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Background: Preeclampsia, a major cause of adverse pregnancy outcomes, involves metalloproteinases pregnancy-associated plasma
protein (PAPP)-A and PAPP-A2 from placental trophoblasts. The graphene oxide (GO)-based surface plasmon resonance (SPR)
biosensor has higher sensitivity, affinity, and selective ability than the traditional SPR biosensor. The aim of this study was to explore
the feasibility of measuring first-trimester serum PAPP-A/PAPP-A2 ratio as a novel predictor of preeclampsia using the GO-SPR
biosensor.

Methods: This prospective case-control study of pregnant women was conducted at MacKay Memorial Hospital, Taipei, Taiwan
between January 2018 and June 2020. The SPR angle shifts of first-trimester serum PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio
measured using the GO-SPR biosensor were compared between preeclampsia and control groups.

Results: Serum samples from 185 pregnant women were collected, of whom 30 had preeclampsia (5 early-onset; 25 late-onset). The
response time between the antibody-antigen association and dissociation only took about 200 seconds. The SPR angle shift of PAPP-A in
the preeclampsia group was significantly smaller than that in the control group (median (interquartile range): 5.33 (4.55) versus 6.89 (4.10)
millidegrees (mDeg), P = 0.008). Conversely, the SPR angle shift of PAPP-A2 in the preeclampsia group was significantly larger than that
in the control group (5.70 (3.81) versus 3.63 (2.38) mDeg, P < 0.001). Receiver operating characteristic (ROC) curve analysis revealed
a cut-off PAPP-A/PAPP-A2 ratio to predict all preeclampsia of < 0.76, with an area under the ROC curve (AUC) of 0.79 (95% CI 0.73—
0.85, P <0.001). Sub-group analysis revealed a cut-off PAPP-A/PAPP-A2 ratio to predict early-onset preeclampsia of < 0.53 (AUC 0.99,
95% CI 0.96-1.00, P < 0.001), and < 0.73 to predict late-onset preeclampsia (AUC 0.75, 95% CI 0.68-0.81, P < 0.001).

Conclusion: Measuring first-trimester serum PAPP-A/PAPP-A2 ratio using the GO-SPR biosensor could be a valuable method for
early prediction of preeclampsia.
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Introduction

Preeclampsia is a life-threatening disorder which affects 2—8% of pregnancies, and it is one of the major causes of
adverse pregnancy outcomes.' Preeclampsia is classified as being early-onset (< 34 gestational weeks) or late-onset (> 34
gestational weeks), of which early-onset preeclampsia is less prevalent but has worse outcomes than late-onset

preeclampsia.” The pathophysiology of preeclampsia remains uncertain, however it is well-recognized that an ischemic
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placenta plays a critical role because it releases various biochemical factors into the maternal circulation, which change
maternal systemic endothelial function resulted in hypertension and other features of preeclampsia.’

The insulin-like growth factor (IGF) system is thought to play a crucial role in the pathogenesis of preeclampsia.*
Quantification of maternal serum proteins related to the IGF family can be used in preeclampsia screening. Pregnancy-
associated plasma protein A (PAPP-A), a 200 kDa metzincin superfamily metalloproteinase, originates primarily from
placental trophoblasts. PAPP-A is an imperative protease that can cleave insulin-like growth factor binding protein
(IGFBP)-4 to release IGFs, which bind IGF receptors and activate the IGF pathway to facilitate trophoblast invasion and
vascular remodeling.” Pregnancy-associated plasma protein A2 (PAPP-A2), a novel 220 kDa metalloproteinase, is also mostly
produced by placental trophoblasts and specifically cleaves IGFBP-5 to release IGFs.® PAPP-A2 is a homologue of PAPP-A,
and they share 45% amino acid residues.® Although both PAPP-A and PAPP-A2 affect placentation and fetal growth via the
regulation of IGF bioavailability, they have dissimilar physiological functions and can be potential biomarkers to predict
preeclampsia.” '® Low PAPP-A levels result in diminished IGF signaling, indicating impaired trophoblast invasion and
placental perfusion, leading to placental hypoxia and oxidative stress in preeclampsia. Conversely, elevated PAPP-A2 levels
may contribute to abnormal placentation, reducing blood flow, inducing hypoxia, and fostering endothelial dysfunction in
preeclampsia. These imbalances underscore the vascular and placental abnormalities characteristic of this condition. Previous

studies have demonstrated that a lower level of first-trimester PAPP-A is associated with an increased risk of preeclampsia,’*

while a higher level of PAPP-A2 is associated with an increased risk of preeclampsia.”'°

