of three different
regions, rich in proliferating functional endometrial cells, named decidua basalis, decidua
capsularis and decidua parietalis [14–16].

2.2. Function of Human Placenta

The placenta is the very first organ to be formed during pregnancy and although it is
temporary, it plays a fundamental role as a lifeline between the mother’s bloodstream and
the foetus. Placenta performs various functions aimed at ensuring the successful growth
of the embryo and the foetus and in order to fulfil its functions, the placenta undergoes
structural adaptations during pregnancy. As a matter of fact, alterations in the development
of the placental structure may seriously compromise outcomes of the pregnancy [17].

(i) The placenta provides the foetus with oxygen and nutrients, acting like a lung in
the exchange of oxygen and carbon dioxide and working as a digestive system absorbing
all necessary nutrients for the growth and development of the foetus. The placenta has
two separate circulatory systems, as it receives blood supply from both the mother and the
foetus. Deoxygenated blood flows through the umbilical arteries from the foetus to the
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placenta, where it is oxygenated by the maternal blood flow, and then returns through the
umbilical veins to the foetus. The transfer of nutrients occurs in the same way that oxygen
and carbon dioxide are transferred in the placenta [17]. (ii) Placenta removes also harmful
waste, functioning as a kidney by transferring all Fetal waste, via the umbilical cord, to the
mother’s veins [18]. (iii) It behaves as an immune filter that leads the mother’s antibodies
to the foetus thus providing immune protection within the first months of life, but also
producing anti-inflammatory hormones and cytokines that sustain immunological tolerance
and buffer maternal immune cell invasion [19]. (iv) Moreover, it acts as a semi-permeable
physical barrier, preventing potentially toxic substances and pathogens from reaching the
foetus [20,21]. (iv) Finally, the placenta operates as an endocrine organ, producing and
secreting many hormones, growth factors, cytokines and chemokines that regulate the
course of pregnancy, support the foetus growth, promote maternal adaptation to pregnancy
and induce labour onset at the end of gestation [22,23].

3. Prenatal Screening for Placenta Dysfunction
Prenatal screening for placental dysfunction involves various tests and assessments

to detect issues with the placenta during pregnancy. This screening involves a combi-
nation of ultrasound monitoring, advanced imaging techniques, biochemical tests, and
consideration of clinical and methodological factors to detect and manage conditions like
placental insufficiency, ensuring the well-being of both the mother and the foetus through-
out pregnancy [24–26]. Ultrasound monitoring is a primary tool for assessing placental
health. It can measure the size, shape, and echotexture of the placenta, providing important
information about its morphology. While most studies use 2D ultrasound to evaluate
placental morphology, newer studies have utilized 3D techniques, which can offer more
detailed information about the placenta’s structure and function [24,27,28].

Biochemical tests potentially offer a more comprehensive and objective assessment
of placental health by measuring various placental factors in maternal biofluids. These
tests reflect the endocrine and metabolic functions of the placenta, enabling earlier detec-
tion of placental dysfunction, particularly in low-resource settings with limited access to
high-quality ultrasound equipment and trained operators [24]. Biochemical tests can be
performed at any stage of pregnancy, unlike ultrasound assessment of fetal size, typically
performed in the second and third trimesters.

The most commonly used biochemical tests in prenatal screening for placental dysfunc-
tion include those that measure placental products, such as proteins, peptides, metabolites,
and hormones, in maternal biofluids, like serum, plasma, or urine [24,29,30]. This can allow
earlier detection of placental dysfunction, which may enable more timely interventions to
improve Fetal and maternal outcomes.

These tests are based on the hypothesis that levels of such products in maternal fluids
reflect endocrine and metabolic functions of the placenta. Many placental products can
be detected in maternal biofluids, including protein hormones such as human chorionic
gonadotropin (hCG), human placental lactogen (hPL), human placental growth hormone
(hPGH), placental growth factor (PlGF), placental protein-13 (PP-13), soluble fms-like
tyrosine kinase-1 (sFlt-1), pregnancy-specific glycoproteins, and steroid hormones including
estrogens and progesterone with their related metabolites [29].

However, it is important to note that these biochemical tests are primarily used in
prenatal screening to indicate the risk of conditions like Down syndrome and spina bifida,
rather than directly assessing placental dysfunction [24,30]. Therefore, clinical and method-
ological factors must also be considered when assessing the risk of placental dysfunction.
Furthermore, in healthy women, bioactive peptides, such as cytokines, play an important
role in inducing physiological adaptations required for a successful pregnancy. However,
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when inappropriately regulated, they lead to disease [31]. Thus, their detectability at
earlier stages of gestation gives them predictive value, establishing them as biomarkers for
pregnancy complications [32].

Current biochemical tests for placental function have limitations in diagnosing pla-
cental dysfunction. Firstly, the evidence supporting their effectiveness is generally of low
or very low quality, with insufficient evidence to draw conclusions about their impact
on reducing the number of small for gestational age (SGA) babies or neonatal intensive
care unit admissions [24,30,33]. Secondly, the interpretation of biochemical test results
can be challenging due to the lack of standardization in measuring placental factors. Dif-
ferent experimental approaches, such as enzyme-linked immunosorbent assay (ELISA),
mass spectrometry, or point-of-care tests, can yield varying results, making comparing
and interpreting data across studies difficult. Lastly, the timing of biochemical tests is
crucial, as placental factors change throughout pregnancy. For example, some studies have
found that elevated sFlt-1 in the first trimester is associated with a reduced risk of SGA
infants and stillbirth associated with a placental cause, while high PlGF in the first trimester
is associated with a reduction in SGA infants. However, the predictive ability of these
biomarkers in late pregnancy is still being evaluated [24]. These results highlight the crucial
necessity for validating molecular biomarkers that can accurately assess various stages of
placental development and function.

