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Abstract

Substantial growth in the biosensor research has enabled novel, sensitive and point-of-care 

diagnosis of human diseases in the last decade. This paper presents an overview of the research in 

the field of biosensors that can potentially predict and diagnosis of common placental pathologies. 

A survey of biomarkers in maternal circulation and their characterization methods is presented, 

including markers of oxidative stress, angiogenic factors, placental debris, and inflammatory 

biomarkers that are associated with various pathophysiological processes in the context of 

pregnancy complications. Novel biosensors enabled by microfluidics technology and 

nanomaterials is then reviewed. Representative designs of plasmonic and electrochemical 

biosensors for highly sensitive and multiplexed detection of biomarkers, as well as on-chip sample 

preparation and sensing for automatic biomarker detection are illustrated. New trends in organ-on-

a-chip based placental disease models are highlighted to illustrate the capability of these in vitro 
disease models in better understanding the complex pathophysiological processes, including mass 

transfer across the placental barrier, oxidative stress, inflammation, and malaria infection. 

Biosensor technologies that can be potentially embedded in the placental models for real time, 

label-free monitoring of these processes and events are suggested. Merger of cell culture in 

microfluidics and biosensing can provide significant potential for new developments in advanced 

placental models, and tools for diagnosis, drug screening and efficacy testing.
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INTRODUCTION

Human placenta is a transient organ of vital importance in control and regulation of 

maternal-fetal communications(1). It allows selective transport of nutrients, wastes, 

hormones and neurotransmitters, as well as a barrier to toxins and infectious organisms, 

which are required for healthy growth and survival of fetus and maintenance of pregnancy. 

Dysfunctional or insufficient placental development may result in morbidity and mortality of 

both mother and fetus. This review is focused on a discussion on the biosensor technologies 

and their applications in detection of biomarkers for prediction and diagnosis of common 

placental pathologies due to maternal health complications. We intend to highlight the 

possible merger between the circulating biomarkers and engineering techniques towards 

minimally invasive detection of placental pathologies.

Common placental pathologies.

Among common placental pathologies, preeclampsia (PE) is a unique human condition due 

to placental dysfunction, which releases substances in the maternal circulation causing 

endothelium dysfunction and symptoms of hypertension and proteinuria. It is one of the 

most common and life-threatening disorders during pregnancy(2). A fetal adverse outcome 

is intrauterine growth restriction (IUGR). It occurs when the fetus fails to reach its expected 

growth potential, characterized by insufficient transfer of nutrients and oxygen to the fetus 

and impaired growth of fetal organs and tissues. IUGR may result from maternal under-

nutrition, medical conditions, as well as infection. Malaria infection during pregnancy is 

characterized by sequestration of infected erythrocytes in placenta, known as placental 

malaria (PM). It is an established risk factor for small-for-gestational-age births, and highly 

associated with IUGR in comparison to the undemutrition(3). PM is also characterized by 

intervillous inflammation with infiltration of mononuclear immune cells and fibrin deposits, 

and receiving antimalarial treatment in the previous month was significantly protective 

against IUGR(3). Another IUGR condition opposite to small-for-gestational-age births is 

large-for-gestational age, which can occur in gestational diabetes mellitus (GDM). GDM is 

the onset of impaired glucose tolerance during pregnancy, due to increased insulin resistance 

and inadequate β-cell compensation, partially caused by insufficient production of placental 

hormones such as placental lactogen (4).

Placental hormones.

Human placenta is an important endocrine organ and secrets numerous important hormones, 

which are vital to support the development of pregnancy and fetus, as well as to drive the 

maternal physiological changes from gestation to beyond childbirth. These placental 

hormones are released into maternal circulation during pregnancy. Many of these hormones 

have been extensively studied and correlations between their alterations and certain 

pregnancy complications have been established. The results suggest that they are potentially 

useful biomarkers for prediction and diagnosis of pregnancy complications. It was reported 

that the concentrations of the steroids (progesterone and estrogen) are associated with 

hypertensive disorders in pregnancy(1), and increased in women with GDM(2, 3) but 

decreased in the case of PE(4). Placental lactogens is a polypeptide hormone, mainly 

synthesized by syncytiotrophoblast and are detected in both maternal and fetal circulations. 
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It plays a critical role for materno-fetal energy homeostasis by regulating maternal lipid and 

carbohydrate metabolism. Placental lactogen was found to be low in GDM, which causes the 

insufficient adaption of the maternal beta cells to the decreased insulin sensitivity induced by 

pregnancy(7). Another example is human placental growth hormone, which reduces 

maternal insulin sensitivity to promote nutrient availability for fetal development (5). It was 

found that its maternal serum concentration is significantly increased in women with PE(6). 

Comprehensive analysis and discussion regarding the role of these placental hormones in 

mediating maternal adaptations through pregnancy, parturition to lactation, as well as their 

associations with common pregnancy pathologies can be found in reviews by Napso et al. 

(8) and by Costa (9), respectively.

Biosensor technology.

A biosensor is a self-contained integrated receptor-transducer device, which is capable of 

providing specific quantitative or semi-quantitative analytical information using a biological 

recognition element(5). Three critical components of a biosensor device are analyte of 

interest, bioreceptor element that recognizes a specific analyte, and a transducer element that 

provides a measurable chemical, optical, or electrical signal (Fig. 1a). In development of 

minimally invasive diagnosis tools for placental pathologies, the analytes may include 

various circulating biological elements in maternal blood and amniotic fluid (6). An affinity-

based biorecognition events may be antigen-antibody binding, nucleic acid hybridization, 

specific binding of cell-surface receptor to immobilized ligand, or aptamer binding to target 

cells. A catalysis-based biorecognition may be catalysis production from enzymic reaction 

(7). Correspondingly, an immunosensor exploits the specific antigen–antibody binding with 

high sensitivity and selectivity, and either component can be used as a biorecognition 

element (8). A nucleic acid-based biosensor employs hybridization between a surface 

immobilized nucleic acid probe sequence (DNA oligomers or its modified forms) and its 

complementary target sequence(9). A cell-based biosensor utilizes the constituted 

bioreceptor layer of live cells to detect functional information of biologically active analytes, 

changes in intracellular and extracellular microenvironments, or cellular response to external 

stimuli(10). Aptamers are synthetic strands of nucleic acid but behave more like antibodies 

(11, 12). An enzyme-based biosensor applies catalytic action and binding capabilities for a 

specific detection(13).

Based on the transduction mechanism, a biosensor can be optical, electrochemical/electrical, 

or mechanical (Fig. 1b). Optical transduction is the most common method and can be based 

on colorimetry or fluorometry. The colorimetric method is developed based upon color 

changes using chemo-responsive dyes or surface modified nanoparticles for the detection of 

analyte(14, 15). A well-known example of colorimetric biosensor is enzyme-linked 

immunosorbent assay (ELISA), which has been the primary tool for detection of analytes of 

interest in biological samples and are widely used in life science research and clinical 

diagnostics. Fluorometric biosensors utilize fluorescent mechanisms for signal transduction, 

which are more complex and costly comparing to colorimetric sensors. Other optical 

technologies reply on illuminating noble metal using incident laser (ultraviolet-visible). The 

highly active field of research has been focused on the signals of surface plasmon resonance 

(SPR) and surface-enhanced Raman scattering (SERS). SPR operates using incident light to 
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collectively excite electrons of a conduction band in a metal film or surfaces of metal 

nanoparticles (NPs), such as gold, silver, copper and aluminum (16). SPR technique has 

been used in concentration analysis of analytes for clinical diagnostics(17, 18). SERS is a 

powerful vibrational spectroscopy by illuminating a plasmonic substrate material, such as 

colloidal or metal NPs with Raman laser(19). SERS signals can rely on the direct adsorption 

or binding of an analyte molecule to the substrate or via a reporter molecule(20). SERS-

based immunoassays have been demonstrated to be effective in detection and quantification 

of biomarkers of cardiovascular diseases in vitro(21–23) and in vivo (24). Fundamentals, 

techniques for improved SERS performance, and applications have been discussed in several 

in-depth reviews (25–27).

