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Rapid and high-sensitivity screening of pregnancy 
complications by profiling circulating placental 
extracellular vesicles
Carlos Palma1,2†, Mostafa Kamal Masud2,3†, Dominic Guanzon1,2, Andrew Lai1,2, Melissa Razo1,2, 
Angela Nakahara4, Soumyalekshmi Nair1, Alexis Salas-Burgos5, Md Shahriar A. Hossain3,6,  
Flavio Carrion7, Gregory Duncombe1,2, H. David McIntyre8, Aase Handberg9, Sherri Longo3, 
Yusuke Yamauchi2,3,10*, Carlos Salomon1,2*

Herein, we developed a specific, rapid sensor to quantify placental extracellular vesicle (EV) protein biomarkers of 
early pregnancy complications. A distinct tetraspanin CD9 and placental alkaline phosphatase (PLAP) expression 
pattern was observed via targeted multiple reaction monitoring of EVs from maternal plasma collected before 
18 weeks of gestation. A classification model was developed using training and validation patient sets, distin-
guishing between individuals at high risk of developing complications from those with normal pregnancies, 
achieving 80% sensitivity, 90% specificity, 89% positive predictive value (PPV), and 82% negative predictive 
value (NPV). Superparamagnetic nanoflowers that captured target EVs (CD9+/PLAP+) were used to construct a 
4-flex glass strip nanozymatic readout system. The sensor analyzes plasma for EVs, identifying gestational diabetes 
mellitus risk with a 95% combined sensitivity, 100% specificity, 100% PPV, and 96% NPV. This nanoplatform identifies 
individuals at risk of developing pregnancy complications with a >90% classification accuracy, exhibiting potential 
for clinical applications.

INTRODUCTION
Pregnancy complications that compromise fetal development have 
profound effects on pregnancy outcomes and the life-long disease 
risk susceptibility of the offspring (1, 2). One of the most notable 
changes throughout pregnancy occurs in the endocrine system, a 
source of important hormones and protective tissue barrier, ensur-
ing proper fetal development (3, 4). Common pregnancy complica-
tions include gestational hypertension, gestational diabetes mellitus 
(GDM), maternal systemic inflammation, infections, premature de-
livery, and fetal growth restriction (5). Moreover, certain congenital 
anomalies that occur during fetal development, such as structural 
chromosomal abnormalities, heart defects, and neural tube defects, 
can negatively affect pregnancy progression (6, 7). These complica-
tions can also lead to maternal health issues, such as hypertension 
and diabetes after childbirth (8, 9). Now, the diagnosis of these 

conditions relies primarily on blood tests, ultrasound screening, 
blood pressure (BP) monitoring, proteinuria tests for hypertension 
and preeclampsia (PE) (2), and oral glucose challenge tolerance test 
(OGTT) for GDM (1). Although these methods are generally reli-
able, anomalies may not be detected early enough to ensure fa-
vorable outcomes with timely clinical interventions. Due to the 
increasing occurrence of perinatal morbidity and mortality linked 
to pregnancy complications, it is critical to develop screening tools 
capable of promptly and precisely diagnosing pregnancy-related 
complications and fetal abnormalities.

Extracellular vesicle (EV) signaling is a growing area of clinical 
research that offers opportunities (10) for generating data on cell 
communication systems, identifying tissue-specific biomarkers, and 
developing naïve and engineered endogenous EV- and synthetic 
EV–based therapeutics and drug delivery systems (11). These op-
portunities have arisen because of a paradigm shift in our under-
standing of how cells communicate, particularly the recognition of 
the role of EVs in intercellular signaling, with particular interest in 
endocrinology (12). EVs are stable lipid bilayer vesicles packaged 
with tissue-specific signaling molecules capable of regulating proxi-
mal and distal cell functions. Hence, EVs are a unique source of bio-
markers, therapeutics, and theranostics, as their content is stabilized 
and protected against enzymatic degradation. They are biocompat-
ible and permeable to biological barriers, have low toxicity and 
low immunogenicity, can be loaded with specific signaling mole-
cules, and may be reengineered to express specific surface mol-
ecules, conveying EV-targeting capabilities to cells bearing cognate 
receptors (11).

Fetal-derived EVs (including placental) have recently been suc-
cessfully isolated, sparking interest in uncovering their clinical im-
plications (13,  14). Multiple studies have linked fluctuations in 
maternal and fetal EV levels and their constituents to complications, 
such as GDM and PE (13, 15). In addition, EVs have been recognized as 
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messengers and significant contributors to viral infections during 
pregnancy and congenital anomalies (16). EVs can be detected 
within the maternal blood during the first trimester, with levels es-
calating as pregnancy advances, effectively serving as liquid biopsies 
that provide insights into the fetoplacental unit (13). Nevertheless, 
their low buoyant density, small size, and heterogeneity impede EV 
isolation from bodily fluids and their subsequent evaluation (12). 
Now used techniques for EV isolation, such as differential centrifu-
gation and commercially available isolation kits, require numerous 
preparation steps involving ultracentrifugation and incubation 
phases that can require several hours. Alternatively, polymer-based 
precipitation offers a relatively simplified isolation approach that 
does not require ultracentrifugation or filtration. However, it re-
quires optimized overnight incubation and is plagued by reduced 
specificity due to the concurrent isolation of contaminants and 
polymer molecules. Immunoaffinity isolation methods have recent-
ly gained traction as valuable tools for isolating EVs of specific ori-
gins. However, the efficacy of this approach hinges on the accurate 
screening of EV membrane markers, subsequent antibody-EV in-
teractions, and ultimately elution buffer conditioning: pH, reducing 
agents, or detergents could potentially disrupt EV membrane per-
meability (17).

The emergence of nanotechnology and the evolution of nanoar-
chitectonics have improved EV isolation and detection (18). Super-
paramagnetic nanostructures for developing detection tools have 
become particularly important (18). We pioneered the development of 
mesoporous superparamagnetic nanostructures that specifically 
bind target biomolecules for specific and rapid isolation and to ob-
tain target-specific signals. The associated porous structures provide 
a surface and interfacial bio-affinity that supports efficient analyte 
binding (19, 20). Previously, we demonstrated that specially de-
signed superparamagnetic gold–loaded ferric oxide nanocubes can 
isolate placental alkaline phosphatase (PLAP)–specific EVs within 
4 hours, followed by a 1-hour colorimetric and electrochemical detec-
tion step (21). The nanocubes have a highly porous structure (i.e., a 
large surface area), making them useful for immobilizing many cap-
ture antibodies on their surface. However, this strategy requires long 
procedures, which is unsuitable for on-site screening of EV-like 
nanoparticles. Therefore, nanostructures that enable faster EV isola-
tion and detection are needed for disease screening, which was the 
focus of the current study.

In this study, functionalized superparamagnetic mesoporous 
flower-shaped nickel ferrite spheres (SMNFs) are applied to develop 
a rapid and highly sensitive screening sensor for pregnancy compli-
cations based on placental EV detection. This system can readily 
analyze disease biomarkers and has the potential to be translated 
into clinical practice. This platform provides higher-performance, 
single-modality screening for early pregnancy complications that 
may be implemented within routine pathology.