4. Molecular Signatures of Placenta-Related Diseases
Despite advancements in modern healthcare, the global maternal and fetal mortal-

ity rate remains unacceptably high, with an estimated 287,000 women dying during and
following pregnancy and childbirth in 2020. Such consequences happen due to several
factors that are known to increase the risk of developing a pregnancy complication. These
include exposure to environmental pollutants and maternal health factors, such as poor nu-
trient intake, poor cardiovascular or metabolic health, family/previous pregnancy history,
asthma, maternal obesity, and advanced maternal age [32,34–36]. The primary complica-
tions contributing to 75–80% of all maternal deaths are preeclampsia (PE), severe bleeding,
and infections, which often arise during pregnancy, childbirth, and the postpartum period.
However, it is known that maternal health factors, such as advanced maternal age, are
associated not only with the development of PE but also with other adverse pregnancy
outcomes, like miscarriage (spontaneous loss of a pregnancy before the 20th week), still-
birth (birth of a baby without any signs of life after 20 weeks of gestation), preterm labour
(or pre-term birth, birth of a baby before completing 37 weeks of gestation), intrauterine
growth restriction (IUGR), and gestational diabetes mellitus (GDM) [37,38].

All these factors impact the development trajectory of the foetus, potentially resulting
in fetal alterations and eventually loss [32,34]. However, many of these deaths could
be prevented or treated if diagnosed earlier, highlighting the importance of timely and
accurate diagnosis and intervention.

4.1. Asthma

Asthma is an inflammatory disorder of the airways that physiologically results
in hyperreactivity and clinically, in recurrent episodes of wheezing, chest tightness, or
coughing [39]. This disorder is one of the most common chronic disorders that complicate
pregnancies, and its prevalence during pregnancy ranges from 3 to 6%. Among those
pregnancies, 19% had severe asthma and 16% had poorly controlled asthma [40].

During pregnancy, oxygen and metabolic rate consumption increase by 20%, and the
respiratory system undergoes adaptations with significant anatomic and hormonal changes
that affect pulmonary function parameters in the mother [40]. Thus, the presence of asthma
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during pregnancy can result in increased maternal systemic inflammation (inflammation
throughout the entire maternal body) and oxidative stress, as well as reduced levels of
maternal oxygen especially when asthma is recurrently uncontrolled or when women
experience an acute exacerbation of asthma. It is known that this disorder can alter the
expression of baseline placental cytokine messenger ribonucleic acid (mRNA), including
interleukin (IL)-6 and chemokine IL-8 and can potentially contribute to preterm birth and
growth restriction [35].

4.2. Obesity

Obesity is a disease defined by an excess accumulation of fat and a body mass in-
dex (BMI) over 30 kg/m2 [41,42]. In developed nations, one-third of pregnant women
are overweight or obese. Maternal obesity is associated with exaggerated physiological
changes, including alterations in lipoprotein (complex molecule composed of lipids (fats)
and proteins) levels and enhanced gluconeogenesis (process of generating glucose), which
place the mother and the child at risk, with the most common adverse outcome being
macrosomia (high birth weight) [36].

Maternal obesity also associated with chronic low-grade inflammatory state, which is
a consequence of the increased levels of fetal circulating inflammatory markers, altering the
pro- and anti-inflammatory balance and decreasing the immune response to pathogens [41].
Furthermore, this disease has been characterised by mitochondrial dysfunction, leading
to an increased production of reactive oxygen species (ROS), and altering the secretion of
some cytokines, such as IL-6 and IL-8 [41,43].

4.3. Preterm Labour (PTL)

Spontaneous preterm labour with intact membranes (PTL), before the 37th week
of pregnancy when the amniotic membranes surrounding the baby have not ruptured)
represents a clinical phenotype of spontaneous preterm birth and is responsible for ap-
proximately one-third of all preterm deliveries. PTL has been linked to intra-amniotic
inflammation, which is characterised by elevated amniotic fluid concentrations of inflam-
matory mediators, such as cytokines and chemokines, and an increased number of immune
cells in the amniotic fluid [44]. Furthermore, intra-amniotic infection in pregnancies with
PTL is associated with a stronger intra-amniotic inflammatory response compared to that
observed during sterile intra-amniotic inflammation. This inflammation is characterised
by an increased concentration of IL-6, IL-8 and CCL-3. These lead to the recruitment of
neutrophils and monocytes/macrophages [44,45].

4.4. Preeclampsia (PE)

Preeclampsia (PE) is a severe complication of pregnancy, leading to maternal and peri-
natal morbidity and mortality worldwide. It causes over 70,000 maternal and 500,000 infant
deaths annually, many of which could be prevented with early diagnosis. PE survivors
(over 300 million women and children globally) have reduced life expectancy, and face
increased risks of stroke, cardiovascular disease, and diabetes later in life [46]. Babies
born from PE-complicated pregnancies may develop neurodevelopmental delays and
cardiovascular/metabolic diseases in adulthood [47].

At the pathophysiological level, preeclampsia is characterised by a placental dis-
ease involving an imbalance of angiogenic factors that lead to vascular inflammation,
endothelial dysfunction, and maternal vascular injury [48]. This imbalance includes a
shift in the T cell profile towards a predominance of T helper 1 cells and their asso-
ciated cytokines, likely contributing to poor placentation, maternal inflammation, and
endothelial dysfunction. Placenta-derived factors, such as pro-inflammatory cytokines
and anti-angiogenic molecules, can impact the maternal vascular endothelium, trigger-



Biomolecules 2025, 15, 312 6 of 15

ing the release of additional factors that exacerbate dysfunction. Concurrently, there is a
suppression of pro-angiogenic placental growth factor (PLGF), while the anti-angiogenic
protein sFLT-1 hinders vascular endothelial growth factor (VEGF) signalling, crucial for
maintaining vasorelaxation. Elevated levels of circulating sFLT-1 and reduced levels of
pro-angiogenic factors create an anti-angiogenic state contributing to PE’s clinical mani-
festations [49]. A high plasma sFLT-1:PLGF ratio serves as a robust predictor of disease
severity and adverse out-comes. Furthermore, placental oxidative stress, which is thought
to be caused by mitochondrial dysfunction, is a feature of PE, affecting the secretion of
cytokines, like IL-6 and IL-8 [43]. The transforming growth factor beta 1 (TGF-β1) is another
cytokine that was shown to have an important role in PE’s development, since it inhibits
trophoblast invasion of maternal arteries, possibly through an induction of tissue inhibitor
of MMPs (matrix metalloproteinases) expression. This consequence, when severe, results
in coexistent IUGR [50,51].