Various biosensors for early detection of biomarkers related to preeclampsia have become available in recent years.'"™"”
Two-dimensional graphene materials have been proven to have excellent biocompatibility in biomedical applications such
as biomarker detection, antibacterial surfaces, and drug carriers.'® " Graphene oxide (GO), a derivative compound of
graphene, is chemically modified graphene that contains many functional epoxy, hydroxyl, carbonyl, and carboxyl groups,
which result in excellent amphiphilicity.' ** In addition, GO has semiconductor characteristics, and when combined with
gold (Au) films it can form a perfect heterostructure interface, which can enhance the surface plasmon resonance (SPR)
response.”**> Therefore, it has become an increasingly important nanomaterial for assay applications in biomedical
optoelectronics.*”

In clinical practice, the only definite therapy for preeclampsia is termination of pregnancy and complete removal of the
placenta, however preterm birth and perinatal death can also occur. Predicting the women at risk of preeclampsia as early as
possible allows for prophylactic procedures such as the early use of low-dose aspirin to decrease the development of

preeclampsia.”’*® PAPP-A has been widely used in first-trimester preeclampsia screening;***' however, PAPP-A2 was
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discovered after PAPP-A and it has not been used in clinical practice. In this study, we tried to use a GO-SPR biosensor to
examine the SPR angle shifts of serum PAPP-A and PAPP-A2 of first-trimester pregnant women to predict preeclampsia. In
addition, we compared the SPR angle shifts of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio, and further investigated
the feasibility of using PAPP-A/PAPP-A2 ratio as a novel index of preeclampsia.

Materials and Methods

Sample Collection
We conducted this prospective case-control study at a tertiary referral hospital in Taipei, Taiwan between January 2018
and June 2020. Serum samples were collected from pregnant women who underwent aneuploidy screening in the first
trimester of pregnancy (11 0/7 to 13 6/7 gestational weeks). The exclusion criteria were: women with underlying chronic
diseases, fetal structural or chromosomal anomalies, and multifetal pregnancies. Preeclampsia was diagnosed as
hypertension (systolic blood pressure > 140 mm-Hg and/or diastolic blood pressure > 90 mm-Hg) detected after 20
gestational weeks with proteinuria or end-organ dysfunction.*? Preeclampsia was classified as either early-onset (< 34
gestational weeks) or late-onset (> 34 gestational weeks), and it resolved only after delivery. Therefore, a case of early-
onset preeclampsia would not simultaneously be a case of late-onset preeclampsia. This study was performed following
the ethical policies and procedures approved by the Institutional Review Board of MacKay Memorial Hospital (Approval
no. 16MMHIS149). Informed consent was obtained from the participants, and the personal identifiers were anonymized
before analysis. All methods were performed in accordance with the ethical standards of the Declaration of Helsinki.
Maternal blood samples, approximately 3 mL in volume, were collected for aneuploidy screening. Upon centrifuga-
tion, the serum was separated and stored at —20°C until analysis. PAPP-A concentrations were measured by time-
resolved amplified cryptate emission (TRACE) technology (Thermo Fisher Scientific). The PAPP-A in the serum
samples was sandwiched between two diverse monoclonal antibodies, the first conjugated with europium cryptate, and
the other with the fluorophore, allophycocyanin (APC, XL665). The basis of TRACE technology is non-radiative
fluorescence energy transfer from a donor (europium cryptate) to an acceptor (XL 665) measured using a KRYPTOR
analyzer (Thermo Fisher Scientific). In addition, PAPP-A2 concentrations were measured by a commercial enzyme-
linked immunosorbent assay (ELISA) (MBS012098, MyBioSource). The assay was conducted according to the manu-
facturer’s protocol, and the absorbance was measured at 450 nm. The samples were then taken to our laboratory to
examine the SPR angle shifts of PAPP-A and PAPP-A2 using the GO-based SPR biosensor.