RESULTS
Characteristics of the study population
A total of 201 pregnant women at early gestation (average 92 ± 13 days) 
were enrolled in this study (Fig. 1), of whom 101 were categorized as 
having a normal pregnancy and 100 were diagnosed with pregnancy 
complications, including GDM (n = 28), PE (n = 23), preterm birth 
(PTB; n = 10), and others (n = 39). The clinical characteristics of the 
pregnant females are presented in Table 1.

EVs were extracted from maternal plasma samples using a high-
performance liquid chromatography (HPLC) system coupled with a 
size exclusion chromatography column. EVs were characterized by 
size, morphology, and phenotype using nanoparticle tracking analy-
sis (NTA), cryo–transmission electron microscopy (cryo-TEM), 
and fluorescence imaging of single-particle interferometry (fig. S1). 
EVs had a size distribution of ~100 nm (mean, 105 ± 35 nm; fig. 
S1A), had a circular morphology with a lipid bilayer membrane ob-
served by cryo-TEM (fig. S1B), and were positive for CD63, CD81, 
and CD9 (fig. S1C).

Cases and controls were randomly divided into the discovery/
training groups (70%; n = 71 controls and n = 70 cases) and test 
(30%; n = 30 controls and n = 30 cases) cohorts (table S1). The 
discovery/training and test cohorts were matched by the gestational 
age at blood draw (case range, 65 to 130 days; and control range, 73 
to 129 weeks). No significant differences (P > 0.05) were observed in 
gestational age, maternal weight, maternal height, maternal body 
mass index (BMI), birth weight, birth length (centimeters), head 
circumference (centimeters), or APGAR score between the cases 
and controls (tables S1 to S3).

Building a prediction model based on circulating placental 
extracellular vesicles for early identification of women at 
risk of pregnancy complication
Optimization of the predictive model
To ensure that the differences observed in biomarker performance 
were driven primarily by disease condition and not by variations in 
clinical characteristics, the biomarker workflow was adjusted ac-
cording to BMI and ethnicity. This adjustment helped control for 
potential confounding factors, such as differences in maternal age 
and BMI, which could influence biomarker levels and classification 
efficiency. Controlling for these variables enhanced the specificity 
and accuracy of the predictive algorithms. This also strengthened 
the generalizability of the findings as it reduced the risk of bias and 
improved the reliability of biomarker performance across diverse 
patient populations.

Another important quality control measure implemented was 
the block randomization of samples during biomarker quantifica-
tion. Block randomization is crucial to minimize potential batch ef-
fects and ensure that variations in biomarker measurements are not 
influenced by systematic biases introduced during the quantifica-
tion process. This process involves grouping samples into random-
ized blocks before analysis, helping to evenly distribute any potential 
sources of experimental variability across the case and control sam-
ples. In biomarker studies, unaccounted variations in sample pro-
cessing can produce misleading results by artificially inflating or 
deflating the biomarker levels. This method ensured that the ob-
served differences in biomarker levels were due to biological factors 
rather than procedural inconsistencies, increasing the confidence in 
the model’s predictive accuracy. Ultimately, block randomization 
strengthens the model by enhancing its reliability and reproducibil-
ity, supporting its application in diverse clinical settings.
Designing the model
A liquid chromatography–multiple reaction monitoring (LC-MRM) 
approach was designed to target the placental and EV-associated 
proteins PLAP, CD63, CD9, CD81, and tumor susceptibility gene 
101 (TSG101) (Fig. 2). PLAP is expressed by trophoblast cells in 
the placenta, and PLAP-positive EVs increase in maternal blood 
throughout gestation (13, 22). Several studies have linked PLAP+ 
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Fig. 1. Study population characteristics. A total of 201 pregnant women at early gestation were enrolled. For biomarker discovery and training, 141 women were included, 
with 71 controls (normal pregnancies) and 70 cases with pregnancy complications, specifically gestational diabetes mellitus (GDM; n = 20), preeclampsia (PE; n = 16), preterm 
birth (PTB; n = 7), and others (n = 27). The test set included 60 women, with 30 controls and 30 cases comprising GDM (n = 8), PE (n = 7), PTB (n = 3), and others (n = 12).

Table 1. Study participant demographics and clinical characteristics used in the training and test development. 

Training Test Training vs. test

﻿ Control vs. case Control vs. case Control vs. case

﻿ Control Case P value Control Case P value P value

Total n﻿ 71 70 – 30 30 – –

 Fetal sex ﻿ ﻿ ﻿ ﻿ ﻿ – –

 Female 36 35 – 16 14 – –

 Male 35 35 – 14 16 – –

Clinical data 
(means ± SD)

﻿ ﻿ ﻿ ﻿ ﻿ ﻿ ﻿

 Gestational age 
(weeks)

13.0 ± 1.6 13.4 ± 2.0 0.17 13.2 ± 1.7 12.9 ± 2.0 0.91 0.70

 Weight at 
collection (kg)

74.0 ± 21.0 76.9 ± 21.7 0.54 73.1 ± 21.9 77.2 ± 18.7 0.26 0.91

Height at 
collection (cm)

1.6 ± 0.1 1.6 ± 0.1 0.12 1.6 ± 0.1 1.6 ± 0.1 0.30 0.96

 BMI at collection 27.9 ± 7.1 29.9 ± 11.4 0.43 27.9 ± 7.8 28.8 ± 6.6 0.52 0.93

 Weight at birth (g) 3218.4 ± 471.7 3247.3 ± 492.7 0.50 3239.0 ± 388.3 3413.4 ± 581.1 0.54 0.47

Length at birth (cm) 50.3 ± 2.3 50.1 ± 2.3 0.64 50.1 ± 2.0 50.4 ± 2.2 0.66 0.85

Head  
circumference 
(cm)

33.9 ± 1.5 34.3 ± 1.4 0.09 33.1 ± 4.6 34.3 ± 1.6 0.51 0.82

 APGAR score, 1 min 8.1 ± 1.5 8.2 ± 1.3 0.94 8.5 ± 1.0 8.2 ± 1.2 0.13 0.58
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Fig. 2. Individual performance of proteins associated with EV and placenta in predicting the risk of pregnancy complications. (A to E) Peptides are colored for each 
protein structure based on the Protein Data Bank (PDB) with the best resolution and coverture available. The structures were prepared with PyMOL in surface mode, and 
biological assembly was available from PDB (monomer, dimer, and tetramer). (A) CD9, (B) PLAP, (C) CD63, (D) CD81, and (E) TSG101. a, area under the receiver operating 
characteristic curve (AUROC); b, area under the precision-recall curve (AUPRC); c, calibration curve. Data are presented as mean values generated via bootstrapping 
(discovery/training set, n = 140; and test set, n = 70) with a 95% confidence interval. Blue line, training set; red line, test set.
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EVs to placental dysfunction and adverse pregnancy outcomes. The 
EV markers CD9, CD63, CD81, and TSG101 were selected on the 
basis of the International Society for Extracellular Vesicles guide-
lines, particularly the Minimal Information Available for Studies of 
Extracellular Vesicles 2018 (MISEV2018) and MISEV2023 recom-
mendations, which identify CD9, CD63, and CD81 as key tetraspa-
nins and TSG101 as an ESCRT (endosomal sorting complexes 
required for transport)–related protein associated with EVs (17, 23). 
The PyCaret classification module was used to train 14 different al-
gorithms for the two outcomes (case and control). A rigorous work-
flow was applied to develop a prediction model that included a 
comprehensive biomarker analysis with cross-validation to ensure 
generalizability. Using the randomly selected discovery/training set 
(70 cases and 71 controls), the model that best predicted the risk 
of pregnancy-related complications was identified. This model was 
then “locked” and evaluated on the independent test cohort (30 cases 
and 30 controls) using a 10-fold cross-validation strategy.