Current screening and diagnosis of PE rely on a comprehensive analysis of clinical,
biochemical (Pregnancy-associated plasma Protein A (PAPP-A), Beta-Human Chorionic
Gonadotropin (β-hCG), PLGF, sFLT-1), and biophysical (blood pressure, uterine artery
Doppler measurement) parameters using a trimester-based risk algorithm developed by the
Fetal Medicine Foundation, UK (FMF) [52]. While conventional biomarkers like PAPP-A
and β-hCG, in combination with sFLT-1 and PLGF, are utilised for risk assessment, their
sensitivity and disease selectivity can be enhanced. Recent research into circulating miR-
NAs in pregnant women shows promise as a minimally invasive method for predicting
pregnancy-related complications, including PE, before clinical diagnosis. miRNA mea-
surement also offers a non-invasive means to monitor fetal and maternal organ health.
Enhancing the detection and utilization of miRNAs in pregnant women represents a signif-
icant area of research that could advance the prediction and management of pregnancy-
related complications [53]. If these miRNAs can be integrated into the current clinical
workflow, the ability to early diagnose, predict, monitor, and timely treat PE could be
significantly improved.

4.5. Intrauterine Growth Restriction (IUGR)

Intrauterine growth restriction (IUGR, also known as fetal growth restriction) occurs
when the foetus does not reach its intrauterine potential for growth and development as
a result of placental dysfunction and/or maternal undernutrition [54,55]. This condition
occurs in 5–10% of pregnancies, is responsible for 30% of stillbirths and is the most common
cause of preterm births. Also, it is a marker of an adverse intrauterine environment and a
strong predictor for the development of metabolic, cardiovascular, and renal diseases in
adulthood [32,55]. It is well established that IUGR has a strong association with adverse
long-term health consequences collectively described as the “metabolic syndrome”, includ-
ing hypertension, coronary heart disease, visceral obesity (accumulation of excess fat espe-
cially in the abdominal cavity), impaired glucose tolerance and type 2 diabetes [32,55,56].
Furthermore, babies that are born small for gestational age (SGA, with a birth weight less
than the 10th percentile for their gestational age) have often experienced IUGR [55].

Early IUGR (less than 32 weeks of gestation) is associated with substantial alterations
in placental implantation and have higher rates of perinatal morbidity and mortality. On
the other hand, late IUGR (more than 32 weeks of gestation) presents slight deficiencies
in placentation and lower rates of perinatal morbidity and mortality [54]. In a study with
pregnant rats, it was shown that inducing IUGR during the final trimester (days 14 to
20) is possible, and the effects can be attenuated by administering IL-10, indicating that
IUGR relies, to some extent, on how placental cytokines, such as IL-10, interact and impact
placental growth, development, or function [57,58].
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4.6. Gestational Diabetes Mellitus (GDM)

Gestational diabetes mellitus (GDM) is one of the most common perinatal pathologies,
with a prevalence of 5–20% depending on the population or diagnostic standards [59].
This disorder is defined as the onset of impaired glucose tolerance during pregnancy
and occurs due to an impaired capacity of the maternal beta cells (pregnant woman’s
specialised pancreatic cells) to adapt to the decreased insulin sensitivity that occurs during
pregnancy [32]. This disorder leads to structural and functional changes in the placenta
dependent on the modality and quality of the glycaemic control [34]. The increasing
number of pregnant women developing GDM is closely related to the growing number
of overweight and obese pregnant individuals, which often contributes to the delivery of
large for gestational age (LGA) babies (babies born with higher percent body fat when
compared to infants from pregnancies without medical complications) [34,55].

GDM has a strong relation with oxidative stress, which make mitochondrial dysfunc-
tion capable of influence it, increasing placental oxidative stress, and, in turn, affecting the
secretion of IL-6 and IL-8 [43]. It has been hypothesised that differences in the placental
microbiota could be associated with pregnancy complications, and one study showed
that the placental microbiota from a women diagnosed with GDM differs from that of
normoglycemic women, especially in terms of anti-inflammatory cytokines, like IL-10 [60].
Furthermore, GDM is associated with alterations in the concentration of CCL-4 and can
lead to adverse short-term perinatal complications, such as PE and placental malfunction,
as well as long-term metabolic disorder complications, such as type 2 diabetes mellitus in
both offspring and mother [61].

5. Biomolecules
The previous discussion about molecular signatures in placenta-related diseases

demonstrate that there are various molecules that have an important role in the regulation
of placental function and can be used to detect placental complications, demonstrating they
possible role as biomarkers for pregnancy complications. Most of these potential biomark-
ers (Figures 1 and 2 and Table S1) are interleukins (IL-6 and IL-10), chemokines (IL-8, CCL-3
and CCL-4), and growth factors (TGF-β1, PLGF, and VEGF), which are bioactive molecules
that play an important role in inducing physiological adaptations required for a successful
pregnancy, however when inappropriately regulated they lead to disease [32].

Furthermore, proteins like sFlt-1, PAPP-A, β-hCG, and miRNA (Figure 2 and Table S2)
are already being used as biomarkers for PE and need to be considered since combining the
quantification of all these biomarkers could enhance the current screening and diagnosis of
this disease.

Interleukins, such as IL-6 and IL-10, are small proteins released by immune cells that
act via receptors to regulate the growth, maturation, and responsiveness of particular cell
populations. These proteins are most well-known for the key role they play in regulation
of the immune system, and therefore, cytokine pathways have been utilised as targets
for successful therapeutic intervention via marketed products. Additionally, they are
produced by a wide variety of immune and nonimmune cells and bind to cell surface
receptors, triggering differential gene expression by the targeted cells, and forming complex
interactive networks with potential autocrine, paracrine, and endocrine signalling [62].
IL-6 and IL-10, mediate the interactions between immune and inflammatory cells, and
are able to promote cell growth, differentiation, and functional activation [63]. IL-6, a pro-
inflammatory cytokine, is synthesized from T-lymphocytes, fibroblasts, endothelial cells,
and monocytes [64,65]. A variety of infectious diseases can cause an increase in serum IL-6
levels, which is also associated with mortality [66]. IL-10, an anti-inflammatory cytokine,
targets both innate and adaptive responses [67,68]. Also, it exerts immunosuppressive



Biomolecules 2025, 15, 312 8 of 15

functions to reduce tissue damage caused by excess and uncontrolled inflammatory effector
responses, especially during the resolution phase of infection and inflammation. This
interleukin is produced by almost all subsets of leukocytes, including macrophages and
B cells [68].