In an electrochemical biosensor, biorecognition element is kept in direct contact with the 

transduction electrode, where the electrical signal is produced by physical changes during 

the biorecognition process or electrochemical reaction (oxidation and reduction processes)

(7). Depending on the type of electrical signals, electrochemical biosensors can be generally 

categorized into amperometric/voltammetric(28), potentiometric(29), conductometric(30), 

and electrical impedance (EI) sensors (31). EI sensors can be based on Coulter principle, 

impedance spectroscopy of cell suspension, or electric cell-substrate impedance sensing, 

offering single particle analysis, dielectric characterization of cells in suspension, and cells 

adherent to substrate electrodes, respectively (32). EI-based sensors can operate on a broad 

range of frequencies that span from α-dispersion (Hz – kHz), β-dispersion (kHz – MHz), to 

γ-dispersion (10 GHz and higher), to provide measurements from single-particle volume, 

surface and interior characteristics of cells, to kinetics of cell spreading, proliferation, barrier 

function, cell junctions, and cell motility etc. Depending on the configuration, impedance of 

single particles can be measured via a microfluidic channel in EI-based flow cytometry (33, 

34) or via a size-tunable pore in tunable resistive pulse sensing (TRPS) system (35, 36). 

Both EI-based flow cytometry and TRPS are historically used for measuring microparticles 

but with the advances in nanofabrication, they can be used to measure particles of submicron 

range down to nanoscale, such as colloids, biomolecular analytes, and extracellular vesicles 

(37, 38). The electrode materials are selected from gold, carbon, platinum, silver/silver 

chloride according to the specific electrical signal. Electrochemical transduction is widely 

used to detect various biorecognition and biochemical reactions for disease diagnosis and 

monitoring (39, 40) with a great effort in development of portable electrochemical 

immunosensors (41, 42). Recent advances in electrochemical immunosensors can be found 

in a review by Koncki (43).

Mechanical biosensors depend on mechanical transduction, where the biorecognition 

process causes a change in the mass on the transducer surface, which is related to the change 

in resonant frequency. Surface acoustic wave sensors and quartz crystal microbalance 

(QCM) are mostly investigated. In a surface acoustic wave sensor, a mass loading to an 

immobilized biorecognition layer (44) on the piezoelectric surface is related to the changes 

in the velocity of surface acoustic waves (SAW) that are excited at the resonant frequency by 

patterned electrodes(45). In QCM, difference in resonating frequency of a piezoelectric 

quartz crystal transducer is tracked. QCM-based biosensors was employed as high 

sensitivity method to study interaction between biomolecules (46). The higher center 
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frequencies in SAW-based sensors (40-200 MHz) than QCM based sensors (5–20 MHz) 

contributes to the increased sensitivity of mass loading (47).

To improve the biosensing performance, many labeling and immobilization techniques can 

be employed to enhance signal-to-noise ratio and sensitivity of measurements. Labeling with 

fluorescence signals, particles and ions to the biorecognition element can enhance the 

detection of analytes from background interferences. The immobilization methods are 

separated based on different chemical and physical properties of protein and electrode (41). 

Proteins (antibody and antigens), can be immobilized using physical, covalent and oriented 

methods or can be absorbed onto surface of the transduction element via noncovalent 

interactions such as ionic bonds, electrostatic force and hydrophobic interface, which can be 

further enhanced by physical entrapment of proteins using matrices of polymer (48) or 

iridium oxide thin film (49). Recent advances in immobilization techniques enabled by novel 

nanomaterials, such as gold NPs, carbon nanotubes, and graphene have further improved the 

sensitivity and performance of enzyme-based biosensors(50). Some label-free biosensors 

may involve reduced sensitivity due to nonspecific adsorption of components in a complex 

sample but can be improved by appropriate sample preparation processes.

BIOMARKERS OF PLACENTAL PATHOLOGIES AND CHARACTERIZATION 

METHODS

Table 1 is a brief summary of some common biomarkers associated with abnormal 

pathophysiological processes in common pregnancy complications. These biomarkers are 

coarsely categorized into four major classes, based on the pathological processes, including 

oxidative stress markers, angiogenic factors, circulating placental residue/particles, and 

inflammatory biomarkers. They have potential values in prediction and diagnosis of 

common placental pathologies, such as PE, IUGR, PM and GDM. We use this table as a 

basis for subsequent discussion on the characterization methods currently employed in 

clinical and laboratory researches as well as the innovation in biosensing approaches.

Oxidative stress markers.

Oxidative stress (OS) is the imbalance between oxidants and antioxidants (161). It causes a 

disruption of redox signaling and control and/or molecular damage. OS can be detected 

based on assessment of markers of lipid peroxidation, such as malondialdehyde (MDA), 

delta-aminolevulinate dehydratase, and other classic OS biomarkers such as vitamin C, 

catalase (CAT), and thiols. Activities of delta-aminolevulinate dehydratase and classic OS 

biomarkers were found to be significantly lower in PE(162) and GDM(163), comparing to 

normal pregnancies. MDA is usually assessed using thiobarbituric acid reactive substances. 

Higher MDA levels were found in PE and GDM. Typically, concentrations of protein and 

non-protein thiol levels, Catalase activity, and vitamin C levels in plasma are determined by 

spectrophotometry at specific wavelengths(164–166). By-products of tissue oxidation, such 

as protein carbonyls was found to be increased in maternal serum of PE(52), GDM(62), and 

IUGR(58). Measurement of protein carbonyls can be performed using ELISA and Pierce 

BCA Protein Assay kit. Oxidized DNAs such as 8-oxo-7, 8 dihydro-2 deoxyguanosine, are 

detected in GDM(64, 65) and IUGR(60). OS-induced lipid, such as oxidized low-density 
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lipoproteins (Ox-LDLs), can be used as a biomarker in woman with PE(53), GDM(59), and 

IUGR(63). Its plasma level can be measured by the methods of spectrophotometry and 

ELISA methods(53, 167). Determining the level of fetal cellular mRNA, such as soluble 

vascular endothelial growth factor (VEGF) receptor −1 (sFlt-1), and endoglin (sENG), as 

well as the pro-angiogenic factors such as placental growth factor (PlGF) in blood, can be 

another way of OS measurement (168). The serum level of sFlt-1 was found to be higher in 

PE(77), IUGR (85), GDM(93), but lower(91) or higher (92, 169) in primigravida and 

associated with PM. ELISA and Mann–Whitney U-test methods were used to measure this 

biomarker value (91, 93). ENG serum level was found to be higher in PE(77) and IUGR(85). 

PlGF was found to vary among in PE(77), IUGR(86) and GDM(94). More comprehensive 

discussion on the cellular sources and biomarkers of OS and production of free radicals in 

human and animal models of placental pathologies can be found in the review by Aouache 

(170).

Although the OS role in PM is still unclear, some studies claimed the relations between OS 

biomarker and PM, where superoxide dismutase, Catalase levels were found to be lower in 

women with PM. ELISA-based methods are the most commonly used for detection of these 

biomarkers(51, 53, 57, 59, 61, 66). Other standard methods for analyzing these biomarkers 

include chromatography(67), HPLC(68), electrochemical assay (69, 70), chemiluminescence 

(71–73), UV spectrophotometry for thiobarbituric acid reactive substances (63), and 

automated biochemical analyzer(94). New sensors based on SPR(75), SERS(76), 

electrochemical impedance (74), and colorimetry (55, 56, 61) have also been developed.

Angiogenic factors.