Preparation of the GO-Based SPR Nanochip

Figure 1A shows the real picture of a GO-based SPR chip. Figure 1B shows the GO-based SPR biosensor system with its
biomolecule binding and sensing mechanism. GO sheets were exfoliated from natural graphene by the modified
Hummers’ method. The biosensor, featuring a tailored ligand coating for specific interaction with PAPP-A and PAPP-
A2 proteins, was situated over a BK7 prism. A laser emitting at a precise wavelength of 670 nm was directed onto the
biosensor to initiate the SPR phenomenon. The BK7 prism facilitated the transmission of laser light through the
biosensor, enabling interaction with the blood samples. Interactions between PAPP-A and PAPP-A2 in the samples
and the immobilized ligands induced changes in the SPR angle. This alteration was meticulously monitored in real-time
by a highly sensitive photodetector. Inmunoassay reactions were performed by a sensing film of GO sheets concentration
of 1 mg/mL at a film thickness of about 1.8 nm by adsorbed to the Au film (47 nm) surface.’® After the GO sheets had
been adsorbed, the surface thickness of the Au film coated with the linker cystamine dihydrochloride (Cys, 98%, Alfa
Aesar).** Cystamine contains amine and thiol functional groups, and we used cystamine to generate thiol self-assembled
monolayers (SAMs) on the bare Au film surfaces. The carboxyl-GO sheet was immobilized on the Au film as a carboxyl-
GO sensing layer. This carboxyl-GO sensing layer and cystamine formed a covalent bond by chemical reactions with -
COOH and -NH2.>> The dispersion and surface morphology of the GO sheets were analyzed using a transmission
electron microscope (TEM) (FEI Tecnai G20, Hillsboro, OR, USA). Figure 1C shows the interactions between GO
functional groups and protein molecules. The surface of the GO sheets was rich in oxidizing functional groups
(epoxy, hydroxyl, carbonyl, and carboxyl), which enhanced the bio-affinity. The carboxyl groups of the GO sheets
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Figure | The sensing mechanism of the GO-SPR biosensor to measure PAPP-A and PAPP-A2. (A) The real picture of a GO-based SPR chip. (B) A schematic diagram of the
GO-SPR biosensor. The | mg/mL GO sheet (1.8 nm) is immobilized on the Au film (47 nm) surface. (C) The interactions between GO functional groups and protein
molecules. The surface of the GO sheets is rich in oxidizing functional groups which enhance the bio-affinity.

could form a chemical covalent bond with the amino groups of antibodies (anti-PAPP-A (MBS668449, MyBioSource)
and anti-PAPP-A2 (MBS690059, MyBioSource)). This GO-protein covalent bond can be utilized by SPR technology for
immunoassay biochips.

Microscopic Morphology and Chemical Structure of GO Sheets

The TEM images in Figure 2A and B display different amplifications of a GO sheet with a layer-by-layer lamination and
organic shell matrix structure, where 0.275 mg/mL GO immobilized on the surface of the Au film. In Figure 2B, the
TEM image features a 50 nm ruler scale, and the observed stacked and wrinkled flakes suggest that most GO sheets have
a diameter of less than 50 nm. Figure 2C shows the resonance angular shifts of bare Au chips and GO-based chips under
the incident light of 690 nm using the Kretschmann configuration system. The SPR angular displacements of bare Au and
GO-based chips were 34.96° and 35.18°, respectively. The results showed that the thin film layer of the GO-based chip
leaded to a larger SPR angle, which verified that the GO sheets were modified on the surface of Au film. Figure 2D
shows the ultraviolet-visible (UV-Vis) absorption spectrum and chemical structure of the GO sheets. The UV-Vis
absorption spectrum of oxygen-containing carbon groups in aqueous GO dispersion yielded two absorption peaks: an
absorption peak at around 230 nm, which represented the n—n* absorption peak of aromatic C-C bonds in different
aromatic sp2 cluster sizes, and a weak shoulder at around 300 nm, which represented the n—n* absorption peak because
of epoxy and carbonyl bonds.