Using CD9 as a variable, the best model predicted 77 and 27 cases 
and 63 and 34 controls in the training and test cohorts, respectively. 
Of these, 46 of 77 (60%) and 16 of 27 (59%) of the predicted cases 
and 39 of 63 (62%) and 20 of 34 (59%) of the predicted controls were 
classified correctly (Fig. 2A). Moreover, the area under the receiver 
operating characteristic curve (AUROC) was 0.62/0.64 (Fig. 2Aa), 
and the area under the precision-recall curve (AUPRC) was 0.60/0.57 
(Fig. 2Ab).

Using PLAP as a variable, the best model predicted 84 and 31 cases 
and 56 and 30 controls in the training and test cohorts, respectively. 
Of these, 59 of 84 (70%) and 23 of 31 (74%) of the predicted cases 
and 45 of 56 (80%) and 23 of 30 (77%) of the predicted controls were 
classified correctly (Fig. 2B); the AUROC was 0.77/0.81 (Fig. 2Ba), 
and the AUPRC was 0.68/0.78 (Fig. 2Bb).

Using CD63 as a variable, the best model predicted 49 and 24 cases 
and 91 and 37 controls in the training and test cohorts, respectively. 
Of these, 31 of 49 (63%) and 15 of 24 (63%) of the predicted cases 
and 52 of 91 (57%) and 22 of 37 (59%) of the predicted controls were 
classified correctly (Fig. 2C); the AUROC was 0.63/0.56 (Fig. 2Ca), 
and the AUPRC was 0.58/0.51 (Fig. 2Cb).

Using CD81 as a variable, the best model predicted 80 and 37 cases 
and 60 and 24 controls in the training and test cohorts, respectively. 
Of these, 50 of 80 (63%) and 22 of 37 (59%) of the predicted cases 
and 40 of 60 (67%) and 16 of 24 (67%) of the predicted controls were 
classified correctly (Fig. 2D); the AUROC was 0.62/0.67 (Fig. 2Da), 
and the AUPRC was 0.57/0.70 (Fig. 2Db).

Using TSG101 as a variable, the best model predicted 84 and 24 cases 
and 56 and 37 controls in the training and test cohorts, respectively. 
Of these, 44 of 84 (52%) and 8 of 24 (33%) of the predicted cases and 
30 of 56 (54%) and 15 of 37 (41%) of the predicted controls were 
classified correctly (Fig. 2E); the AUROC was 0.48/0.56 (Fig. 2Ea), 
and the AUPRC was 0.54/0.61 (Fig. 2Eb).

The Brier score was calculated for each variable to assess the ac-
curacy of the probabilistic predictions (table S4). The best predic-
tions were obtained using PLAP, with a Brier score of 0.19 (Fig. 2, Ac 
to Ec). A comparison of biomarker analysis based on AUROC, pre-
cision/recall, and calibration between training and test data suggests 
that the model did not overfit the data. CD9, CD63, and CD81 
showed consistent predictive performance; TSG101 exhibited poor-
er performance as a predictive marker in this specific context.

Next, the effect of combining all variables on the efficiency of the 
models to identify individuals most at risk of developing pregnancy 

complications was evaluated. Combining all variables improved the 
performance of each variable (AUROC, 0.90; AUPRC, 0.93; Brier 
score, 0.15; Fig. 3A, a to c) in the test cohort for predicting preg-
nancy complications. Based on the feature selection algorithm, the 
variables that contributed the most to performance were PLAP and 
CD9 (fig. S2). In particular, in the test cohort, the model demon-
strated high accuracy in identifying individuals at early gestation 
who would develop GDM {accuracy, 97%; sensitivity, 100% [95% 
confidence interval (CI), 75 to 100%]; and specificity, 97% (95% CI, 
90 to 100%); Fig. 3B, a to c}.

The model also effectively identified individuals at risk of PE 
(Fig. 3C), PTB (Fig. 3D), and other complications (Fig. 3E). For PE, 
the model achieved an optimal sensitivity of 100% (95% CI, 75 to 
100%) and specificity of 97% (95% CI, 90 to 100%) with an overall 
accuracy of 92%. For PTB, the model had an optimal sensitivity of 
67% (95% CI, 0 to 100%) and specificity of 97% (95% CI, 32 to 
100%), with an overall accuracy of 94%. Last, for other pregnancy 
conditions—excluding GDM, PE, and PTB—the model had an op-
timal sensitivity of 75% (95% CI, 42 to 100%) and a specificity of 
83% (95% CI, 50 to 100%), with an overall accuracy of 81%. The 
model performance was consistent between the training and test co-
horts, indicating that the data were not overfitted.

While CD63, CD81, and TSG101 showed similar performances, 
combining PLAP and CD9 provided the most significant contribu-
tion to improving classification efficiency (fig. S2). Notably, when 
only PLAP and CD9 were included in the model, nearly identical 
classification efficiencies were achieved as when all biomarkers were 
incorporated. This indicated that PLAP and CD9 were the primary 
drivers of the classification model’s predictive power.

Synthesis, characterization, and nanozyme activity of SMNFs
Although research on EVs has advanced significantly, the limited 
concentration of isolated EVs hampers their efficiency and preci-
sion, making their enrichment and purification crucial for subse-
quent analyses (24, 25). Enrichment of EVs using magnetic beads 
has garnered increasing attention. Despite substantial progress, this 
method has notable limitations, such as the simple surface structure 
of conventional magnetic beads, few immobilized probes, and inef-
ficient separation, even with complex surface modifications (25).

To develop a sensor to quantify the placental EVs present in 
the maternal circulation during gestation, SMNFs with multiple 
nanopetals were synthesized. These structures provide excellent 
structural stability and offer extraordinary surface functions, en-
abling efficient EV isolation and purification (25–27). SMNFs 
were synthesized using a solvothermal method combined with 
high-temperature calcination in air (fig. S3). Briefly, 0.5 mmol 
of Fe(NO3)3·9H2O and 0.5 mmol of Ni(NO3)3·6H2O were dissolved 
in 40 ml of isopropanol under vigorous stirring. After complete dis-
solution, 8 ml of glycerol was added, stirred, heated at 180°C, and 
centrifuged; the greenish precipitate (i.e., nickel-iron glycerate) 
was collected.