Placental pathologies are associated with abnormal profile of angiogenic factors, including 

PlGF, sFlt1, and sENG as well as abnormal variations in placental proteins and hormones, 

such as pregnancy associated plasma protein A (PAPP-A), placental tissue protein 13 

(PP-13), human chorionic gonadotropin (hCG), and VEGF. A single biomarker may not be 

specific to a disease, but the combinational profile of these markers seems to differ among 

different diseases. PE was found to be associated with higher levels of sFlt-1(171), 

sENG(172), and angiotensin fragment 1-7 (Ang 1-7) (173) but lower concentrations of 

Angiotensin I and angiotensin II(174), comparing to normal pregnancy. The ratio between 

sFlt-1/PlGF showed descent diagnostic accuracy for PE but remained insufficient for clinical 

application (171). In GDM, angiotensin II cord blood level (82) was higher than normal 

pregnancy and preeclamptic pregnancy, but Ang1–7 level was decreased(89). Levels of 

sFlt-1 was found to be increased in IUGR(85). The elevated levels of plasma sENG were 

associated with other pregnancy complications, such as preterm premature rupture of 

membranes(175), which makes this marker nonspecific to a disease. The level of PP-13 

decreases in first trimester but elevates in second and third trimester in women with PE (79) 

and IUGR(176). In GDM, PP-13 level increases in second trimester (93) but decreases in 

third trimester(177). It was found that serum PAPP-A level in the first trimester declined in 

PE(83, 84), IUGR(90), and GDM(96, 97). Different studies showed higher concentration of 

hCG serum level in women with IUGR(88) and with PE in the second trimester(78, 178). 

High concentration of nesfatin-1 and vaspin as biomarker was reported in women with GDM 
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(179). Lower concentration of VEGA in serum has been reported in PE (60, 80), PM(91) 

and GDM(95) pregnancy disorders.

Immunoaffinity-based colorimetry, such as ELISA, remains as the gold standard to 

characterize the levels and concentrations of these biomarkers(60, 81, 91, 98). Other related 

approaches employed electrochemical impedance spectroscopy(103) and electrochemical 

aptasensor(104) to measure sENG levels. Various sensor techniques, such as electrochemical 

assay(105–107), SPR(113), SERS(117) and chemiluminescence(112), were applied for hCG 

detection. In detection of VEGF, besides ELISA, colorimetric assay(101, 102), and 

electrochemical assay(109, 110), SPR(114, 115) and impedimetric assay (111) were also 

employed. Novel sensing approaches, such as acoustic wave(118) and SPR (116) were 

applied to detect PP-13 and PAPP-A levels.

Placental debris, circulating extracellular vesicles and subcellular fragments.

Excessive OS in placental cells elevates the release of placental debris, vesicles, and 

subcellular fragments (e.g. cell free DNA, RNA, and miRNA) into maternal circulation. 

Extracellular vesicles (EVs) can be categorized by their size into microvesicles (0.1-1 μm), 

exosomes (~100 nm), apoptotic bodies (0.8-5 μm) and nanovesicles (40 - 120 nm)(180). 

These EVs carry active molecules as markers for tracing their origins and evaluation of 

placental pathogenesis. Exosome concentration level is increased in PE(119) and 

GDM(123). Common techniques to characterize size and concentration of EVs are based 

optical detection, such as nanoparticle tracking analysis (125, 126, 181–183), dynamic light 

scattering (184–186), TRPS(187–189), and single-EV analysis by fluorescent antibody 

staining(190). Extensive methodology guidelines for the study of EVs refers to reference 

(191). For analysis of individual EVs, nanoscale flow cytometry is a powerful technique. By 

optimizing the configuration of the commercially available BD influx flow cytometer, the 

detection and analysis of fluorescent cell-derived vesicles of ~100 nm was achieved(192). 

Exosomes were successfully differentiated from microparticle/microvesicles by 

distinguishing exosomal markers using nanoscale flow cytometry(193). Multiplex nanoscale 

flow cytometry is suggested to be a solution for the comprehensive assessment of 

concentration, size, and composition of EVs, considering their complex profile and variable 

subsets. Among these emerging high-resolution nanoscale flow cytometric techniques, 

NanoFACs developed by Morales-Kastresana et al.(194) utilizes multiparametric scattered 

light and fluorescence measurements along with sample enumeration for comprehensive 

evaluation of various types and subsets of EVs by evaluating multiple labels on individual 

cells, which are not assessible using other methods (195). A more in-depth review on the 

multiplex nanoscale flow cytometry technology and its applications in the study of placental 

EVs is made by Morgan(196). Further analysis of the lipid composition of exosomes may 

provide potential markers of certain pathologies. Serum level of lipid may exhibit abnormal 

profile, in terms of high-density lipoprotein cholesterol (HDL-C), non-HDL-C, and 

triglyceride, through the trimesters of pregnancy that is complicated by PE (197–199). The 

triglyceride level is measured by using the enzymatic colorimetric method (198). Anand et 

al. investigated lipid biomarkers for PE by mass spectrometer(199). Subcellular fragments, 

such as mitochondrial DNA released into maternal circulation can be assessed using real-

time quantitative polymerase chain reaction (PCR) (120, 121, 124) and nano-plasmonic 
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sensor(127). Maternal blood mitochondrial DNA level was found to be significantly higher 

in PE(120), about 3 fold higher in women with IUGR (121), but lower in GDM (124). In 

addition, a linear trend (P for trend=0.03) was found in higher odds of mitochondrial DNA 

copy number with increasing quartiles of preeclamptic pregnancy comparing to normal 

pregnancy (120).

Inflammatory biomarkers.

Placental EVs in blood can interact with maternal endothelial cells and potentially transfer 

their contents, leading to transcriptome alterations and inflammation. Inflammatory 

biomarkers are classified into four groups (200, 201) , including cytokines (TNF-α, IL-6, 

IFN-γ), chemokines (CCL2, CCL3), cell adhesion molecules (ICAM1, ICAM3), and acute 

phase protein. TNF-α was found to be significantly higher in PE(128, 129), IUGR(135) and 

GDM(142). C-reactive protein serum concentration level was found to increase in PE(133, 

134) and GDM(142) but no significant difference in IUGR(137), comparing to normal 

pregnancy. IL-6 serum level was elevated in PE(131, 132), IUGR(135), PM(202), and 

GDM(90). Higher blood level of IFN-γ, IL-4 and IL-10 were found in women with PM 

(139). These markers are typically measured by ELISA method (142). Studies also indicated 

that soluble TNF receptors (TNF-R1 and TNF-R2), IL-10 and G-CSF may represent 

markers of PM-related placental dysfunction (140, 141). It was suggested that a combination 

of multiple biomarkers involved in different pathophysiological pathways of PM may 

increase specificity for disease diagnosis(92). Characterization for inflammatory biomarkers 

can be performed using standard assays such as ELISA(130, 139, 143, 144), 

chemiluminescence(146), QCM(159), and electrochemical assay(147–153), as well as novel 

biosensing techniques, such as deflection cantilever beam(156–158), acoustic wave (160), 

and SPR (154, 155).

INNOVATIONS IN BIOSENSING TECHNOLOGIES

To reduce the interferences from background, biosensors can benefit significantly from a 

series of sample preparation processes. Microfluidics is a technology that deals with the 

behavior, control and manipulation of fluids in engineered, microscale environment. Unique 

phenomena in microfluidics, such as laminar flow, diffusion, inertial focusing due to the 

scaling down have enabled various novel strategies for transport, control, and manipulate 

bioparticles in fluids of ultra-small volumes. Microfluidics can be either standalone or 

integrated with transduction components on-chip for detection and quantitation of analytes 

in a biological or biochemical complex.

On-chip sample preparation and detection.

Circulating biomarkers of placental pathologies exist in complex bodily fluids. Detection of 

those biomarkers using current technologies in healthcare diagnostics often require large 

sample volumes of milliliters and high cost for preparation prior to analysis. On-chip sample 

preparation using microfluidics strategies have shown promising opportunities to selectively 

extract, preconcentrate and label target analytes automatically from a complex mixture of 

low sample volume and at low cost (203).
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A major obstacle to use exosomes as a predictive and diagnostic marker of placental 

pathologies, lies in a lack of isolation and characterization assays that can provide both cell- 

and size-specificity(196). Current methods for isolation of exosomes are largely based on the 

differences in size and density between exosomes and other EVs and cells, using 

ultracentrifugation, precipitation, filtration, size-exclusion chromatography. They do not 

meet the nanoscale resolution needed for exosome isolation due to a lack of isolation 

efficiency, recovery rate, and yield. Some residuals from precipitation matrix in commercial 

kits are likely influence the biological activities and characteristics of collected 

exosomes(204, 205). To overcome the size limitation in isolation of exosomes, engineered, 

nanoscale features of comparable size to exosomes of interest were integrated into 

microfluidic channel to physically trap the exosomes(206–208). They often yield uniform 

capture of exosome subpopulations given the sophisticated fabrication process. Recovery of 

captured exosomes usually require slow dissolving the nanoscale features(206) and result in 

low yield rate and slow processing(208). Considering the non-continuous isolation limit of 

size-based exosome separation designs, there has been a growing interest in high throughput 

separation in continuous flow. A novel integration of acoustics to microfluidics provided a 

label-free method to isolate exosome subpopulations in a cascade manner(209). The device 

consists of a microscale cell-removal module and an exosome-isolation module (Fig 2a). 