Optimization of Antibody Immobilization and Pre-Analytic Sample Processing

Figure S1 shows real-time SPR sensorgrams of response curves for the assay of anti-PAPP-A anti-PAPP-A2 immobiliza-
tion processing steps. Initially, the carboxyl groups of the GO sheets were activated by 0.4 M 1-cthyl-3-(3-dimethyla-
minopropyl) carbodiimide (EDC, Sigma-Aldrich) and 0.1 M N-hydroxysuccinimide (NHS, Sigma-Aldrich), with a flow
rate of 60 uL/min and an injection volume of 200 uL. We then immobilized 25 pg/mL anti-PAPP-A or 25 pg/mL anti-
PAPP-A2 on the surface of the chip at a flow rate of 10 uL/min, and used 1 mg/mL bovine serum albumin (BSA, pH 7, >
98%, Sigma-Aldrich) to reduce non-specific binding proteins on the chip surface. After that we injected 1
M ethanolamine hydrochloride (EA, Sigma-Aldrich) to stop the remaining activation of the functional groups. In the
last step, we injected 10 mM of sodium hydroxide (NaOH, Sigma-Aldrich, USA) at a flow rate of 60 uL/min.
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Figure 2 Microscopic morphology and chemical structure of GO sheets. (A and B) High-resolution TEM images of a GO sheet with a layer-by-layer lamination and organic
shell matrix structure. In Figure 2B, the TEM image features a 50 nm ruler scale, and the observed stacked and wrinkled flakes suggest that most GO sheets have a diameter
of less than 50 nm. (C) The graph of SPR characteristic curves between bare Au chips and GO-based chips, which was generated using the OriginPro 9.| software. The SPR
angular displacements of bare Au and GO-based chips are 34.96° and 35.18°, respectively. (D) The UV-Vis absorption spectrum and chemical structure of GO sheets. An
absorption peak at around 230 nm represents the TI—TT* absorption peak of aromatic C-C bonds in different aromatic sp2 cluster sizes, and a weak shoulder at around 300
nm represents the n—TT* absorption peak because of epoxy and carbonyl bonds.

The serum samples were diluted 100, 1000 and 10,000 times with running buffer at different pH levels to detect
PAPP-A and PAPP-A2 using the GO-SPR biosensor (Figure S2). The running buffer contained 1 mg/mL BSA, 200 mM
NaCl, 0.05% Tween-20 (1 g/mL, Sigma-Aldrich), and 1x (100 mL) phosphate buffer saline (PBS, UniRegion Bio-Tech).
The isoelectric point of IgG antibody ranged between 6.8 and 8.5. Running buffers with different pH values were
compared to reduce non-specific binding. A BI-3000 SPR system (Biosensing Instrument) was used to examine the SPR
angle shifts of PAPP-A and PAPP-A2 in clinical samples, and 50 mM of NaOH was used to regenerate the chip surface.
The response time between the antibody-antigen association and dissociation only took about 200 seconds. The SPR
angle shifts of serum samples, diluted 1000-fold, closely approximated those of the standard antigens.'” In this
experiment, each sample was diluted 1000 times with running buffer in a volume of 250 puL and injected at a flow
rate of 60 pL/min at pH 7.4 and room temperature for measuring PAPP-A and PAPP-A2.

Data Analysis

We used SPSS version 24.0 (IBM Corporation, Armonk, USA) and SAS version 9.4 (SAS Institute, Cary, USA) for
statistical analyses. Spearman correlation analysis was used to evaluate correlations between SPR angle shifts and values of
commercial assays. The Kolmogorov—Smirnov test was conducted to evaluate whether the continuous variables showed
a normal distribution. Upon recognizing that the data did not adhere to a normal distribution, we subsequently employed the
Mann—Whitney U-test and presented the data using the median (interquartile range). Receiver Operating Characteristic
(ROC) curves, along with the Youden Index, were employed to determine the cut-off values for PAPP-A, PAPP-A2, and
PAPP-A/PAPP-A2 ratio in predicting preeclampsia. The threshold for determining the detection rate was set at 0.5. The
confusion matrix was employed to validate the predictive performance of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio.
We utilized a paired sample design to assess ROC contrast estimates, accounting for the correlation between tests on the
same subjects in predicting preeclampsia. A P value < 0.05 was considered to be statistically significant.
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Results

Calibration Curves Between the Results of the GO-SPR Biosensor and Commercial
Assays

The initial 45 serum samples from pregnant women were used to establish calibration curves correlating SPR angle shifts
with values from commercial biochemical assays (PAPP-A measured by TRACE technology and PAPP-A2 measured by
ELISA). Strong correlations were observed for measuring PAPP-A (r = 0.966) and PAPP-A2 (» = 0.957) between the
experimental values obtained using the GO-SPR biosensor and commercial methods (Figure 3A and B).