The as-prepared nickel-iron glycerate exhibited a spherical shape 
with an approximate size of 180 to 200 nm (fig. S4A). This interme-
diate complex may have contained C─O, C─H, and O─H bonds 
from the organic glycerol. These organic constituents were removed 
by calcination under an air atmosphere, and the nickel-iron glycer-
ate precursor was converted into the iron oxide phase. The as-
prepared dried nickel-iron glycerate was subsequently heated under 
an air atmosphere at 350°C for 2 hours at 1°C min−1. The calcination 
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Fig. 3. Predictive model performance under combined CD9, PLAP, CD63, CD81, and TSG101EV. (A) Binominal model for cases of all pregnancy complications and 
controls. (B) Binominal model for cases of GDM and controls. (C) Binominal model for cases of PE and controls. (D) Binominal model for cases of PTB and controls. (E) Bi-
nominal model for cases of other complications (excluding GDM, PE, and PTB) and controls. a, AUROC; b, AUPRC; c, calibration curve. Data are presented as mean values 
generated via bootstrapping (discovery/training, n = 140; and test, n = 70) with a 95% confidence interval. Blue line, training set; red line, test set.
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process removed the organic glycerate constituents and yielded 100- 
to 120-nm SMNFs (fig. S4B). The compositions of the products were 
analyzed using x-ray photoelectron spectroscopy (XPS) (fig. S5). 
The survey spectrum of the SMNFs (fig. S5A) confirmed the pres-
ence of Fe, Ni, and O. The high-resolution XPS spectrum of Fe 2p 
revealed two major peaks, corresponding to Fe2+ and Fe3+, respec-
tively, along with satellite peaks. This indicates that iron in the 
SMNFs exists in both Fe2+ and Fe3+ states (fig. S5B). In addition, Ni 
was identified as a mixture of Ni2+ and Ni3+ oxidation states (27). 
The coexistence of Ni2+, Ni3+, Fe2+, and Fe3+ was a common charac-
teristic of nickel-doped ferrite structures (27). An XRD analysis was 
performed to investigate the purity and phase composition of the 
SMNFs (fig. S6), revealing no impurities (JCPDS, no. 54-0964). 
Superparamagnetic nanomaterials are crucial for magnet-based 
pre-concentration, isolation, separation, and purification of target 
analytes from complex biological systems. These nanomaterials ex-
hibited no net magnetic moment without an external magnetic field 
but aligned their magnetic moments when a field was applied, re-
verting to a nonmagnetic state once the field was removed. This 
property enabled the precise magnetic manipulation of samples for 
the specific and sensitive detection of target molecules (28–30). The 
SMNFs demonstrated complete reversibility of the M-H curve 
across temperatures from 5 to 300 K. The S-shaped hysteresis loops 
shown in fig. S7, with a negligible coercive field (Hc), are indicative 
of the superparamagnetic nature of the SMNFs.

Nanozymes are increasingly favored in biosensing for their 
enzymatic mimicry, stability, and cost-effective synthesis, enabling 
rapid and affordable point-of-care applications (31, 32). Herein, 
to assess the peroxidase-mimicking activity of the as-synthesized 
SMNFs, several control experiments were performed. In the posi-
tive test sample, SMNFs were incubated with the freshly prepared 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution; the nega-
tive control did not have SMNFs. After incubation, a clear blue 
solution was observed for the positive sample, whereas the nega-
tive sample was colorless. The absorbance of the positive sample 
was ~18 times higher than that of the negative control (0.85 versus 
0.047; fig. S8).

The amount of SMNFs and the substrate solution pH were opti-
mized to achieve the optimal peroxidase-like activity. The highest 
responses in colorimetry and amperometric readouts were obtained 
at pH 2.5 (fig. S9A). However, considering that iron can leach from 
the SMNFs at pH < 3.0, pH 3.5 was selected for subsequent experi-
ments. In addition, 5 and 10 μg of SMNFs produced similar responses 
(fig. S9B); therefore, 5 μg was selected as the optimal amount.

In the following assays, the SMNFs were functionalized with 
target-specific antibodies, which could affect the nanozyme activity 
by covering the active sites. Hence, the nanozyme activity of the 
SMNFs was analyzed after antibody functionalization. As expected, 
a reduction in absorbance occurred (fig. S10). However, the nano-
zyme response remained sufficiently high for the sensor design.

The steady-state kinetics of peroxidase mimetics was evaluated 
by varying the concentrations of TMB (0.01 to 0.9 mM) and H2O2 
(0.01 to 1.0 M) at a constant H2O2 (500 mM) and TMB (700 μM) 
concentration, respectively (fig. S11). The Michaelis constant (Km) 
and maximum rate of reaction (Vmax) values were estimated us-
ing the Lineweaver-Burk and Michaelis-Menten equations. The 
Km values for TMB and H2O2 were 0.129 and 138.5 mM, respec-
tively (fig. S11), markedly superior to those recently reported for 
nanomaterial-based nanozymes. This enhancement is likely due to 

the three-dimensional nanopetals creating unique diffusional envi-
ronments and exposing the Fe active sites. In addition, while most 
reported nanozymes exhibit high activity at elevated temperatures 
or require active site modifications using complex chemistry (33, 34), 
the current study’s nanozyme demonstrated high activity at room 
temperature without additional chemical modifications. This func-
tionality provides a unique opportunity for advancing nanozyme-
based biosensing, particularly for devices intended for use in 
resource-limited settings.

SMNF-based magnetic isolation and 4-flex readout 
system for EVs
Placental small EVs (sEVs) can be detected in the maternal circula-
tion as early as 6 weeks of gestation (35); placental sEVs constitute 
~20% of the total sEVs in the maternal circulation at term (36). 
However, circulating sEVs (total and placenta-derived) are higher 
throughout pregnancy in individuals with GDM than in those with 
normal pregnancies (13), suggesting that EVs may be used as bio-
markers for GDM. However, challenges in biomarker identification 
and validation, sensitivity and specificity, sample preparation, and 
stability must be addressed to ensure the effectiveness and reliability 
of biomarkers in clinical settings.

PLAP and CD9 antibodies were incorporated into the prediction 
model for the early identification of individuals at risk of developing 
pregnancy complications based on their strong individual perfor-
mance. In this assay, the SMNFs were functionalized with anti-
PLAP antibodies to specifically isolate PLAP+ EVs using a simple 
magnet (Fig. 4A). The magnetically isolated SMNF-EV complexes 
were incubated on a 4-flex glass strip pre-functionalized with anti-
CD9 (Fig. 4B). The 4-flex glass sensor provided high specificity for 
targeted EVs along with three controls, enabling easy and single-
step screening.

To evaluate the capability of the antibodies to create an efficient and 
sensitive assay on glass, SMNFs were functionalized with different anti-
bodies. The antibodies were attached to the SMNFs surface using 1-ethyl- 
3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide 
(EDC-NHS) coupling chemistry, followed by streptavidin modifi-
cation, allowing biotinylated antibodies to easily attach via avidin-
biotin coupling. The PLAP/SMNFs were incubated in the cell 
culture medium collected from a placental choriocarcinoma cell 
(BeWo) culture, and subsequent assays were performed on the 
anti-CD9 functionalized glass surface. CD9 nonspecifically isolat-
ed significantly more EVs than anti-8B6, monoclonal immuno-
globulin G (IgG), and polyclonal IgG (Fig. 4C). The anti-PLAP 
antibody isolated PLAP-specific EVs from BeWo cells, with a lower 
response observed in a human trophoblast cell line (HTR-8 cells).

In addition, the SMNF-isolated EV fraction and the non–PLAP-
specific EV fraction were evaluated. The SMNF-EV fraction showed 
a much higher response (>19 times higher) than the non–PLAP-
specific fraction; within 30 min, the PLAP-SMNF system isolated 
the maximum amount of PLAP(+) EVs (Fig. 4D). These results were 
confirmed via NTA measurements (Fig. 4E). These results demon-
strate the high efficiency of an SMNF-based system for isolating EVs 
from cell culture medium.