Chemokines (or chemotactic cytokines), such as IL-8, CCL-3 and CCL-4, are best
known for stimulating cell migration and playing a central role in the development and
homeostasis of the immune system. Additionally, they are involved in all protective or de-
structive immune and inflammatory responses [69]. IL-8 is a pro-inflammatory chemokine
that, during an injury or infection, is involved in the recruitment of neutrophils from
blood vessels to the affected tissue promoting angiogenesis, and stimulants, such as pro-
inflammatory cytokines, cellular stress, or bacterial and viral products, trigger cells to
produce it [70–75]. In a normal pregnancy, IL-8 concentration generally increases between
the second and third trimesters [76]. However, during in vitro fertilization process, high
levels of IL-8 correlate with incorrect embryo development and unsuccessful embryo
implantation [77]. This finding goes well with the fact that the exposure of human amni-
otic mesenchymal cells to inflammatory stimuli upregulates the secretion of IL-8 [78,79].
Moreover, this chemokine also appears to be capable of suppressing spontaneous apop-
tosis in IL-8-expressing cells and has been implicated as a survival factor for endothelial
cells [73,80]. CCL-3 and CCL-4 are also pro-inflammatory chemokines and highly related
members of the C-C chemokine family and were shown capable of inducing chemotactic
mobilization of monocyte-lineage cells and lymphocytes into inflammatory tissues [81,82].
CCL-3 guides and activates macrophages to secrete IL-6 [83]. Whereas CCL-4 demonstrate
significant effects on cell apoptosis at a higher concentration (40 ng/mL), while at lower
concentrations, generates no obvious effect [84].

Growth factors, specifically TGF-β superfamily, are known for their roles in cell pro-
liferation, differentiation, apoptosis, and tissue remodelling. They are abundantly and
dynamically expressed in the endometrium, and appear to have instrumental roles in
modulating cellular events involved in placental hormone production, menstruation, prolif-
eration, decidualisation, and the establishment of pregnancy [85]. Regarding TGF-β1, this
protein mediates the growth and the cell cycle effects of high glucose in human umbilical
vein endothelial cells [86]. Additionally, it is thought to participate in the induction of adult
mesenchymal stem cells (MSCs)-mediated immunosuppression [87].
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Figure 1. Biomolecules and In Vitro and Ex Vivo Experimental Analysis. (A). Schematic repre-
sentation of in vitro and ex vivo biomolecules analysis during pregnancy. (B). Summary table
highlighting the protein biomarkers and their concentration range detected through both in vitro and
ex vivo methods [79,86,88–90].



Biomolecules 2025, 15, 312 9 of 15

Biomolecules 2025, 15, x FOR PEER REVIEW 9 of 15 
 

Figure 1. Biomolecules and In Vitro and Ex Vivo Experimental Analysis. (A). Schematic representa-
tion of in vitro and ex vivo biomolecules analysis during pregnancy. (B). Summary table highlight-
ing the protein biomarkers and their concentration range detected through both in vitro and ex vivo 
methods [79,86,88–90]. 

 

Figure 2. Biomolecules and Biological Fluid Analysis. (A). Schematic representation of body fluids 
and biomolecules analysed throughout pregnancy. (B). Summary table highlighting the protein and 
mRNA biomarkers, along with their concentration ranges, detected across different body fluids 
[76,91–102]. 

6. Future Trends and Innovations in Maternal-Fetal Health 
The growing concern over mortality and morbidity rates related to placenta dysfunc-

tion and related diseases has led to an increased demand for validation and discovery of 
predictive molecular biomarkers. Measuring clinically relevant biomarkers in readily 
available body fluids is an unmet need for early and improved diagnosis and monitoring 
of pregnant women to accelerate decision-making with the placental dysfunction risk de-
velopment. Reliable point-of-care (POC) tests for biomarkers is essential for rapid and in-
formed clinical decisions, as delaying diagnosis puts both the mother and foetus at risk. 
However, dependable POC testing for key biomarkers that can accelerate early diagnosis, 
aid in pregnancy risk assessment, and monitoring before symptoms manifest remains an 
unmet need. Addressing this unmet need in the near future can significantly improve ma-
ternal and fetal outcomes, reducing the burden of these conditions on healthcare systems 
and society as a whole. 

Current in vitro diagnostic technologies mainly include molecular biology diagnosis, 
immunoassay, and physiological signal monitoring. Among these technologies, immuno-
assays have been routinely used to detect various biomarkers, such as small molecules, 
proteins, and nucleic acids [103]. ELISA has become the most popular immunoassay be-
cause of its good specificity, good sensitivity, and high throughput [104]. The readout of 

Figure 2. Biomolecules and Biological Fluid Analysis. (A). Schematic representation of body fluids and
biomolecules analysed throughout pregnancy. (B). Summary table highlighting the protein and mRNA
biomarkers, along with their concentration ranges, detected across different body fluids [76,91–102].

6. Future Trends and Innovations in Maternal-Fetal Health
The growing concern over mortality and morbidity rates related to placenta dysfunc-

tion and related diseases has led to an increased demand for validation and discovery
of predictive molecular biomarkers. Measuring clinically relevant biomarkers in readily
available body fluids is an unmet need for early and improved diagnosis and monitoring
of pregnant women to accelerate decision-making with the placental dysfunction risk
development. Reliable point-of-care (POC) tests for biomarkers is essential for rapid and
informed clinical decisions, as delaying diagnosis puts both the mother and foetus at risk.
However, dependable POC testing for key biomarkers that can accelerate early diagnosis,
aid in pregnancy risk assessment, and monitoring before symptoms manifest remains an
unmet need. Addressing this unmet need in the near future can significantly improve
maternal and fetal outcomes, reducing the burden of these conditions on healthcare systems
and society as a whole.