SPR Angle Shifts of PAPP-A and PAPP-A2 in Clinical Samples

We totally collected 185 serum samples from the pregnant women, of them 30 were diagnosed with preeclampsia (5
early-onset and 25 late-onset). Table 1 presents maternal characteristics, laboratory data, and neonatal outcomes. The
SPR angle shift of PAPP-A in the preeclampsia group was significantly smaller than that in the control group (5.33 (4.55)
versus 6.89 (4.10) mDeg, P = 0.008). Furthermore, the SPR angle shift of PAPP-A2 in the preeclampsia group was
significantly larger than that in the control group (5.70 (3.81) versus 3.63 (2.38) mDeg, P < 0.001) (Figure 3C). The
converted concentrations of PAPP-A and PAPP-A2, calculated from the SPR angle shift results, were 2.27 (2.16) versus
3.01 (1.94) (IU/L) and 5.07 (4.82) versus 2.45 (3.01) (ng/mL) in the preeclampsia group and the control group,
respectively. Sub-group analysis revealed that there was no significant difference in PAPP-A SPR angle shift between
early-onset (4.28 £ 1.79 mDeg) and late-onset (6.51 + 3.92 mDeg) preeclampsia (P = 0.229), but that PAPP-A2 SPR
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Figure 3 SPR angle shifts of PAPP-A and PAPP-A2 in clinical samples. (A and B) Relationships between SPR angle shifts and values of commercial assays for measuring PAPP-
A (r = 0.966) and PAPP-A2 (r = 0.957). (C) SPR angle shifts of PAPP-A and PAPP-A2 in the preeclampsia and normal groups. The SPR angle shift of PAPP-A in the
preeclampsia group 5.33 (4.55 mDeg) is significantly smaller than that in the control group 6.89 (4.10 mDeg) (P = 0.008). The SPR angle shift of PAPP-A2 in the preeclampsia
group 5.70 (3.81 mDeg) is significantly larger than that in the control group 3.63 (2.38 mDeg) (P < 0.001). (D) SPR angle shifts of PAPP-A and PAPP-A2 in the early- and late-
onset preeclampsia groups. PAPP-A2 SPR angle shift in the early-onset preeclampsia group (9.53 % 16.16 mDeg) is significantly larger than that in the late-onset preeclampsia
group (5.60 = 6.27 mDeg) (P = 0.007).

Abbreviation: PE, preeclampsia.
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Table 1 Maternal Characteristics, Laboratory Data, and Neonatal Outcomes

Preeclampsia No Preeclampsia P value
(n =30) (n = 155)
Mother
Age (year) 34.0 (7.0) 32.0 (5.0 0.023*
Weight (kg) 58.0 (20.5) 53.4 (11.0) 0.047*
Gravida 1.0 (1.0) 2.0 (1.0) 0.546
Para 1.0 (1.0) 1.0 (1.0) 0.171
Delivery age (week) 38.3 (2.3) 39.3 (1.7) 0.001*
Chronic hypertension 6 (20.0%) 3 (1.9%) 0.001*
Diabetes mellitus 2 (6.7%) 5 (3.2%) 0.317
Cesarean delivery 8 (26.7%) 32 (20.8%) 0.474
First-trimester examination
Detection time (week) 13.0 (0.5) 12.7 (0.6) 0.055
PAPP-A (mDeg) 5.33 (4.55) 6.89 (4.10) 0.008*
Converted PAPP-A (IU/L) 2.27 (2.16) 3.01 (1.94) 0.008*
PAPP-A2 (mDeg) 5.70 (3.81) 3.63 (2.38) < 0.001*
Converted PAPP-A2 (ng/mL) 5.07 (4.82) 2.45 (3.01) < 0.001*
Neonate
Birth age (week) 383 (2.3) 39.3 (1.7) 0.001*
Birth weight (g) 2672 (723) 3109 (493) < 0.001*
Male 15 (51.7%) 72 (48.3%) 0.737

Notes: Continuous variables are presented as median (interquartile range), and categorical variables are
expressed as n (%).*P < 0.05 was considered statistically significant.