The first module removes larger blood components with a 99% yield of 110 nm particles, 

followed by EV subgroup separation in the second module that isolates exosomes with a 

purity of 98.4%. Capability of this device was demonstrated by isolation of exosomes and 

EVs from whole blood as well as from a primary human trophoblast-derived mixture.

For isolation of placenta specific exosomes, immunoaffinity-based approach can be 

integrated to microfluidics. A unique placental protein-specific marker is placental alkaline 

phosphatase, an integral membrane protein (enzyme) (210, 211). It was also found that 

multiple biomarkers such as syncytiotrophoblast-specific RNAs and proteins (miRNAs, pro-

apoptotic molecules FasL and TRAIL, and TGFB) can be detected in placental alkaline 

phosphatase positive exosomes in maternal peripheral blood and urine. These biomarkers 

may be used to coat the microchannel walls for isolation of placental exosomes by 

immunoaffinity, similar to the schemes (212, 213) for capture of exosomes from serum and 

cell culture medium via the selective binding to anti-CD63-coated microfluidic channel 

surface (Fig 2b). Incorporation of antibody labelled magnetic beads into the microfluidic 

chip allowed isolation of exosome subpopulations with a ultra-small volume (30 μL) plasma 

samples (214). Miniaturization of downstream processes and analyses components, such as 

chemical lysis and chemifluorescene assays, enabled an integrated on-chip immunoassay for 

protein analysis of the isolated tumor exosomes (215). The same technique may also be used 

for isolation of placenta-derived exosomes.

Fetomaternal transfer probably occurs in all pregnancies and the migrated fetal cells during 

pregnancy persist long in maternal circulation (216). Circulating nucleated cells, such as 

fetal nucleated red blood cells (fnRBC) and trophoblast cells provide a source of genetic 

information about the fetus, which can be used as biomarkers of multiple placental 

pathologies. For example, fetal cellular mRNA expression of anti-angiogenic and pro-

angiogenic factors indicates the OS level. Since fnRBCs are extremely rare in maternal 

blood (one per millimeter), enrichment of fnRBCs is challenging. Microfluidic approaches 
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were employed in combination with immunoaffmity method to effectively isolate fnRBCs 

from maternal blood. A microfluidic platform “Cell Reveal”, was developed by Huang et al. 

(217). It allows capture of rare fnRBCs and circulating trophoblasts using the specific 

antibodies immobilized on the Si nanostructure with a porous morphology. The captured 

fnRBC and human extravillous trophoblasts in every 4 mL of maternal blood were about 14–

22 cells and 1–44 cell, respectively.

Several techniques have been developed to improve the immobilization of antibody and the 

interaction efficiency between fnRBCs and the immobilized antibodies. Wei et al.(218) 

designed a multifunctional NP-based microfluidic device for enhanced isolation and release 

of nfRBCs. The device utilizes a curved fluidic channel and herringbone structures to create 

chaotic mixing for enhanced interaction between fnRBCs and immobilized antibodies. In 

addition, the microchannel was coated by anti-CD147 conjugated gelatin NPs, which 

enhances antibody immobilization for nfRBC capture, and importantly, allows gentle release 

of the captured fnRBCs by dissolving the gelatin NPs with enzyme for subsequent off-chip 

analysis. This method provided high capture efficiency (> 80%) and release efficiency 

(~89%) with a considerable purity (~85%) and a high cell viability (>90%). The fetal origin 

of the isolated target cells was confirmed by detecting different fetal chromosomal 

aneuploidy cases including Trisomy 21 syndrome, Trisomy 13 syndrome, Klinefelter’s 

syndrome and XXX syndrome using fluorescence in situ hybridization technique. Other 

microfabricated features, such as rotated triangular microposts arranged with an offset from 

previous row has been utilized (219) to enhance the interaction frequency between fnRBCs 

and immobilized antibodies. In this design, particles larger than the critical diameter would 

continually contact the antibody-coated microposts in different streamlines while the smaller 

particles would remain in the first streamline and flow through channel. The platform was 

able to detect fnRBCs in as little as 2 mL peripheral blood as early as 7 weeks after 

conception at a capture efficiency of 90%. A unique method to amplify the sensing signal is 

to use oriented immobilization, in which the capture probes are immobilized with their 

recognition sites arranged and exposed to the sample solution, such as in the case of affinity 

ligand to the N/C-terminus of chimeric antigen (220).

Increased number of large fragments of syncytiotrophoblast, which is formed by the fusion 

of progenitor cytotrophoblasts into a continuous cell layer, is observed in pregnancy 

complicated by PE(221) and IUGR(222), comparing to healthy pregnancies(223). Similar to 

fnRBCs, the number of circulating trophoblasts in maternal blood is as low as 1-5 

trophoblasts/mL(224). The large size of trophoblastic cells provides a mechanism for 

isolation by microfluidic approaches. Winter et al.(225) developed a slanted microfluidic 

platform for efficient isolation of trophoblastic cells from maternal peripheral blood. The 

slanted microchannel has a trapezoidal cross-section, with which the operation of the device 

only needs a single inlet in contrast to the rectangular-cross-sectioned channels that require a 

sheath flow when the particle concentration is high. Along with a high throughput of 

processing 20 mL blood in less than 45 min, a high recovery efficiency (> 79%) was 

achieved using a trophoblastic cell line and further a maternal blood sample. Diagnosis of 

fetal trisomy 21 was achieved using fluorescence in situ hybridization with automated laser 

scanning cytometry.
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Placental hormone hCG may serve a potential role in the diagnostic evaluation of pregnancy 

disorders (226). Detection of hCG is typically achieved by antibody-based immunoassays. A 

new capacitive immunosensor was developed via covalently coupling anti-hCG to 

epoxysilane-modified glassy carbon electrode, which allows the label-free quantitative 

detection of hCG in serum (227). A piezoelectric quartz-based immunosensor was 

developed by combining self-assembled monolayer based-antibody immobilization 

technique and a 2x5 piezoelectric microarray(228). This sensor allows for simultaneous 

detection of hCG in serum or urine sample in the range of 2.5–500 mIU/ml with coefficient 

of variability less than 5.0% within 40 min. Another immunosensor design was developed 

based on the electrochemical sensing of the reaction between the primary antibody that was 

immobilized on the screen-printed carbon strips and the hCG in the gold NP-labelled hCG 

immunocomplex (229). The use of disposable electrode strips allowed for cost-effective 

detection of hCG in a small volume of antigen sample (2 μL). Graphene oxide-peptide-based 

SPR biosensor was developed for label-free detection of hCG in pregnancy disorder (113). 

In this method, modified peptide aptamer was attached to the graphene oxide surface for an 

enhanced target of the hCG protein assay using graphene oxidie-peptide specific 

interactions. To overcome the limitation in the detection sensitivity due to the randomly 

immobilized antibodies, Chung et al. (230) developed a method to properly orient the anti-

hCG via a nondenaturing linker specific to the Fc fragment so that the ligand binding sites 

are densely packed and exposed to the hCG solution for maximum sensitivity of detection. 

Other microfluidic strategies were employed to separate plasma from whole blood for 

improved sensitivity of hCG detection, such as sheath flow (231) and inertial focusing (232).

An example of microfluidic enhanced VEGF detection using capture anti-VEGF antibody 

immobilized porous poly(ethylene glycol) diacrylate hydrogel microspheres was 

demonstrated by Zhao et al. (233). The processes of antibody encapsulation, trapping, and 

flow perfusion were incorporated in a single device under fluorescence microscopy and the 

fluorescent intensities were analyzed (Fig 2c). Compared to conventional technologies, the 

detection sensitivity was as high as 0.9 pg/mL and the incubation time was only 1+ hours. 