Current in vitro diagnostic technologies mainly include molecular biology diagnosis,
immunoassay, and physiological signal monitoring. Among these technologies, immunoas-
says have been routinely used to detect various biomarkers, such as small molecules,
proteins, and nucleic acids [103]. ELISA has become the most popular immunoassay be-
cause of its good specificity, good sensitivity, and high throughput [104]. The readout of
the results from conventional ELISA relies on the naked eye or a plate reader, which allows
a faster quantitative analysis of the absorbance or fluorescence results. However, the huge
size of plate reader normally limits the use of ELISA for POC applications [105,106]. Also,
these conventional immunoassay such as ELISA require complex operation processes and
expensive instruments, making the use of this in a POC system even more difficult [107].
To enable a better and more efficient detection of these biomarkers for pregnancy compli-
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cations, it would be better to have a faster and easier way to do it, creating a diagnostic
technique that could be use in a POC context with ease.

While additional studies are needed to validate the potential of the described biomark-
ers, alongside clinical symptoms, for the diagnosis and monitoring of pregnancy compli-
cations, this review underscores the consistent alterations of these biomolecules across
various pregnancy-related pathologies, highlighting their relevance.

7. Conclusions
In conclusion, the biomarkers discussed above show great promise as biomarkers for

pregnancy complications. Incorporating these biomarkers into a POC system, which can be
utilized by the doctor during medical appointments, would offer pregnant women a fast
and easy way to know if their pregnancy and, with it, their baby are at risk or not.

Thus, decreasing the number of preterm births and giving a better quality of life for
the mother and the fetus.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biom15030312/s1, Table S1: Concentrations of biomarkers during different
pregnancy and placenta cell-line conditions [107]; Table S2: First trimester extracellular miRNAs
during different pregnancy conditions [97–102].
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59. Kaminska, K.; Stenclik, D.; Błażejewska, W.; Bogdański, P.; Moszak, M. Probiotics in the Prevention and Treatment of Gestational
Diabetes Mellitus (GDM): A Review. Nutrients 2022, 14, 4303. [CrossRef] [PubMed]

60. Pelzer, E.; Gomez-Arango, L.F.; Barrett, H.L.; Nitert, M.D. Review: Maternal health and the placental microbiome. Placenta 2017,
54, 30–37. [CrossRef]

61. Liu, H.; Liu, A.; Kaminga, A.C.; McDonald, J.; Wen, S.W.; Pan, X. Chemokines in Gestational Diabetes Mellitus. Front. Immunol.
2022, 13, 705852. [CrossRef]

https://doi.org/10.1016/j.placenta.2016.12.006
https://www.ncbi.nlm.nih.gov/pubmed/27993398
https://doi.org/10.1016/j.bpobgyn.2020.07.005
https://doi.org/10.1016/j.ajog.2004.10.157
https://doi.org/10.2500/aap.2019.40.4253
https://doi.org/10.2500/aap.2023.44.220077
https://www.ncbi.nlm.nih.gov/pubmed/36719688
https://doi.org/10.3389/fendo.2021.619530
https://www.ncbi.nlm.nih.gov/pubmed/34177797
https://doi.org/10.1016/S2213-8587(16)30217-0
https://doi.org/10.1016/j.placenta.2016.12.012
https://www.ncbi.nlm.nih.gov/pubmed/28024805
https://doi.org/10.1080/14767058.2021.1922381
https://www.ncbi.nlm.nih.gov/pubmed/33969779
https://doi.org/10.1111/j.1600-0897.1995.tb00946.x
https://doi.org/10.1038/s41572-023-00417-6
https://doi.org/10.1186/s12916-021-02218-8
https://www.ncbi.nlm.nih.gov/pubmed/35073907
https://doi.org/10.1161/CIRCRESAHA.118.313276
https://www.ncbi.nlm.nih.gov/pubmed/30920918
https://doi.org/10.3390/ijms20174246
https://doi.org/10.1172/JCI6380
https://doi.org/10.1002/jcp.1041480207
https://doi.org/10.1002/uog.19112
https://doi.org/10.1038/s41586-021-04249-w
https://www.ncbi.nlm.nih.gov/pubmed/34987224
https://doi.org/10.1007/s00404-017-4341-9
https://www.ncbi.nlm.nih.gov/pubmed/28285426
https://doi.org/10.1016/j.placenta.2017.01.101
https://doi.org/10.1259/bjr/38447238
https://www.ncbi.nlm.nih.gov/pubmed/21937614
https://doi.org/10.1111/j.1600-0897.1999.tb00473.x
https://www.ncbi.nlm.nih.gov/pubmed/10476692
https://doi.org/10.1096/fasebj.12.2.189
https://www.ncbi.nlm.nih.gov/pubmed/9472984
https://doi.org/10.3390/nu14204303
https://www.ncbi.nlm.nih.gov/pubmed/36296986
https://doi.org/10.1016/j.placenta.2016.12.003
https://doi.org/10.3389/fimmu.2022.705852


Biomolecules 2025, 15, 312 13 of 15

62. Ramani, T.; Auletta, C.S.; Weinstock, D.; Mounho-Zamora, B.; Ryan, P.C.; Salcedo, T.W.; Bannish, G. Cytokines: The Good, the
Bad, and the Deadly. Int. J. Toxicol. 2015, 34, 355–365. [CrossRef]

63. Mizel, S.B. The interleukins 1. FASEB J. 1989, 3, 2379–2388. [CrossRef]
64. Song, J.; Park, D.W.; Moon, S.; Cho, H.-J.; Park, J.H.; Seok, H.; Choi, W.S. Diagnostic and prognostic value of interleukin-6,

pentraxin 3, and procalcitonin levels among sepsis and septic shock patients: A prospective controlled study according to the
Sepsis-3 definitions. BMC Infect. Dis. 2019, 19, 968. [CrossRef] [PubMed]

65. Tertis, M.; Leva, P.I.; Bogdan, D.; Suciu, M.; Graur, F.; Cristea, C. Impedimetric aptasensor for the label-free and selective detection
of Interleukin-6 for colorectal cancer screening. Biosens. Bioelectron. 2019, 137, 123–132. [CrossRef]

66. Messina, G.A.; Panini, N.V.; Martinez, N.A.; Raba, J. Microfluidic immunosensor design for the quantification of interleukin-6 in
human serum samples. Anal. Biochem. 2008, 380, 262–267. [CrossRef] [PubMed]

67. Janeway, C. (Ed.) Immunobiology: The Immune System in Health and Disease, 5th ed.; Animated CD-ROM Inside; Garland Publ.:
New York, NY, USA, 2001; 732p.