Abbreviations: PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-associated plasma
protein A2.

angle shift in the early-onset preeclampsia group (9.53 + 4.02 mDeg) was significantly larger than that in the late-onset
preeclampsia group (5.61 + 2.50 mDeg) (P = 0.007) (Figure 3D).

Analyses of SPR Angle Shifts of Biomarkers to Predict Preeclampsia

The ROC curve analysis demonstrated optimal cut-off values of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio to
predict all preeclampsia of <4.81 mDeg, > 4.59 mDeg, and < 0.76, respectively (Table 2 and Figure 4A). The areas under
the curves (AUCs) for PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio were 0.65 (95% confidence interval (CI) 0.58—
0.72, P =0.013), 0.76 (95% CI 0.69-0.82, P < 0.001), and 0.79 (95% CI 0.73-0.85, P < 0.001), respectively. Sub-group
analysis revealed optimal cut-off values of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio to predict early-onset
preeclampsia of < 4.81 mDeg, > 5.12 mDeg, and < 0.53, respectively (Table 2 and Figure 4B). The AUCs for PAPP-
A, PAPP-A2, and PAPP-A/PAPP-A2 ratio were 0.83 (95% CI 0.76-0.88, P < 0.001), 0.92 (95% CI 0.86-0.96, P <
0.001), and 0.99 (95% CI 0.96-1.00, P < 0.001), respectively. In addition, the optimal cut-off values of PAPP-A, PAPP-
A2, and PAPP-A/PAPP-A2 ratio to predict late-onset preeclampsia were < 4.55 mDeg, > 4.59 mDeg, and < 0.73,
respectively (Table 2 and Figure 4C). The AUCs for PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio were 0.62 (95% CI
0.54-0.69, P = 0.089), 0.73 (95% CI 0.65-0.79, P < 0.001), and 0.75 (95% CI 0.68-0.81, P < 0.001), respectively.
Through the confusion matrix, the accuracies for predicting all instances of preeclampsia were 0.75, 0.73, and 0.87 for
PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio, respectively. Regarding the prediction of early-onset preeclampsia, the
accuracies were 0.76, 0.75, and 0.96 for PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio, respectively. For late-onset
preeclampsia, the accuracies were 0.76, 0.70, and 0.85 for PAPP-A, PAPP-A2, and the PAPP-A/PAPP-A2 ratio,
respectively. There were statistically significant differences between PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio
to predict all and early-onset preeclampsia, however PAPP-A2 and PAPP-A/PAPP-A2 ratio rather than PAPP-A could
predict late-onset preeclampsia (Table 2).
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Table 2 ROC Curve Analyses of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 Ratio for Predicting Preeclampsia

AUC (95% CI) | Cut-off Value | Accuracy | Sensitivity | Specificity | PPV | NPV | P value | Detection Rate (%) For Fixed False-Positive Rate
5% (95% CI) 10% (95% CI)
All preeclampsia
PAPP-A 0.65 (0.58-0.72) < 438l 0.75 0.50 0.79 0.31 0.89 0.013* 26.67 (10.0043.33) 33.33 (18.87-53.33)
PAPP-A2 0.76 (0.69-0.82) > 459 0.73 0.73 0.74 0.35 094 | <0.001%* 13.33 (0.00-30.00) 30.00 (13.33—49.58)
PAPP-A/PAPP-A2 0.79 (0.73-0.85) <0.76 0.87 0.50 0.95 0.66 091 < 0.001* 46.67 (26.67-66.67) 50.00 (33.33-70.00)
Early-onset preeclampsia
PAPP-A 0.83 (0.76-0.88) <48l 0.76 0.80 0.79 0.11 099 | <0.000* 40.00 (0.00-80.00) 40.00 (0.00-80.00)
PAPP-A2 0.92 (0.86-0.96) >5.12 0.75 1.00 0.79 0.13 1.00 | <0.001* 60.00 (20.00-100.00) 60.00 (20.00-100.00)
PAPP-A/PAPP-A2 0.99 (0.96-1.00) <0.53 0.96 0.80 0.99 0.36 1.00 | <0.000%* 100.00 (100.00-100.00) 100.00 (100.00—-100.00)
Late-onset preeclampsia
PAPP-A 0.62 (0.54-0.69) <455 0.76 0.44 0.82 0.28 0.90 0.089 24.00 (8.00—44.00) 32.00 (16.00-52.00)
PAPP-A2 0.73 (0.65-0.79) > 459 0.70 0.68 0.74 0.30 093 | <0.001* 4.00 (0.00-20.00) 24.00 (4.00—44.00)
PAPP-A/PAPP-A2 0.75 (0.68-0.81) <0.73 0.85 0.36 0.95 0.43 0.89 | <0.000* 36.00 (12.00-56.00) 40.00 (20.00-56.00)