A set of control experiments was conducted to verify the assay 
specificity and sensor functionality using an anti-PLAP antibody. In 
the positive control experiments, PLAP-functionalized SMNFs 
were initially incubated in BeWo cell culture medium and then 
subpopulated with anti-CD9 antibodies immobilized onto the 
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streptavidin-modified glass substrate. A significant amount of activ-
ity (0.8125) was observed for placental choriocarcinoma–derived 
EVs (Fig. 4F). In addition, no-target control experiments were per-
formed using phosphate-buffered saline (PBS) instead of BeWo-
derived cell culture medium. As expected, a low response rate 
(0.057) was observed. Similarly, the control experiment without 
PLAP-SMNFs exhibited a negligible response (0.051). These control 
experiments demonstrated the high specificity of the assay for iso-
lating and detecting PLAP+ EVs in cell culture medium, exhibiting 
negligible background interference.

To determine the sensitivity of the detection system, a designated 
concentration of exosomes (103 to 109 equivalent to 8 × 106 to 
8 × 1012 EVs per million cells/24 hours) from BeWo cell lines was 
prepared by serial dilution. The response (colorimetric) increased 
with increasing concentrations of target EVs (Fig. 4G). The higher 
abundance of target EVs was attributed to the increased amount of 
SMNFs on the glass surface, which increased the SMNFs’ nanozyme-
mediated oxidation of TMB, resulting in enhanced color responses. 
The linear regression equation was y = 0.1424x − 0.0307, with a 
coefficient of determination (R2) of 0.9595 and a limit of detection of 

103 EVs per million cells/24 hours. The relative SD (% RSD) of the 
three independent measurements was <6.0%, suggesting good re-
producibility of the nanosensor. This detection limit is 104-fold 
higher than conventional techniques, such as enzyme-linked immuno-
sorbent assay (103 EVs/ml versus 107 EVs/ml per million cells/24 hours). 
The assay demonstrated nearly 10 times higher sensitivity (8 × 106 
versus 8.7 × 107 vesicles per million cells/24 hours) than NTA in 
fluorescence mode (21).

Sensor performance in clinical samples
The model has a high sensitivity and specificity for identifying preg-
nant females at risk of later GDM diagnosis. The classification 
efficiency for GDM remained consistent between the discovery/
training and test cohorts, demonstrating high reproducibility with-
out a decrease in performance metrics (table S2). These findings 
suggest that the CD9/PLAP biomarker panel is particularly robust 
for GDM risk assessment. Hence, the CD9+/PLAP+ sensor sys-
tem was validated using plasma samples from the GDM cohort 
(table S5). Placental EVs were quantified in the plasma, and EVs 
were extracted using matched samples (Fig. 5). No difference was 

Fig. 4. SMNF-based 4-flex glass nanosensor for PLAP+ EVs isolation and detection. (A) Direct isolation of PLAP+ EVs using anti-PLAP modified SMNFs; (B) schematic 
representation of the assay on the 4-flex glass sensor; (C) relative activity of the assay with different types of antibodies obtained from BeWo and HTR-8 cell lines; (D) rela-
tive activity of assay with no antibody or with a PLAP antibody; (E) NTA responses after isolating EVs using unmodified SMNFs and anti-PLAP modified SMNFs; (F) re-
sponses of the assay for target samples against three controls [no-target (NoT): EV sample is replaced by PBS; No SMNFs: EVs are not extracted by PLAP modified SMNFs; 
No Abs: SMNFs are not modified with PLAP antibody (Ab)]; (G) relative activity (absorbance at 652 nm) for the designated concentration of exosomes extracted from a 
GDM (BeWo) cell line. The concentration varies between 103 and 109 particles/ml, equivalent to 8 × 106 versus 8 × 1011 vesicles per million cells/24 hours.



Palma et al., Sci. Adv. 11, eadr4074 (2025)     26 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 15

identified between the quantification of CD9+/PLAP+ in EV and 
plasma samples for GDM (Fig. 5A) or healthy controls (Fig. 5B). 
In addition, comparative analysis of placental CD9+/PLAP+ EVs 
(Fig. 5C) and plasma samples (Fig. 5D) detected using the sensor 
showed higher levels in GDM individuals than controls. Hence, 
plasma measurements alone may be sufficient for early detection of 
GDM, simplifying the diagnostic process. These data suggest the 
potential utility of the CD9+/PLAP+ sensor system as a noninva-
sive and reliable method for the early identification of women 
who will develop GDM.

The sensor’s performance for detecting CD9+/PLAP+ placental 
EVs in plasma compared to extracted EVs was evaluated by apply-
ing the biomarker workflow. The best-performing model applied 
linear discriminant analysis and used the quantification of pla-
cental EV as the input with 10-fold cross-validation. Using plas-
ma, the model predicted 100 and 100% of the predicted cases and 
89 and 92% of the predicted controls in the training and test sets, 
respectively. The model had an AUROC of 0.98 (Fig. 6Aa), AU-
PRC of 0.99 (Fig. 6Ab), and a Brier score of 0.07 in the test set 
(Fig. 6Ac). Using the extracted EVs, the model correctly predict-
ed 40 and 100% of the predicted cases and 40 and 100% of the 
predicted controls in the training and test sets, respectively. The 
model had an AUROC of 1.0 (Fig. 6Ba), AUPRC of 1.0 (Fig. 6Bb), 
and a Brier score of 0.01 in the test set (Fig. 6Bc; table S6). These 
data demonstrate that quantifying placental EVs (CD9+/PLAP+) 
can be a reliable early biomarker to identify individuals at risk of 
developing GDM, with extracted EVs showing superior perfor-
mance to plasma. However, plasma and extracted EVs had accu-
racies exceeding 90%.

GDM is associated with impaired glucose metabolism in the first 
trimester of pregnancy; several studies have evaluated the ability of 
plasma glucose or glycosylated hemoglobin (HbA1c) to predict 
early GDM (37–40). Hence, the biomarker performance of fasting 
blood glucose levels during early gestation was evaluated to predict 
GDM development at 22 to 28 weeks of gestation. Fasting glucose 
levels measured in early gestation predicted the development of 
GDM, with an overall performance of 0.56 [area under the curve 
(AUC)], sensitivity of 58%, and specificity of 54% (fig. S12). In con-
trast, the performance of PLAP/CD9 as biomarkers was significantly 
higher, offering improved sensitivity and specificity for identifying 
women at risk of developing GDM. These findings highlight the po-
tential of PLAP/CD9-based biomarkers to surpass traditional indi-
cators, such as fasting glucose, in terms of predictive accuracy, 
particularly for early detection of GDM. Given the limitations of 
fasting glucose and HbA1c levels in identifying GDM risk early in 
pregnancy, PLAP/CD9 biomarkers may be more effective for timely 
intervention and monitoring.