68. Ouyang, W.; O’Garra, A. IL-10 Family Cytokines IL-10 and IL-22: From Basic Science to Clinical Translation. Immunity 2019,
50, 871–891. [CrossRef]

69. Hughes, C.E.; Nibbs, R.J.B. A guide to chemokines and their receptors. FEBS J. 2018, 285, 2944–2971. [CrossRef] [PubMed]
70. Aydın, E.B.; Sezgintürk, M.K. An impedimetric immunosensor for highly sensitive detection of IL-8 in human serum and saliva

samples: A new surface modification method by 6-phosphonohexanoic acid for biosensing applications. Anal. Biochem. 2018,
554, 44–52. [CrossRef] [PubMed]

71. Benoy, I.H.; Salgado, R.; Van Dam, P.; Geboers, K.; Van Marck, E.; Scharpé, S.; Vermeulen, P.B.; Dirix, L.Y. Increased Serum
Interleukin-8 in Patients with Early and Metastatic Breast Cancer Correlates with Early Dissemination and Survival. Clin. Cancer
Res. 2004, 10, 7157–7162. [CrossRef] [PubMed]

72. Hoffmann, E.; Dittrich-Breiholz, O.; Holtmann, H.; Kracht, M. Multiple control of interleukin-8 gene expression. J. Leukoc. Biol.
2002, 72, 847–855. [CrossRef]

73. Li, A.; Dubey, S.; Varney, M.L.; Dave, B.J.; Singh, R.K. IL-8 Directly Enhanced Endothelial Cell Survival, Proliferation, and Matrix
Metalloproteinases Production and Regulated Angiogenesis1. J. Immunol. 2003, 170, 3369–3376. [CrossRef] [PubMed]

74. Sharma, R.; Deacon, S.E.; Nowak, D.; George, S.E.; Szymonik, M.P.; Tang, A.A.S.; Tomlinson, D.C.; Davies, A.G.; McPherson, M.J.;
Wälti, C. Label-free electrochemical impedance biosensor to detect human interleukin-8 in serum with sub-pg/ml sensitivity.
Biosens. Bioelectron. 2016, 80, 607–613. [CrossRef]

75. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and chemokines: At the crossroads of cell signalling and
inflammatory disease. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2014, 1843, 2563–2582. [CrossRef] [PubMed]

76. Ross, K.M.; Miller, G.; Culhane, J.; Grobman, W.; Simhan, H.N.; Wadhwa, P.D.; Williamson, D.; McDade, T.; Buss, C.; Entringer, S.;
et al. Patterns of peripheral cytokine expression during pregnancy in two cohorts and associations with inflammatory markers in
cord blood. Am. J. Reprod. Immunol. 2016, 76, 406–414. [CrossRef] [PubMed]

77. Abreu, C.M.; Thomas, V.; Knaggs, P.; Bunkheila, A.; Cruz, A.; Teixeira, S.R.; Alpuim, P.; Francis, L.W.; Gebril, A.; Ibrahim, A.;
et al. Non-invasive molecular assessment of human embryo development and implantation potential. Biosens. Bioelectron. 2020,
157, 112144. [CrossRef]

78. Kang, J.W.; Koo, H.C.; Hwang, S.Y.; Kang, S.K.; Ra, J.C.; Lee, M.H.; Park, Y.H. Immunomodulatory effects of human amniotic
membrane-derived mesenchymal stem cells. J. Vet. Sci. 2012, 13, 23. [CrossRef]

79. Rossi, D.; Pianta, S.; Magatti, M.; Sedlmayr, P.; Parolini, O. Characterization of the Conditioned Medium from Amniotic Membrane
Cells: Prostaglandins as Key Effectors of Its Immunomodulatory Activity. PLoS ONE 2012, 7, e46956. [CrossRef] [PubMed]

80. Singh, R.K.; Lokeshwar, B.L. Depletion of intrinsic expression of Interleukin-8 in prostate cancer cells causes cell cycle arrest,
spontaneous apoptosis and increases the efficacy of chemotherapeutic drugs. Mol. Cancer 2009, 8, 57. [CrossRef] [PubMed]

81. Baba, T.; Mukaida, N. Role of macrophage inflammatory protein (MIP)-1α/CCL3 in leukemogenesis. Mol. Cell. Oncol. 2014,
1, e29899. [CrossRef] [PubMed]

82. Menten, P.; Wuyts, A.; Van Damme, J. Macrophage inflammatory protein-1. Cytokine Growth Factor Rev. 2002, 13, 455–481.
[CrossRef] [PubMed]

83. Brueckmann, M.; Hoffmann, U.; de Rossi, L.; Weiler, H.M.; Liebe, V.; Lang, S.; Kaden, J.J.; Borggrefe, M.; Haase, K.K.; Huhle,
G. Activated protein C inhibits the release of macrophage inflammatory protein-1-alpha from THP-1 cells and from human
monocytes. Cytokine 2004, 26, 106–113. [CrossRef] [PubMed]

84. Chu, H.; Jia, B.; Qiu, X.; Pan, J.; Sun, X.; Wang, Z.; Zhao, J. Investigation of proliferation and migration of tongue squamous
cell carcinoma promoted by three chemokines, MIP-3α, MIP-1β, and IP-10. OncoTargets Ther. 2017, 10, 4193–4203. [CrossRef]
[PubMed]