Note: *P < 0.05 was considered statistically significant.

Abbreviations: ROC, receiver operating characteristic; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-associated plasma protein A2; AUC, area under the curve; Cl, confidence interval; PPV, positive predictive
value; NPV, negative predictive value.
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Figure 4 ROC curve analyses of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio for predicting preeclampsia: (A) All preeclampsia. The AUCs for PAPP-A, PAPP-A2, and
PAPP-A/PAPP-A2 ratio are 0.65, 0.76, and 0.79. (B) Early-onset preeclampsia. The AUCs for PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio are 0.83, 0.92, and 0.99. (C) Late-
onset preeclampsia. The AUCs for PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio are 0.62, 0.73, and 0.75.

We further compared the predictive ability of PAPP-A and PAPP-A2 for preeclampsia. Table 3 shows the ROC contrast
estimation of PAPP-A and PAPP-A2 to PAPP-A/PAPP-A2 ratio for predicting preeclampsia. No significant difference was
noted between PAPP-A and PAPP-A/PAPP-A-2 ratio for predicting early-onset preeclampsia, and no significant differences
were noted between PAPP-A2 and PAPP-A/PAPP-A2 ratio for predicting all, early-, and late-onset preeclampsia.

Discussion

Several first-trimester screening models have been developed to predict the risk of preeclampsia. These models mainly
combine maternal characteristics, biophysical and biochemical markers,>*>' however there is currently insufficient
evidence to reach a consensus on the performance and usefulness of these screening models in clinical practice.’
Recently, several biomarkers have also been investigated with regards to their predictive ability for preeclampsia.’” Of
these biomarkers, PAPP-A has been widely used in first-trimester preeclampsia screening;***' however, PAPP-A2,
another potential biomarker for predicting preeclampsia, was discovered after PAPP-A, and it has not been used in
clinical practice. In this study, we examined the SPR angle shifts of serum PAPP-A and PAPP-A2 in clinical samples to
predict preeclampsia using a GO-SPR biosensor. We found a significantly smaller SPR angle shift for PAPP-A and
a larger SPR angle shift for PAPP-A2 in the women with preeclampsia. Another significant finding of our study is that the
SPR angle shift of PAPP-A2 was also substantially larger in the women who developed early-onset rather than late-onset
preeclampsia.

Table 3 ROC Contrast Estimation and Testing Results of PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 Ratio

Contrast Estimate | Standard Error 95% CI Chi-Square | P value
All preeclampsia
PAPP-A — (PAPP-A/PAPP-A2) —0.14 0.04 —0.22 — (-0.06) 11.53 < 0.001*
PAPP-A2 — (PAPP-A/PAPP-A2) —-0.03 0.04 —0.12-0.05 0.56 0.456
Early-onset preeclampsia
PAPP-A — (PAPP-A/PAPP-A2) —0.16 0.09 —0.35-0.02 2.95 0.086
PAPP-A2 — (PAPP-A/PAPP-A2) —0.07 0.04 —0.16-0.02 2.52 0.112
Late-onset preeclampsia
PAPP-A — (PAPP-A/PAPP-A2) —0.13 0.04 —0.22 — (-0.04) 8.72 0.003*
PAPP-A2 — (PAPP-A/PAPP-A2) —0.02 0.05 —0.12-0.07 0.24 0.627