The accuracy, sensitivity, and specificity of fasting glucose levels 
measured between 11 and 13 weeks of gestation for predicting GDM 
development between 22 and 28 weeks have been evaluated previ-
ously; however, the values can vary depending on the population 
and specific cutoff values (38, 41, 42). Although fasting glucose lev-
els in the first trimester have been associated with the development 
of GDM, they lack sufficient sensitivity and specificity to be the sole 
predictor (38, 40, 41). Combining fasting glucose with other bio-
markers or clinical risk factors tends to improve predictive per-
formance, making the identification of women at risk of GDM 
more reliable.

Fig. 5. Patient sample analysis. Relative activity of plasma and extract EV samples from (A) patients with GDM and (B) healthy patients; side-by-side comparison of re-
sponses obtained from (C) extracted EVs and (D) plasma samples.
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DISCUSSION
In this study, a rapid sensor was developed and optimized to quan-
tify placental EVs, and its ability to identify individuals at risk of 
developing GDM was validated, specifically for use in the first tri-
mester of pregnancy. More specifically, a targeted proteomics ap-
proach was adopted to identify and validate a set of peptides that 
could quantify circulating placental EVs in maternal plasma during 
early gestation. These peptides effectively identified the early risks of 
different pregnancy complications in the discovery and verification 
cohorts of pregnant women. Consistent with previous studies that 
focused on profiling EVs throughout pregnancy and early pregnan-
cy risk prediction, the specific peptides of the key proteins associat-
ed with extracellular vesicles (i.e., CD9, CD63, CD81, and TSG101) 
and placental tissue (i.e., PLAP) were verified. The quantification of 
placental EV biomarkers differentiated cases (patients who devel-
oped pregnancy complications) and controls (those who did not) 
and distinguished different categories of pregnancy-related compli-
cations, including GDM, PE, and PTB.

Using MRM, the tetraspanin CD9 and PLAP proteins were ana-
lyzed within circulating EVs from maternal plasma collected during 
early gestation. This approach identified a distinct pattern of expres-
sion that could effectively distinguish between individuals at early 
gestation most likely to develop GDM and those with a normal 
pregnancy, achieving a combined sensitivity (i.e., using plasma or 
extracted EVs) of 95%, specificity of 100%, positive predictive value 
(PPV) of 100% (95% CI, 100 to 100%), and negative predictive value 

(NPV) of 96% (95% CI, 89 to 100%). Furthermore, quantifying 
PLAP/CD9 in EVs or whole plasma (without EV isolation) yielded 
a similar classification efficiency for identifying patients at risk of 
developing GDM. Hence, isolating EVs may not be necessary to 
yield accurate results and simplify the workflow. Using whole plas-
ma directly would facilitate clinical implementation by making the 
test more compatible with routine laboratory pathology procedures, 
potentially lowering costs, reducing processing time, and improving 
sample consistency.

The concentration of circulating EVs, including those expressing 
CD9 and PLAP, is significantly higher in pregnant than nonpregnant 
women (43). This increase is primarily attributed to the release of 
EVs of placental origin (44). Moreover, during a healthy pregnancy, 
the number of EVs in the maternal plasma continues to increase 
with gestational age, increasing by more than twofold as pregnancy 
progresses (13). This likely reflects the growing metabolic and im-
munological demands of the developing fetus and placenta, high-
lighting the importance of EVs as regulators of immune modulation, 
nutrient transport, and signaling between the mother and fetus (45). 
These gestational age-dependent increases in the number of CD9- 
and PLAP-positive EVs underscore their potential as biomarkers for 
monitoring and assessing the health and progression of pregnancy.

Alterations in the concentration and content of circulating placental 
EVs in maternal blood are characteristic of various pregnancy 
complications, including GDM, PE, fetal growth restriction, and PTB 
(13, 46–48). These complications often share a common physiological 

Fig. 6. Predictive performance of the sensor to identify individuals at risk of developing GDM. (A) Plasma samples; (B) extracted EVs; a, AUROC; b, AUPRC; c, calibra-
tion curve. Data are presented as mean values generated via bootstrapping with a 95% confidence interval. Blue line, training set; red line, test set.
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placental dysfunction pathway, which can disrupt the normal signal-
ing processes between the mother and fetus. This disruption is re-
flected in changes in the quantity and molecular content of EVs 
released from the placenta early in pregnancy, potentially serving as 
an early indicator of a mother’s susceptibility to developing compli-
cations later in gestation (49–51). Thus, although each pregnancy 
complication has distinct clinical features, they may share early EV 
biomarker signatures due to similar underlying placental stress or 
dysfunction. Future studies investigating the specific molecular 
mechanisms and pathways driving EV changes under different condi-
tions would be valuable for refining disease-specific biomarkers.

In the current study, Ni-ferrite–based SMNFs with multiple 
nanopetals were designed to achieve portability, high specificity, 
and high detection sensitivity. These SMNFs act as nanovehicles to 
directly isolate target EVs expressing CD9 and PLAP and function 
as nanozymes. Accordingly, this system was combined with a sensi-
tive and robust nanozyme-based readout system on a 4-flex glass 
strip. The SMNFs isolated the target EVs within 30 min, followed by 
assay formation and nanozymatic readout within another 30 min. 
The 4-flex system allows the comparison of target signals with 
triple-negative controls, demonstrating the high specificity of the 
detection system. The SMNFs showed high enzyme-like activity 
even at room temperature, enabling highly sensitive detection of 
EVs (1000 EVs per million cells/24 hours). The performance of 
the SMNFs nanosensor is comparable to or surpasses that of re-
cently reported nanostructure-based EVs. For example, Yokoi et al. 
(52) used polyketone nanowires with ZnO nanowires to identify 
high-grade serous ovarian cancer, which requires further keton-
ic modifications. In another study, magnetic nanomaterials re-
quired conjugation with MgSiO3 to achieve high isolation capability 
(53). However, neither strategy integrates isolation and detection 
using separate materials or strategies. In contrast, the nanosensor 
described in the current study uses nanostructured SMNFs that do 
not require complex functionalization or the formation of intricate 
nanomaterials. In this way, the nanoengineered SMNFs perform 
isolation and readout of the target EVs.

This 4-flex sensor boasts certain key advantages. (i) It can be ex-
ploited as a rapid first-pass screening (yes/no) tool to detect preg-
nancy complications. (ii) This platform does not require expensive 
total exosome isolation, which is a time-consuming and laborious 
step. Using SMNFs as nanovehicles to directly isolate EVs reduces 
the number of steps requiring expensive reagents and sophisticated 
instruments. (iii) The readout system is based on the nanozyme ac-
tivity of SMNFs; that is, a single nanomaterial performs the isolation 
and detection steps, further reducing the expenses and improving 
portability. This assay also replaces natural enzymes with chromo-
genic substances (e.g., TMB oxidation), reducing the cost, handling, 
and storage facilities generally required for natural enzymes. (iv) 
The nanosensor has a target chamber and three controls, confirming 
its high specificity. (v) The PLAP-SMNFs are highly stable and re-
main dispersed for an extended period; therefore, once prepared, 
they can be used for multiple analyses. Once PLAP and 4-flex func-
tionalization occur, they can be stored and used to analyze at least 
three patient samples.