Nucleic acid aptamers that bind specific molecular targets are also applicable in VEGF 

detection. Since the protein-nucleic acid interaction happens shortly once a DNA/RNA 

conformational transition has been promoted by protein molecules (234, 235), a high 

resolution of millisecond or even microsecond (236, 237) is required for the detection 

approach. This remains a huge challenge by the existing methods. A novel method was 

developed by Lin et al. (238) for detecting aptamers-VEGF interaction in different transient 

states during kinetics process through microfluidic hydrodynamic focusing and diffusive 

mixing. A combination of microfluidic techniques and G-quadruplex luminescent probe was 

proved to be an effective way for quantitative analysis of VEGF165 from cell metabolism, 

especially when the reagents or samples are limited. In the presence of VEGF165, the hairpin 

DNA was opened, and G-quadruplex structure would be formed. Then the special Irdium 

complex 1 would bind to G-quadruplex structure and generate to strong luminescence. In the 

absence of VEGF165, hairpin structure can not be opened, resulting in weak luminescence 

(Fig 2d).
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Multi-biomarker characterization.

Significant heterogeneity in biomarkers of various pregnancy complications exists. Profile of 

theses markers vary among patients and through the duration of pregnancy. In PE, PlGF was 

found as the best biomarker for prediction of severe early-onset PE; a combination model of 

multiple biomarkers together with clinical measures performed better in PE prediction(239) 

and late onset of PE(240). Current methods for multianalyte detection are largely based on 

molecular methods such as multiplex ligation-dependent probe amplification(241), DNA 

microarray for gene expression or SNP detection assays(242), protein microarray(243), and 

commercially available immunoassays(240). In this respect, directed immobilization of pre-

fabricated protein- or antibody-nucleic acid complexes combined with electrochemical 

detection in multiplexed microelectrode array biochips(244, 245) might be especially uselul 

for high-throughput analyses of multiple antigens present in samples. Microfluidic design 

supports integrated analytical steps, parallel operation, and repeatable sample manipulation. 

Araz et al.(246) achieved multiplexed analyte detection in a single channel by patterning 

biotin and biotinylated capture reagents in discrete regions along the axis of the 

microchannel, resulting in a barcode-like pattern of reagents and spacers. With only a single 

inlet and a single outlet, immunoglobulin specific for HCV-clOOp, HCV-NS3 and HIV-I p24 

were detected simultaneously for diseases with high coinfection rates in significantly 

reduced time frame. Microfluidic devices that couple multiple channels together in a single 

chip have also been adopted for biomarker detection. For example, Zhou et al.(247) designed 

a multichannel microfluidic chip embedded with high-sensitivity plasmonic nanocave array 

sensors for simultaneous detection of multiple biomarkers of pancreatic carcinoma. Several 

new biosensors were developed that require small sample volume and minimum sample 

processing(248), such as Micro-Nuclear Magnetic Resonance (NMR)(249, 250), SPR-based 

sensor(251), and Integrated Magnetic-Electrochemical Exosome (iMEX) Sensor(248). NMR 

sensor measures the transverse relaxation rate of water molecules in target cells. Improved 

sensitivity, as few as 2 cancer cells in 1 μL sample volumes of unprocessed fine-needle 

aspirates of tumors, was achieved using magnetic NPs to label target cancer cells(252, 253). 

Microfluidics-based NMR showed higher sensitivity for detection of extracellular vesicle 

biomarkers in comparison to conventional ELISA method(254). Another example is an 

integrated magnetic-electrochemical sensor, which consists of magnetic selection and 

electrochemical detection and is capable of profiling of multiple protein markers 

simultaneously within an hour for analysis of exosomes(255).

Point-of-care biosensors.

Microfluidics-based point-of-care system, which involves miniaturization and integration of 

sample preparation processes and sensing functions to achieve multiplexing, automation, 

and high-throughput analysis, can provide a consistent and economic way for potential early 

detection and improved care of pregnancy complications. The well-known example of hCG 

test was invented in 1980s for home pregnancy test (256). On-chip hCG test is normally 

achieved by immunoaffinity-based colorimetric or electrochemical methods. A multiplexed 

volumetric bar-chart chip (V-Chip) was developed to detect hCG at high detection sensitivity 

of 2 mIU/mL (257). The quantitative measure of analyte concentration, which is 

proportional to the oxygen production by catalase in the chip was visualized by the 

correlated change in the ink color (Fig 3a). Another example is an on-chip electrochemical 
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immunosensor with a ultra-low detection of 0.28 mIU/mL (258). This sensor utilizes 

polysilicon nanogap electrodes, which has a 25-nm nanogap to minimize the effect of 

electrode polarization and achieve a wide linear range of detection (Fig 3b).

DNA-based diagnosis involves sophisticated processes of PCR, electrophoresis and 

fluorescence scan by trained personnel in well-quipped laboratory. This limits the wide use 

of DNA-based diagnostics. Microfluidics provides an excellent platform for integration of 

these processes onto a single chip towards the point-of-care DNA diagnosis. Digital PCR 

can overcome the low throughout in conventional PCR (one reaction per sample) by 

separating target nucleic acid across a large number of termed partitions, so that different 

reactions are carried out in each partition individually. Lun et al. (259) compared the 

capacity of different PCR techniques in measuring circulating fetal DNA in maternal plasma 

(Fig 3c). The results demonstrated that digital PCR is about 3.1 times more precise than real-

time PCR. Moreover, comparing to the assays based on real-time PCR and mass 

spectrometry, microfluidic digital PCR revealed the least bias in measuring the concentration 

of fetal DNA. Other than fetal DNA, selected placenta-specific RNA transcripts have also 

been reported in the maternal plasma of women with PE (260, 261) and restricted fetal 

growth(262). Droplet-based single-cell digital transcriptomic profiling is a novel technology 

for sequencing RNA at single-cell resolution by encapsulating individual cells in 

microdroplets with hydrogel beads that contain reverse transcription and template-switching 

oligonucleotides. The RNA molecules in each droplet are tagged by the specific 

oligonucleotides. By using this technique, Tsang et al.(263) analyzed more than 24,000 

nonmarker-selected cells from full-term and early PE placentas, and defined individual cell-

type-specific gene signatures (Fig 3d). These results enabled identification of various 

cellular subtypes in the human placenta as well as the cellular dysfunction of extravillous 

trophoblast in early PE placentas.

In this respect, a just-published novel Tandem Oligonucleotide Repeat Cascade 

Amplification assay with an attomolar detection limit, appropriate for detection of specific 

DNA/cDNA molecules(264), might be a promising and attractive alternative to PCR 

methods or RNA-Seq. It can detect any specific DNA/cDNA in a complex nucleic acid 

mixture, is comparable to qPCR in sensitivity, does not require complex instrumentation, 

and proposed to be significantly cheaper, amenable to multiplexing, and field-friendly with a 

potential for development of a hand-held device.

NPs-based biosensors.