85. Jones, R.L.; Stoikos, C.; Findlay, J.K.; Salamonsen, L.A. TGF-β superfamily expression and actions in the endometrium and
placenta. Reproduction 2006, 132, 217–232. [CrossRef] [PubMed]

https://doi.org/10.1177/1091581815584918
https://doi.org/10.1096/fasebj.3.12.2676681
https://doi.org/10.1186/s12879-019-4618-7
https://www.ncbi.nlm.nih.gov/pubmed/31718563
https://doi.org/10.1016/j.bios.2019.05.012
https://doi.org/10.1016/j.ab.2008.05.055
https://www.ncbi.nlm.nih.gov/pubmed/18577366
https://doi.org/10.1016/j.immuni.2019.03.020
https://doi.org/10.1111/febs.14466
https://www.ncbi.nlm.nih.gov/pubmed/29637711
https://doi.org/10.1016/j.ab.2018.05.030
https://www.ncbi.nlm.nih.gov/pubmed/29902421
https://doi.org/10.1158/1078-0432.CCR-04-0812
https://www.ncbi.nlm.nih.gov/pubmed/15534087
https://doi.org/10.1189/jlb.72.5.847
https://doi.org/10.4049/jimmunol.170.6.3369
https://www.ncbi.nlm.nih.gov/pubmed/12626597
https://doi.org/10.1016/j.bios.2016.02.028
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://www.ncbi.nlm.nih.gov/pubmed/24892271
https://doi.org/10.1111/aji.12563
https://www.ncbi.nlm.nih.gov/pubmed/27615067
https://doi.org/10.1016/j.bios.2020.112144
https://doi.org/10.4142/jvs.2012.13.1.23
https://doi.org/10.1371/journal.pone.0046956
https://www.ncbi.nlm.nih.gov/pubmed/23071674
https://doi.org/10.1186/1476-4598-8-57
https://www.ncbi.nlm.nih.gov/pubmed/19646263
https://doi.org/10.4161/mco.29899
https://www.ncbi.nlm.nih.gov/pubmed/27308309
https://doi.org/10.1016/S1359-6101(02)00045-X
https://www.ncbi.nlm.nih.gov/pubmed/12401480
https://doi.org/10.1016/j.cyto.2004.01.004
https://www.ncbi.nlm.nih.gov/pubmed/15135804
https://doi.org/10.2147/OTT.S132855
https://www.ncbi.nlm.nih.gov/pubmed/28919775
https://doi.org/10.1530/rep.1.01076
https://www.ncbi.nlm.nih.gov/pubmed/16885531


Biomolecules 2025, 15, 312 14 of 15

86. Yevdokimova, N.Y.; Komisarenko, S.V. TGFbeta1 is involved in high glucose-induced accumulation of pericellular chondroitin
sulphate in human endothelial cells. J. Diabetes Its Complicat. 2004, 18, 300–308. [CrossRef]

87. Shi, M.; Liu, Z.-W.; Wang, F.-S. Immunomodulatory properties and therapeutic application of mesenchymal stem cells. Clin. Exp.
Immunol. 2011, 164, 1–8. [CrossRef]

88. Messerli, M.; May, K.; Hansson, S.R.; Schneider, H.; Holzgreve, W.; Hahn, S.; Rusterholz, C. Feto-maternal interactions in
pregnancies: Placental microparticles activate peripheral blood monocytes. Placenta 2010, 31, 106–112. [CrossRef]

89. Southcombe, J.; Tannetta, D.; Redman, C.; Sargent, I. The Immunomodulatory Role of Syncytiotrophoblast Microvesicles. PLoS
ONE 2011, 6, e20245. [CrossRef]

90. Kitaya, K.; Nakayama, T.; Okubo, T.; Kuroboshi, H.; Fushiki, S.; Honjo, H. Expression of Macrophage Inflammatory Protein-1β in
Human Endometrium: Its Role in Endometrial Recruitment of Natural Killer Cells. J. Clin. Endocrinol. Metab. 2003, 88, 1809–1814.
[CrossRef] [PubMed]

91. Ozer, K.T.; Kavak, Z.N.; Gökaslan, H.; Elter, K.; Pekin, T. Predictive power of maternal serum and amniotic fluid CRP and
PAPP-A concentrations at the time of genetic amniocentesis for the preterm delivery. Eur. J. Obstet. Gynecol. Reprod. Biol. 2005,
122, 187–190. [CrossRef]

92. Stemp, M.; Roberts, P.; McClements, A.; Chapple, V.; Natalwala, J.; Black, M.; Matson, P. Serum concentrations of the biomarkers
CA125, CA15-3, CA72-4, tPSA and PAPP-A in natural and stimulated ovarian cycles. Asian Pac. J. Reprod. 2014, 3, 90–96.
[CrossRef]

93. Morssink, L.P.; Kornman, L.H.; Hallahan, T.W.; Kloosterman, M.D.; Beekhuis, J.R.; De Wolf, B.T.H.M.; Mantingh, A. Maternal
serum levels of free β-hCG and PAPP-A in the first trimester of pregnancy are not associated with subsequent fetal growth
retardation or preterm delivery. Prenat. Diagn. 1998, 18, 147–152. [CrossRef]

94. Tayama, C.; Ichimaru, S.; Ito, M.; Nakayama, M.; Maeyama, M.; Miyakawa, I. Unconjugated estradiol, estriol and total estriol
in maternal peripheral vein, cord vein, and cord artery serum at delivery in pregnancies with intrauterine growth retardation.
Endocrinol. Jpn. 1983, 30, 155–162. [CrossRef] [PubMed]

95. Kim, C.K.; Yang, Y.H. Alpha-Fetoprotein Values in Maternal Serum and Amniotic Fluid for Prenatal Screening of Genetic
Disorders. Yonsei Med. J. 1987, 28, 218. [CrossRef] [PubMed]

96. Al-Azemi, M.; Ledger, W.L.; Diejomaoh, M.; Mousa, M.; Makhseed, M.; Omu, A. Measurement of inhibin A and inhibin pro-αC
in early human pregnancy and their role in the prediction of pregnancy outcome in patients with recurrent pregnancy loss. Fertil.
Steril. 2003, 80, 1473–1479. [CrossRef]

97. Hromadnikova, I.; Kotlabova, K.; Ivankova, K.; Krofta, L. First trimester screening of circulating C19MC microRNAs and the
evaluation of their potential to predict the onset of preeclampsia and IUGR. PLoS ONE 2017, 12, e0171756. [CrossRef] [PubMed]