The sample size is critical to ensuring that the results are repre-
sentative of the general population, particularly given the varying 
incidences of pregnancy complications. Accordingly, a power calcu-
lation was performed for each biomarker to determine the ability to 
detect statistically significant differences with high confidence (table 

S7). By achieving sufficient statistical power, the risk of false nega-
tives was minimized. The study sample size was, therefore, sufficient 
to detect the observed differences across biomarkers, enhancing the 
study’s robustness. While the AUC value of 1.0 in the training set 
suggested excellent predictive performance, the AUC of 0.9 in the 
test cohort might better reflect the general population. The candi-
date biomarkers identified in this cohort should be confirmed in a 
larger multicenter, independent cohort. Moreover, future validation 
studies are required to establish the clinical utility of this approach 
for the early diagnosis and prognosis of GDM in obstetrical triage 
settings and to better define the performance limits of the ap-
proach regarding factors such as the interval from blood draw to 
GDM diagnosis.

Overall, this innovative platform uses EVs to identify individuals 
at risk of developing GDM at an early stage of pregnancy with a clas-
sification accuracy of >90%. This approach has significant potential 
for clinical application and offers an effective tool for early diagnosis 
and intervention. Moreover, it is relatively inexpensive, portable, 
and adaptable for detecting other targeted EVs. Hence, it can be 
readily developed into a simple yet high-performance screening tool 
for pregnancy complications in point-of-care settings.

MATERIALS AND METHODS
Sample collection
A case-control study design was used to establish pregnancy-associated 
changes in placental EVs in maternal plasma obtained from normal 
pregnant females and those with pregnancy complications. The hu-
man plasma samples were obtained in accordance with the princi-
ples of the Declaration of Helsinki. This study was approved by the 
ethics committee of The University of Queensland (HREC/09/
QRBW/14) and the Ochsner Medical Foundation (USA). Written 
informed consent was obtained from the participants at the Ochsner 
Baptist Medical Center (New Orleans, USA).

Samples were obtained before 18 weeks of gestation and classified 
according to the pregnancy outcomes as normal, PE, GDM, PTB, or 
other complications (excluding PE, GDM, and PTB). PE was defined 
as new-onset hypertension (BP ≥ 140/90 mmHg on two separate 
occasions at least 6 hours apart or BP ≥ 160/110 mmHg) and proteinuria 
(>300 mg/24 hours) after 20 weeks of gestation in previously normo-
tensive individuals, according to the International Society for the 
Study of Hypertension in Pregnancy (54). A two-step approach was 
used to screen GDM, including a 50-g oral glucose challenge test per-
formed in a non-fasting state between 24 and 28 weeks of gestation. If 
the screening threshold was met or exceeded, then patients underwent 
an OGTT: A fasting glucose level was obtained, a 75- or 100-g glucose 
load was administered, and glucose levels were evaluated after 1, 2, 
and 3 hours. GDM was diagnosed when two or more glucose values 
were greater than or equal to specified thresholds (55). PTB was de-
fined as birth before gestational week 37 + 0. After informed consent 
was obtained, 10 ml of blood was collected by peripheral venipunc-
ture, allowed to clot upright for at least 20 min at room temperature, 
and centrifuged at 2000g for 10 min. The plasma was removed, ali-
quoted into 0.5 ml of serum, and stored at −80°C. The clinical charac-
teristics of the patients included in this study are shown in Table 1.

Extracellular vesicle isolation
The EVs were isolated using a size exclusion chromatography col-
umn coupled with HPLC. Briefly, the Prominence modular HPLC 
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system from Shimadzu was configured with an autoinjector with 
space for 70 samples (catalog no. 228-4467-92) and a fraction collec-
tor (FRC-10A). The system was connected to a size exclusion chro-
matography column with a 1-ml volume. The autoinjector and 
fraction collector were temperature-controlled at 4°C throughout 
the purification procedure to ensure sample integrity. The samples 
were subjected to low-speed centrifugation at 2000g for 30 min, fol-
lowed by centrifugation at 12,000g for 40 min to remove cell debris 
and large vesicles. They were then aliquoted into glass vials and 
placed in a chilled autoinjector for further processing. During the 
sample injection step, 100 μl of samples were injected into the sys-
tem. The mobile phase comprised Dulbecco’s PBS (DPBS; Thermo 
Fisher Scientific) at 0.5 ml/min; the absorbance was monitored at 
280 nm. Fractions were collected every 1 min (0.5 ml) using a frac-
tion collector and stored at −80°C before evaluation for EVs. Upon 
completion of each fractionation step, a cleaning-in-place process 
was performed by switching the mobile phase to 30% isopropanol/ 
1 M NaOH at 0.5 ml/min to remove serum proteins bound to the 
column, which were then re-equilibrated with DPBS for the next 
sample injection. The pellet was dissolved in filtered PBS and stored 
at −80°C. The EVs were then characterized according to the MISEV 
guidelines, based on their size distribution (NTA), morphology 
(images were obtained by cryo-TEM), and abundance of the pro-
teins associated with these EVs: CD63, CD81, and CD9 (ExoView 
R100, NanoView Biosciences).

Target peptide set selection for placental 
extracellular vesicles
CD9, CD63, CD81, and TSG101, involved in the biogenesis and 
trafficking of EVs and PLAP, were selected to target circulating pla-
cental EVs on the basis of previous studies (46, 56). The FASTA pro-
tein sequences for all proteins were imported into Skyline software 
(version 20.2.1.404) for method development and data processing as 
previously described (57). A targeted Multiple Reaction Monitoring 
High-Resolution (MR-MHR) experiment was performed using the 
preselected peptides and their corresponding masses to select 
the optimal fragment ions. The tryptic peptides were injected into 
a TripleTOF 5600 mass spectrometer (AbSciex) connected to a 
NanoLC 400 system using an analytical MicroLC column (ChromXP 
C18CL, 120A, 150 mm by 0.3 mm (Eksigent). Chromatography was 
performed in trap-elution mode using solvent A (100% H2O, 0.1% 
formic acid) and solvent B (100% acetonitrile, 0.1% formic acid). 
Peptide separation was performed at a flow rate of 0.25 μl/ml ac-
cording to the gradient conditions in table S8. Subsequently, full-
scan data were extracted from the raw data. Wiff files were created 
using SkyLine software. The fragment ions were manually inspect-
ed, and consecutive high-mass y-ion series provided evidence for 
correct peptide identification. The top three fragment ions were se-
lected for the MRM experiment on the basis of their highest co-elution 
ion intensities. MRM experiments were performed using a 5500 
QTRAP hybrid triple quadrupole/linear ion trap mass spectrometer 
(AB Sciex) equipped with an Eksigent MicroLC 200 system.

Protein structures
Human CD9, PLAP, CD63, CD81, and TSG101 AlphaFold (58) 
were downloaded from UniProt (59) with codes P21926, P05187, 
P08962, P60033, and Q99816, respectively. The peptide residues 
were selected in the coordinates file, the solvent-accessible surface 
(SASA) was calculated using the FreeSASA software (60), and the 

secondary structure was determined using DSSP (database of sec-
ondary structure assignments in proteins) (61). The figures were 
prepared using Biopython (62) and PyMOL (63) scripts.

Model construction
The PyCaret classification module trained 14 different algorithms 
for the two outcomes. PyCaret (version 3.3.2) (64) is an automated 
machine learning low-code library in Python that automates the 
machine learning workflow. Python (version 3.11.0) was used for all 
models. By default, a random selection method was used to split the 
data into training and test sets of 70 and 30%, respectively.