NPs have high surface-to-volume ratio, which can increase the protein freedom for high 

reaction activity. Most commonly used NPs include carbon nanotubes (265, 266), gold NPs 

(267, 268), and carbon nano-composites (269–271). Signal amplification technique using 

functional nanomaterials have shown to improve the biosensing response besides enzyme 

catalysis and biology reaction (272). NPs are commonly used to improve the immobilization 

of bioreceptors. Single walled carbon nanotubes (SWNTs) was used to immobilize PAPP-A 

on glassy carbon electrode in an electrochemical immunosensor (58). Kim et al. (107) 

developed sandwich type electrochemical immunoassay platform with NPs to detect the 

VEGF. Gold NPs were used to immobilize the VEGF antibodies (109). Sezgintürk et al. 
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developed a different type of sensor based on fourth-generation poly (amido amine) 

PAMAM dendrimers to detect VEGF(273). In a field-effect transistor sensor, carboxylated 

polypyrrole nanotubes was used to increase the transducer performance in detection of 

VEGF(274). Rosales-Rivera et al. (275) used Carboxylic-ended bipodal alkanethiol to 

immobilize the antigen on the surface. Bio-functionalized gold NPs have shown excellent 

optical properties, ion-exchange ability, stability and biocompatibility to improve the 

performance of electrochemical (26, 276) and optical immunosensors(113, 277). In addition, 

metal NPs-based variation of SPR, known as localized SPR, has shown more compact 

sensing volume and high spatial resolution, limited only by the size of NPs (subwavelength), 

thus it is more sensitive to molecular binding and requires less complex optical hardware. A 

newly developed SPR-based sensor, nPLEX, which comprises arrays of periodic nanoholes 

patterned in a metal film, has shown capability in label-free detection and molecular 

profiling of exosomes (127). Optimized nanoholes geometry were investigated(127), which 

makes nPLEX more accurate than ELISA. Many other sophisticated biosensors can be 

potentially used for detection of biomarkers of placental pathologies. An example is a 

recently developed SERS-based microfluidic sensor, which can provide automated, reliable 

detection of anthrax biomarker, poly-γ-D-glutamic acid (PGA) in solution(278). Analysis 

was based on the competitive reaction between PGA and PGA-conjugated gold NPs with 

anti-PGA-immobilized magnetic beads. The limit of detection for PGA in serum was as low 

as 100 pg/mL.

ON-CHIP SENSING IN BIOENGINEERED PLACENTAL MODELS

Organ-on-a-chip technology is a relatively new field in which the properties of microfluidics 

are utilized within a biomimetic cell culture model. Merger of microfluidics and cell culture 

have generated miniaturized organ-on-a-chips for the study of various biological and 

pathophysiological processes of human, including brain(279, 280), heart(281, 282), 

liver(283, 284), lung(285), and multi-organs(286, 287). These organ-on-a-chip devices 

showed great promise and potential in pre-clinical drug testing and toxicology applications, 

as well as fundamental pathophysiological research. Research regarding “placcnta-on-a-

chip” has been few. In addition, biosensors and organ-on-a-chips remain distinct fields yet. 

They start to overlap recently, which will offer promising solutions for real time detection of 

the onset, progression of pathological processes in human placenta, as well as a means to 

monitor and quantify the placental responses to various external stimuli and therapeutic 

treatment.

Mass transfer across placental barrier.

The essential function of the placenta is to serve as the interface between the maternal and 

fetal circulations and regulates the transfer of oxygen, nutrients, and waste products. When 

endogenous and exogenous substances are present in the maternal blood, the effect of this 

exposure on the fetus depends on the transport processes of these substances through the 

placental barrier (288, 289). Some placental pathologies such as PE are associated with the 

abnormal changes of the barrier structure (290, 291). The basic structure of placental barrier 

is a thin interstitium with syncytiotrophoblast on one side and the fetal capillary endothelium 

on the other side (Fig 4a). To recapitulate the architecture and physiological 
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microenvironment critical to placental barrier function, a common technique is to co-culture 

trophoblast cells and endothelial cells on a semipermeable membrane in a microfluidic 

environment.

Miura et al.(292) created a placenta-on-a-chip by culturing confluent layer of BeWo cells 

and human umbilical vein cells on each side of a collagen vitrigel membrane for the study of 

the transcellular compound transport in placenta. It was verified that fluid shear stress serves 

as a trigger for microvilli formation in human placental trophoblastic cells through activating 

vanilloid family type-6 calcium ion channel (293). Lee et al.(294) used trophoblasts (JEG-3) 

as the maternal cells, seeded onto one side of the collagen vitrigel membrane and human 

umbilical vein cells seeded on the other side, and cultured under dynamic flow conditions to 

form confluent epithelial and endothelial layers in close apposition. Glucose transport across 

the trophoblast-endothelial interface over time was tested by a glucose analyzer. The transfer 

rates measured in this model ranged from 22.6 to 33.9%, corresponding to the metabolic 

consumption rate from 66.1 to 77.4%.

In more recent researches, commercial semipermeable polycarbonate membrane containing 

submicron to microscale pores were adopted as a replacement for collagen vitrigel 

membrane to simplify the fabrication without affecting the functions. Blundell et al. (295) 

used the co-culture model to induce progressive fusion of trophoblast cells and to form a 

syncytialized epithelium that resembles the syncytiotrophoblast (Fig 4b). In this model, 

dense microvilli were successfully formed under dynamic flow. Furthermore, the expression 

of membrane transport proteins such as glucose transporters were reconstituted, which is 

critical to the barrier function. The measured glucose transfer rate was close to that 

measured in an ex vivo human placenta model, demonstrating the capability of this co-

culture model to recapitulate native function of the placental barrier. Importantly, it provides 

a new approach to screen and predict the effects of the maternally administered drugs on the 

developing fetus. Blundell et al.(296) used the gestational diabetes chug glyburide as a 

model compound to study the native function of efflux transporters and to mimic the limited 

placental transfer of a maternally administered drug (Fig 4c). The results showed that the 

transport rate of glyburide was very close to that measured in ex vivo human placenta 

methods.

Recently, fabrication of interface closer to the in vivo barrier than a single flat membrane has 

attracted the researchers’ attention. Yin et al.(297) designed and fabricated a microdevice for 

the construction of in vivo-like three-dimensional (3D) placental barrier (Fig 4d). The 

maternal channel and fetal channel in this design are arranged in parallel and separated by a 

3D extracellular matrix channel that serves as a near-physiological scaffold for the growth of 

placental cells. With this improved model, they further explored complicated placental 

responses to NPs exposure. With the exposure to titanium dioxide NPs, a series of placental 

responses such as OS, cell apoptosis, barrier permeability, and maternal immune cell 

behavior were investigated. NPs accumulated in the maternal side and finally transported 

into the matrix in the middle channel. It was also observed that inflammatory-related 

cytokine transported from maternal side into fetal side. It was demonstrated that placental 

barrier integrity and maternal immune cells were greatly influenced even with low 

concentrations of NPs. Mandt et al.(298) produced the microstructure of the membrane by 
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using a 3D two-photon polymerization printing method (Fig 4e). The structures can reach to 

a resolution as high as a few microns. Furthermore, complex membrane structures can be 

achieved to better mimic the membranous structure of the placental membrane. Transcellular 

transport processes were investigated with the placenta model and the results showed that 

small molecules in the size of glucose can diffuse across the barrier while larger molecules 

did not permeate.

In all the existing placental mass transfer studies, the transfer of molecules was detected by 

fluorescence staining and microscopic image analysis. For example, BODIPY-conjugated 

glyburide was introduced into the upper maternal channel and the fluorescence of perfusate 

retrieved from the fetal compartment was monitored to investigate glyburide transport (210, 

211). Exceptionally, glucose transport was measured by glucose analyzer with the collected 

outflows. Some novel techniques regarding on-chip glucose sensing can be embedded to the 

existing placental glucose transfer models. A widely-adopted mechanism for quantifying 

glucose concentration is by measuring the concentration of hydrogen peroxide as a product 

of the glucose-oxidase reaction. Hydrogen peroxide can be measured in an electrochemical 

assay patterned as thin-film electrodes on the microchannel substrate (299), or recognized by 

color change after integrating with colorizing agent (300). A more recent example was 

reported by Wang et al. (301), which provides a non-enzymatic and cost-effective way for 

on-chip sensing of glucose in placenta model. The novel flexible electrochemical sensor was 

made of copper and graphene, and the copper nanoflower structure ensures the high 

sensitivity and selectivity in glucose sensing.

Trophoblast migration, OS, and placental inflammation.

In PE, cytotrophoblast invasion of the interstitial uterine compartment is often shallow. The 

exact pathobiology of PE remains poorly understood, largely due to a lack of effective 

experimental models. Adapting from an assay of fibrosarcoma cancer cell migration, Abbas 

et al.(302) performed the study of the migration of primary human trophoblast cells. The 

device consists of a central human extravillous trophoblasts-containing matrigel channel and 

two medium channels distributed symmetrically aside (Fig 5a). Gradient of granulocyte–

macrophage colony-stimulating factor was generated by the medium channels to increase 

trophoblast migration. Dynamic readouts on cell migration such as directionality, motility 

and velocity were tracked in the 3D microenvironment by real-time, high-resolution 

imaging. Compared to previous work, this assay adds greater quantification on granulocyte–

macrophage colony-stimulating factor as a chemoattractant for human extravillous 

trophoblasts migration. A smartphone-based imaging platform was developed by Yang et al. 