98. Ura, B.; Feriotto, G.; Monasta, L.; Bilel, S.; Zweyer, M.; Celeghini, C. Potential role of circulating microRNAs as early markers of
preeclampsia. Taiwan. J. Obstet. Gynecol. 2014, 53, 232–234. [CrossRef] [PubMed]

99. Yoffe, L.; Gilam, A.; Yaron, O.; Polsky, A.; Farberov, L.; Syngelaki, A.; Nicolaides, K.; Hod, M.; Shomron, N. Early Detection of
Preeclampsia Using Circulating Small non-coding RNA. Sci. Rep. 2018, 8, 3401. [CrossRef]

100. Mavreli, D.; Lykoudi, A.; Lambrou, G.; Papaioannou, G.; Vrachnis, N.; Kalantaridou, S.; Papantoniou, N.; Kolialexi, A. Deep
Sequencing Identified Dysregulated Circulating MicroRNAs in Late Onset Preeclampsia. In Vivo 2020, 34, 2317–2324. [CrossRef]
[PubMed]

101. Wander, P.L.; Boyko, E.J.; Hevner, K.; Parikh, V.J.; Tadesse, M.G.; Sorensen, T.K.; Williams, M.A.; Enquobahrie, D.A. Circulating
early- and mid-pregnancy microRNAs and risk of gestational diabetes. Diabetes Res. Clin. Pract. 2017, 132, 1–9. [CrossRef]

102. Yoffe, L.; Polsky, A.; Gilam, A.; Raff, C.; Mecacci, F.; Ognibene, A.; Crispi, F.; Gratacós, E.; Kanety, H.; Mazaki-Tovi, S.; et al. Early
diagnosis of gestational diabetes mellitus using circulating microRNAs. Eur. J. Endocrinol. 2019, 181, 565–577. [CrossRef]

103. Jones, A.; Dhanapala, L.; Kankanamage, R.N.T.; Kumar, C.V.; Rusling, J.F. Multiplexed Immunosensors and Immunoarrays. Anal.
Chem. 2020, 92, 345–362. [CrossRef]

104. Klumpp-Thomas, C.; Kalish, H.; Drew, M.; Hunsberger, S.; Snead, K.; Fay, M.P.; Mehalko, J.; Shunmugavel, A.; Wall, V.; Frank,
P.; et al. Standardization of ELISA protocols for serosurveys of the SARS-CoV-2 pandemic using clinical and at-home blood
sampling. Nat. Commun. 2021, 12, 113. [CrossRef] [PubMed]

105. Roda, A.; Michelini, E.; Zangheri, M.; Di Fusco, M.; Calabria, D.; Simoni, P. Smartphone-based biosensors: A critical review and
perspectives. TrAC Trends Anal. Chem. 2016, 79, 317–325. [CrossRef]

106. Zhdanov, A.; Keefe, J.; Franco-Waite, L.; Konnaiyan, K.R.; Pyayt, A. Mobile phone based ELISA (MELISA). Biosens. Bioelectron.
2018, 103, 138–142. [CrossRef] [PubMed]

107. Pérez-Ruiz, E.; Decrop, D.; Ven, K.; Tripodi, L.; Leirs, K.; Rosseels, J.; Van De Wouwer, M.; Geukens, N.; De Vos, A.; Vanmechelen,
E.; et al. Digital ELISA for the quantification of attomolar concentrations of Alzheimer’s disease biomarker protein Tau in
biological samples. Anal. Chim. Acta 2018, 1015, 74–81. [CrossRef]

https://doi.org/10.1016/S1056-8727(03)00113-2
https://doi.org/10.1111/j.1365-2249.2011.04327.x
https://doi.org/10.1016/j.placenta.2009.11.011
https://doi.org/10.1371/journal.pone.0020245
https://doi.org/10.1210/jc.2002-020980
https://www.ncbi.nlm.nih.gov/pubmed/12679478
https://doi.org/10.1016/j.ejogrb.2005.02.021
https://doi.org/10.1016/S2305-0500(14)60010-5
https://doi.org/10.1002/(SICI)1097-0223(199802)18:2%3C147::AID-PD231%3E3.0.CO;2-W
https://doi.org/10.1507/endocrj1954.30.155
https://www.ncbi.nlm.nih.gov/pubmed/6227476
https://doi.org/10.3349/ymj.1987.28.3.218
https://www.ncbi.nlm.nih.gov/pubmed/2448962
https://doi.org/10.1016/S0015-0282(03)02215-5
https://doi.org/10.1371/journal.pone.0171756
https://www.ncbi.nlm.nih.gov/pubmed/28182660
https://doi.org/10.1016/j.tjog.2014.03.001
https://www.ncbi.nlm.nih.gov/pubmed/25017274
https://doi.org/10.1038/s41598-018-21604-6
https://doi.org/10.21873/invivo.12044
https://www.ncbi.nlm.nih.gov/pubmed/32871756
https://doi.org/10.1016/j.diabres.2017.07.024
https://doi.org/10.1530/EJE-19-0206
https://doi.org/10.1021/acs.analchem.9b05080
https://doi.org/10.1038/s41467-020-20383-x
https://www.ncbi.nlm.nih.gov/pubmed/33397956
https://doi.org/10.1016/j.trac.2015.10.019
https://doi.org/10.1016/j.bios.2017.12.033
https://www.ncbi.nlm.nih.gov/pubmed/29291593
https://doi.org/10.1016/j.aca.2018.02.011


Biomolecules 2025, 15, 312 15 of 15

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Placenta 
	Structure and Cellular Components of Human Term Placenta 
	Function of Human Placenta 

	Prenatal Screening for Placenta Dysfunction 
	Molecular Signatures of Placenta-Related Diseases 
	Asthma 
	Obesity 
	Preterm Labour (PTL) 
	Preeclampsia (PE) 
	Intrauterine Growth Restriction (IUGR) 
	Gestational Diabetes Mellitus (GDM) 

	Biomolecules 
	Future Trends and Innovations in Maternal-Fetal Health 
	Conclusions 
	References