Algorithm selection and performance measures
Fourteen machine learning algorithms were trained: random forest, 
support vector machine–radial kernel, extra trees classifier, Gaussian 
process classifier, decision tree classifier, multilayer perceptron, light 
gradient boosting machine, K neighbors classifier, gradient boost-
ing classifier, AdaBoost classifier, logistic regression, linear discrim-
inant analysis, quadratic discriminant analysis, and naïve Bayes. 
The algorithms were evaluated first on 10-fold cross-validation and 
then on the test data. The best model was selected on the basis of 
accuracy, which was calculated as the total number of correct pre-
dictions divided by the total number of predictions. In addition, the 
optimal sensitivity, specificity, PPV, NPV, AUROC, AUPRC, and 
Brier scores were calculated for the training and test data. Last, fea-
ture importance was calculated for the best model, providing an 
overall assessment of the most crucial biomarkers in distinguishing 
the control and case samples.

Cell culture
BeWo cells were used as placental cells to analyze the in vitro effects 
of mimetic exposure on the hyperglycemic microenvironment, in-
flammatory conditions, and infection signals. These cells were cultured 
in growth medium nutrient mixture F-12 Ham (Sigma-Aldrich) 
supplemented with 15% fetal bovine serum (FBS; Gibco) and 1% 
antimycotic/antibiotic (100×; Thermo Fisher Scientific, MA, USA). 
To avoid incorporating external EVs into the assay, the media used 
for the treatment were supplemented with EV-depleted FBS by cen-
trifugation at maximum speed (30,000 rpm) for 20 hours using a 
SureSpin 630 Swinging Bucket Rotor (Thermo Fisher Scientific). 
BeWo cells were plated in 12-well clear tissue culture (TC)–treated 
multiple well plates (Costar) at a cell density of 75,000 cells per well 
in 1 ml of medium. The cells were cultured at 37°C and 8% O2. After 
24 to 48 hours, the cells reached ~85% confluence, as determined 
using IncuCyte (CCD-WI-15); confluence was used to normalize 
exosome release.

Placental cells were tested before and after syncytialization and 
treated with forskolin (20 μM). Using a pipette, cells were washed 
twice with 300 μl of DPBS (Thermo Fisher Scientific) and aspirated. 
Then, forskolin was added to a final concentration of 20 μM (1.7 μl 
of standard per milliliter of medium). BeWo cells were treated with 
different concentrations of lipopolysaccharide from Escherichia coli 
0111:B4 strain concentrations of 0, 0.01, 0.1, 1, and 10 μg/ml. Tumor 
necrosis factor–α (R&D Systems) was used in the following con-
centrations: 0.002, 0.02, 0.2, 2, and 20 ng/ml. Glucose (Gibco) was 
used for the glucose treatment, considering that the normal growth 
medium contained 5 mM glucose. In the presence of high glucose 
concentrations, 20 mM glucose was used. The glucose assay also in-
cluded an osmotic control. Experiments at normal and high glucose 
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levels were performed in the presence or absence of insulin 1 nM 
(Sigma-Aldrich).

Collection of cell-conditioned medium and cell lysate
After 48 hours of treatment, cell confluence was determined using 
the IncuCyte reagent (Essen Biosciences). The supernatant was col-
lected and centrifuged (sample E). The wells were washed with 1 ml 
of DPBS and then treated with 100 μl of radioimmunoprecipitation 
assay buffer (Sigma-Aldrich). Separately, the wells were scratched, 
and the lysate was collected in a microcentrifuge tube (Neptune). 
The microcentrifuge tube containing the lysate was sonicated in an 
ultrasonic unit (Elma Elmasonic S15H) for 5 min (sample C).

Sample E was centrifuged at 2000g for 10 min. The supernatant 
was transferred to a different microcentrifuge tube and centri-
fuged at 12,000g for 10 min. The supernatants were stored for exo-
some isolation. Sample C was centrifuged at 12,000g for 15 min. 
The supernatants were stored for protein quantification and west-
ern blot analysis.

Superparamagnetic SMNF synthesis
Flower-like SMNFs was prepared using the solvothermal method. 
In a typical process, Ni(NO3)2·6H2O (0.5 mM) was dissolved in 40 ml 
of isopropanol, followed by the addition of Fe(NO3)3·9H2O (1 mM). 
Glycerol (8 ml) was slowly added to the solution under magnetic 
stirring for 1 hour. The resulting solution was transferred to a 100-ml 
Teflon-lined stainless-steel autoclave and heated at 180°C for 16 hours 
in an electric oven. The product was collected by centrifugation 
(1000 rpm for 10 min), washed thrice with ethanol, and dried in an 
oven at 60°C for 5 hours. The greenish powder was then subjected to 
calcination at 350°C for 2 hours in an electric oven.

SMNF-based direct EV isolation
Freshly prepared PLAP-SMNFs (5.0 μl) were mixed with 100 μl of 
cell culture medium (from BeWo cells) and incubated for 1 hour at 
room temperature. The SMNF-captured EVs were then washed with 
2× binding and washing buffer [10 mM tris-HCl (pH 7.5), 1 mM 
EDTA, and 2 M NaCl] to remove cell debris and other contami-
nants. After magnetic washing, the PLAP-SMNF/EV conjugates 
were transferred to an anti-CD9 antibody-modified glass substrate 
for naked-eye and colorimetric readouts.

Nanozymatic detection of isolated EVs
The biotinylated anti-CD9 antibody (5.0 μl; 100 ng/ml) was first in-
cubated on the 4-flex glass surface for 30 min. The glass substrate 
was then washed thrice with PBS to remove loosely attached or un-
attached CD9 antibodies. To avoid nonspecific binding of EVs or 
other biomolecules, the glass surface was incubated with a 2% bo-
vine serum albumin solution (as a blocking agent) for 15 min. Next, 
5.0 μl of isolated anti-PLAP antibody/SMNF/EV conjugates were 
added to the glass surface and incubated for 30 min. Last, 50 μl of 
freshly prepared TMB substrate solution [700 μM TMB and 500 mM 
H2O2 in 0.2 M NaAc buffer (pH 3.5)] was added and incubated for 
10 min in the dark to allow the SMNF-catalyzed TMB oxidation 
reaction to proceed. Color changes were monitored using naked-eye 
observation. The absorbance was recorded at 650 nm using a 
SpectraMax spectrophotometer for quantitative measurements. At 
least three replicates were performed for each standard sample. All 
measurements were performed at room temperature.

Statistical analysis
Clinical data were analyzed using Student’s t test, Mann-Whitney U 
test, or Fisher’s exact test using SPSS version 25. Hierarchical clus-
tering was performed and displayed using the Qlucore Omics Ex-
plorer Software (Qlucore, Lund, Sweden) to visualize the candidate 
proteins/peptides identified using the probabilistic estimation of 
expression residuals (PEER) process. Clustering and enrichment of 
the 110 bivariate biomarkers were performed using cumulative dis-
tribution function (CDF). We calculated the statistical power for 
each protein and sensor comparison using the mean and SD from 
proteomics and sensor measurements (table S7). The significance 
level was set at α = 0.05, and the statistical power was determined 
using a t test with the “pwrss” R package.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S12
Tables S1 to S8
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