(303)for performing cell migration assay. The processes of imaging and data analysis were 

accomplished by the smartphone app without the need for microscope or computer.

Kuo et al.(304) developed a 3D, bioengineered placenta model to study and quantify cell 

migration, mimicking biophysical properties, geometry of the biomaterials, and the 

chemotactic gradients in native tissue (Fig 5b). The effect of epidermal growth factor on the 

migratory behavior of trophoblast and human mesenchymal stem cells were evaluated by the 

simplified bioengineered placenta model, which is based on a cylindrical gelatin 

methacrylate hydrogel. It was found that BeWo cell migration rate increases in response to 

Liu et al. Page 16

Transl Res. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher epidermal growth factor, indicating the sophisticated 3D placenta model could be 

utilized as a powerful tool to test and develop treatments for PE.

Inflammatory processes in placenta are complicated and tightly associated with micro-

organisms and host immune responses to non-replicating antigens. Conventional cell 

culture-based and animal models are not efficient in the study of the underlying mechanisms 

of placental inflammation (305, 306). Microfluidic co-culture models provide a useful tool 

for the study of placental inflammatory responses. A pioneer study was to study placental 

inflammatory responses to bacterial infection(307). E. coli was selected as the model 

bacteria and applied to the maternal side in order to induce the acute inflammation of the 

placental membranes(308). Inflammatory responses were tracked by examining 

inflammatory cytokines at mRNA level in trophoblast cells. The results demonstrated that 

bacterial infection adversely affected both maternal responses and matemal-fetal 

communications (Fig 5c).

On-chip sensing of inflammatory cytokines has been of interest since the emerging of 

microfluidic techniques. Placenta inflammatory cytokines TNF-α and IFN-γ were 

successfully detected by aptamer-based electrochemical assays (309, 310). By imbedding 

this technique with placenta model, high-throughput anti-inflammatory drug screening 

platform can be established in the future. In this respect, many established EI-based 

biosensors (311) that have been used for cell migration assays, inflammatory response(312, 

313) and barrier functions(314) can be potentially integrated in the placental pathology 

models. The principle of electrical impedance is label-free and real time. It can limit the 

interferences to the biophysiological processes in placenta model. An example is to measure 

changes in electrical impedance as endothelial cells attach to and spread on gold 

microelectrodes, as well as invasion of endothelial cells by malignant tumor cells (315). 

Impedance signal was correlated to the attacked endothelial junctions by tumor cell invasion, 

retraction of endothelial layer and replacement by tumor cells. Similarly, impedance signal 

may also be used to monitor placental inflammatory responses.

Placental malaria.

Pathological basis of PM is sequestration of infected erythrocytes and consequent 

inflammation in the placental villi(316). The interface between maternal blood and villi 

interior is “multinuclcar giant cell” syncytiotrophoblast where nearly the entire matemofetal 

exchange takes place(317), as well as infected erythrocytes sequester during PM (318). It is 

assumed at present that only one member of the Plasmodium falciparum Erythrocyte 

Membrane Protein 1 (PfEMP1) family of adhesins, VAR2CSA, which binds to placental 

receptor chondroitin sulfate A (CSA) that expresses on the surface of syncytiotrophoblast, is 

playing a crucial role in PM (319–321). Several studies clearly demonstrated that 

cytoadhesion directly affects vascular inflammation (322, 323). This, in turn, contributes to 

disease severity (324), plays key role in placental and cerebral malaria, and is characterized 

by induction of adhesion molecules (like ICAM1) and pro-inflammatory cytokines, and 

vascular permeability caused by disruption of endothelial cell barrier integrity (325–327). 

Further, sequestration of Plasmodium falciparum infected erythrocytes (IEs) on this surface 

can lead to macrophage infiltration into the intervillous space, local inflammation, and 
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pathological changes in the syncytiotrophoblast (316, 318). The localized inflammatory 

processes induced by IE sequestration (318, 328) are implicated in LBW and other poor 

outcomes during PM (reviewed in (329, 330)). Incidence of PM in malaria endemic areas 

decreases with parity (331), as specific antibodies (Abs), that prevent IE sequestration in the 

placental villi (332, 333) through chondroitin sulfate A (CSA) (334–336), develop. This, in 

turn, reduces placental inflammation and positively correlates with birth weight (332).

Despite the intensive prior work, the precise molecular details of placental pathology in PM 

are still poorly understood. We developed a microfluidics-based placenta model with 

embedded microelectrodes to mimic and quantify the processes that takes place during PM, 

including interaction of IEs with the CSA receptors (Fig 6). The apical surface of the 

syncytiotrophoblast has microvilli (brush-border) expanding its surface to ~12.5 m2 for 

extensive molecular exchange (337). Clearly, at present, it is very difficult to recapitulate this 

tissue architecture in full in in vitro models. Therefore, some simplification in the models is 

expected. To model syncytiotrophoblast – maternal blood interface, we used the villous 

cytotrophoblast BeWo cell line, which is the most extensively used in vitro model of 

placental functions. It reveals most of the characteristics of cytotrophoblast cells, including 

expression of normal receptors and syncytial fusion (338). Our own results have 

demonstrated expression of megalin and Dab2 on the plasma membrane of these cells, two 

highly abundant proteins of the term placenta, suggested to play an important role in 

matemo-fetal exchange (339). Other cytotrophoblast cells have also been used to model 

syncytiotrophoblast (338). Cytotrophoblast BeWo cells were primarily seeded into the 

collagen pre-coated microfluidic channel and incubated for 24 hours to form a monolayer, 

which expresses CSA to mimic the surface of the intervillous space of the placenta. With 

precisely controlled shear flow, IEs were introduced into the microchannel at a 

physiologically appropriate flow rate, simulating the blood flow in vivo (340). Comparison 

between the simultaneously recorded electrical impedance and microscopic imaging of cell 

transportation and adhesion events in the developed placental model allowed us to study the 

placental malaria in a real-time, quantitative way. The strength of the interactions between 

the IEs and the receptors can be measured by quantitation of the applied variable shear 

stress. The capability of screening for anti-adhesion drug of this impedimetric platform was 

demonstrated by treating the attached red blood cells with the anti-adhesion compounds, 

which we characterized previously in a static model(341).

Sequestration of IE on this surface can lead to macrophage infiltration into the intervillous 

space, local inflammation, and pathological changes in the syncytiotrophoblast including 

lesions (316, 318). These processes, in turn, may lead to reduced matemofetal exchange and 

reduced fetal growth during gestation, and finally to low-birth-weight and other poor 

outcomes including premature birth and PE (329, 342, 343). These pathological changes link 

PM to other placental pathologies, described above. At the molecular level, recent insights 

into mechanisms of the placental pathological processes during PM suggest involvement of 

various pathways, including angiogenesis (344, 345), insulin-like growth factor axis (346), 

mammalian target for rapamycin (347)(all extensively reviewed in (316, 330)), and megalin-

Dab2 axis (339). This diverse set of involved pathways implicates not only affected nutrient 

exchange but also affected signaling between mother and fetus. Nevertheless, how changes 

to these pathways, induced by IE sequestration and local inflammation, contribute to the 
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placental and fetal dysfunction during PM are still poorly understood. Our placenta-on-a-

chip model, which recapitulates some of the placental structures and PM processes, may 

contribute to a better understanding of these pathological processes and to potential 

treatment.

CONCLUSION

Enormous innovations have been made in biosensing tools for detection of circulating 

biomarkers in bodily fluids for disease diagnosis, with a great effort being made in cancer. 

Many biomarkers are present in various pathophysiological processes, such as EVs, 

exosomes, inflammatory factors, and angiogenic factors, the corresponding biosensing 

designs can be adapted to detect those biomarkers of common placental pathologies. Some 

important developments have been made in microfluidics and nanomaterials, which have 

shown great potentials for sensitive measurements of multiplexed analyte detection from 

small volume and low concentration complex samples. Important trends include integration 

of biosensing transduction into microfluidics platforms which provides automatic sample 

preparation, separation and labelling on the same sensor platform, utilization of NPs- or 

nanofeatures for improved sensitivity and performance all integrated on a single chip, as 

well as point-of-care solutions for monitoring biomarker profile during the pregnancy. 

Additionally, a new trend is to develop placenta-on-a-chip devices by coculturing cell lines 

in well-controlled microfluidic platform to create various placenta disease models for a 

better understanding of complex interferences between placental pathologies and 

physiological processes. In this respect, recent advances into differentiation of pluripotent 

stem cells into trophoblastic cells (348, 349) may further expand a pool of and improve on 

placental models and application of biosensors and placenta-on-a-chip to study human 

placental pathologies. Significant efforts have been made in the study of trophoblast 

migration, placental inflammatory response, oxidative stress and mass transfer across the 

placental barrier. A limitation in current research field is the off-line measurement of 

analytes and processes using conventional optical and electrochemical sensing tools. 

Otherwise, detection of some biological processes relies on live-cell imaging techniques. An 

attractive method is to integrate label-free biosensing functions, such as electrochemical, EI, 

SERS or SPR-based techniques into the placenta-on-a-chip systems for real time, minimally 

invasive monitoring of the pathophysiological placental processes.
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GDM Gestational Diabetes Mellitus
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PM Placental malaria

EV Extracellular vesicle

ELISA Enzyme-linked immunosorbent assay

SPR Surface Plasmon Resonance

SERS Surface Enhanced Plasmon Resonance

NPs nanoparticles

EI Electrical impedance

TRPS tunable resistive pulse sensing

QCM Quartz Crystal Microbalance

OS Oxidative stress

MDA Malondialdehyde

PlGF placental growth factor

sFlt-1 Soluble VEGF receptor - 1

sENG Soluble endoglin

PAPP-A Pregnancy associated plasma protein A

PP-13 placental tissue protein 13

hCG human chorionic gonadotropin

VEGF Vascular endothelial growth factor

fnRBC fetal nucleated red blood cells

CSA chondroitin sulfate A

IE P. falciparum-infected erythrocytes
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Fig 1. 
(a) Illustration of biosensing procedure: sample preparation and labeling, which separates, 

concentrate and label the analytes of interest; biorecognition process associated with 

antigen-antibody binding, nucleic acid hybridization, specific binding of cell-surface 

receptor to ligand, aptamer binding to target cells, and catalysis production from enzymic 

reaction. (b) Classification of biosensors where the biorecognition events are transduced into 

optical signals such as SERS and SPR, electrical signals such as EI-based flow cytometry, 

analyte-substrate impedance, and EI spectroscopy, and mechanical signals such as changes 

in quartz resonance frequency.
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Fig 2. 
(a) Schematic illustration and mechanisms underlying integrated acoustofluidic device for 

isolating exosomes (209). (b) The features of a single channel and illustration depicting the 

scheme of exosomes capture and analysis procedure used in (212). (c) Schematic of the 

detection system including microgel droplet generation and positioning and on-chip protein 

assay, and prototype of the array scalability. (Reprinted from Ref. (233) with permission of 

Elsevier.) (d) Schematic illustration of VEGF165 assay based on G-quadruplex probe and 

the analysis of VEGF165 based on DNAG1’ and complex 1. (Reprinted from Ref. (238) 

with permission of Elsevier.)
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Fig 3. 
(a) V-Chip hCG detection scheme and results. (Reprinted from Ref. (257) with permission of 

Nature.) (b) Schematic illustration of chemical functionalization on the PSNG surface, DC 

amperometric detection of hCG and reproducibility test of signal transduction on PSNG 

electrodes. (Reprinted from Ref. (258) with permission of PLOS.) (c) Frontal view of a 

microfluidics digital array with the digital readout of the accuracy experiment and box plots 

of male fetal-DNA percentages measured with the nondigital real-time SRY/HBB assay and 

the digital ZFY/ZFX assay. (Reprinted from Ref. (259) with permission of AACC.) (d) 

Schematic diagram showing single-cell transcriptomic profiling and the dissection of the 

cellular heterogeneity of human placenta. (Reprinted from Ref. (263) with permission of 

PNAS.)
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Fig 4. 
(a) features of the human placenta and multilayered membranous structure of placental 

barrier (295). (b) Glucose transporter expression and quantitative analysis of glucose 

transport in the placenta-on-a-chip system (295). (c) The transporter-mediated efflux of 

glyburide and the transport of maternal glyburide. (Reprinted from Ref. (296) with 

permission of RSC.) (d) Schematic diagram showing design of 3D placental barrier-on-a-

chip microdevice, and response of 3D placental barrier exposed to NPs. (Reprinted from 

Ref. (297) with permission of Elsevier.) (e) Schematic illustration of two-photon 

polymerization structured placental barrier model, and quantitative study of semi-

permeability of hydrogel membranes produced with two-photon polymerization techniques. 

(Reprinted from Ref. (298) with permission of Whioce.)
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Fig 5. 
(a) Schematic illustration of model for trophoblast invasion and the migration of human 

extravillous trophoblasts. (Reprinted from Ref. (302) with permission of The Royal Society.) 

(b) Model design of trophoblast migration and the migration rate of BeWo cells under 

different concentrations of EGF. (Reprinted from Ref. (304) with permission of ACS.) (c) 

Schematic of bacterial infection in placenta and placental inflammatory responses to E. coli 

infection. (Reprinted from Ref. (307) with permission of ACS.)
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Fig 6. 
(a) Schematic illustration of stepwise control of shear flow. Shear flow was controlled by a 

programmable syringe pump as repeated 20 seconds of a constant flow rate corresponding a 

wall shear stress of 0.1 Pa followed by a stopped flow for 2 min. (b) Schematic illustration 

of impedimetric sensing of adhesive interaction of IEs and CSA receptor or BeWo cells 

under flow conditions. (c) Impedance measurement of the IE attachment on CSA coating. 

Increased resistance (the real part of impedance, R) and reactance (the imaginary part of 

impedance, X) were observed as the accumulation of attached IEs; (d) time sequence 

microscopic images of IE attachment. (e) BeWo cell culture (e1, e2) in flask and (e3) in 

microchannel.
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Table 1.

Maternal circulating biomarkers in placental pathologies and their characterization

Biomarkers Placental Pathologies Characterization Method

MDA, protein carbonyls, Ox-LDL, 
superoxide dismutase, Catalase, 
oxidized DNA

PE: (51–56)
IUGR: (57–60)
PM: (61)
GDM: (59, 62–65)

ELISA(51, 53, 57, 59, 61, 66), chromatography(67), UV spectrophotometry 
(63), HPLC(68), colorimetric biosensors (55, 56, 61), electrochemical assay 
(69, 70), chemiluminescence (71–73), electrochemical impedance 
spectroscopy (74), SPR(75), SERS(76)

sFlt-1, sENG, PlGF, hCG, VEGF, 
PP-13, PAPP-A

PE: (64, 77–84)
IUGR: (81, 85–90)
PM: (91, 92)
GDM: (93–97)

ELISA(60, 81, 91, 98), colorimetric assay(99–102), automated biochemical 
analyzers (94), electrochemical impedance spectroscopy (103), 
electrochemical aptasensor (104), electrochemical assay(105–110), 
impedimetric assay (111), chemiluminescence(112), SPR(113–116), 
SERS(117), acoustic wave sensor (118)

Exosomes; Mitochondrial DNA

PE: (119, 120)
IUGR: (121)
PM: (122)
GDM: (123, 124)

Nanoparticle tracking analysis (125), fluorescent NTA(126); nano-plasmonic 
sensor(127), fluorometry-based PCR(120, 121)

TNF-α and its receptors TNF-R1, 
TNF-R2; IL-1, IL-6, IL-10, IFN-γ; 
C-reactive protein

PE: (128–134)
IUGR: (135–137)
PM: (138–141)
GDM: (142–145)

ELISA(130, 139, 143, 144), chemiluminescence(146), electrochemical 
assay(147–153), SPR-based sensor(154, 155), deflection cantilever 
sensor(156–158), QCM(159), acoustic wave sensor (160)
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