Note: *P < 0.05 was considered statistically significant.
Abbreviations: ROC, receiver operating characteristic; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-
associated plasma protein A2; Cl, confidence interval.
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Combining biomarkers into a predictive model can enhance risk assessment compared to relying on a single
biomarker. Therefore, we suggested that the PAPP-A/PAPP-A2 ratio could function as a predictive model, providing
improved risk assessment compared to the use of individual PAPP-A or PAPP-A2. In addition, the cost-effectiveness of
screening is another concern, and biomarker-based screening is only feasible when the accuracy is sufficiently high.*®
Under the hypothesis that it would be difficult to accurately diagnose a complex disorder such as preeclampsia using
a single biomarker, we further compared the SPR angle shifts of serum PAPP-A, PAPP-A2, and PAPP-A/PAPP-A2 ratio
to predict preeclampsia using the GO-SPR biosensor. The AUCs of PAPP-A measured using the GO-SPR biosensor for
predicting all, early- and late-onset preeclampsia were 0.65, 0.83, and 0.62, respectively, which are better than the results
of previous clinical studies using commercial biochemical assays.*”** We also found that the novel biomarker PAPP-A2
had higher AUCs for preeclampsia than PAPP-A, with AUCs of 0.76, 0.92, and 0.73 for predicting all, early- and late-
onset preeclampsia, respectively. Furthermore, the AUCs of PAPP-A/PAPP-A2 ratio for all, early- and late-onset
preeclampsia noticeably increased to 0.79, 0.99, and 0.75, respectively. Despite the limited number of cases of early-
onset preeclampsia in this study, screening using the PAPP-A/PAPP-A2 ratio was particularly effective for predicting
early-onset preeclampsia, which is of paramount importance because early-onset preeclampsia is associated with more
adverse maternal and perinatal outcomes than late-onset preeclampsia.”*!

Despite having higher AUCs than PAPP-A, PAPP-A2 exhibited lower detection rates in predicting all and late-onset
preeclampsia in this study. This divergence suggests that while PAPP-A2 excels in distinguishing between outcomes, it
may be less effective in identifying positive cases within these specific categories. Potential influencing factors include
intrinsic characteristics of the biomarkers and their nuanced performance in differentiating between diverse subtypes of
preeclampsia. Further exploration and potential adjustments are necessary to optimize the predictive accuracy of PAPP-
A2 for all and late-onset preeclampsia.

The ROC contrast estimation showed no significant differences between PAPP-A and the PAPP-A/PAPP-A2 ratio in
predicting early-onset preeclampsia. Additionally, no distinctions were observed between PAPP-A2 and the PAPP-A/
PAPP-A2 ratio for predicting all, early-, and late-onset preeclampsia. This suggests comparable performance between
PAPP-A and the PAPP-A/PAPP-A2 ratio in predicting early-onset preeclampsia, with neither showing superiority.
Likewise, PAPP-A2 and the PAPP-A/PAPP-A2 ratio demonstrated similar performance in predicting all, early-, and late-
onset preeclampsia, with no clear superiority of one over the other. Consequently, based on the results, the PAPP-A/
PAPP-A2 ratio emerged as the best predictor among the three biomarkers, as it exhibited the highest AUCs for all three
preeclampsia subtypes and was not significantly worse than PAPP-A or PAPP-A2 for any specific outcome. While the
sensitivity of the PAPP-A/PAPP-A2 ratio has not been sufficiently high, the specificity and accuracy of this ratio were
markedly superior to those of PAPP-A and PAPP-A2. High specificity reduces the number of false positives, which can
result in unnecessary medical interventions, additional testing, and undue stress for pregnant individuals.

In this study, we utilized the PAPP-A/PAPP-A2 ratio to predict preeclampsia. The inherent characteristic of employ-
ing ratios underscores proportional changes over absolute changes. A limitation arises from the fact that alterations in the
numerator or denominator can yield the same ratio. Consequently, we conducted distinct analyses to scrutinize the
individual contributions of PAPP-A and PAPP-A2, offering a more comprehensive perspective on the data. These
supplementary analyses complement our primary approach and contribute to a broader understanding of the dataset.

Various biosensors for early detection of preeclamptic biomarkers have become available in recent years, such as
DNA aptamer, Au nanoparticle, dendrimers, and graphene based immunosensors, carboxylated polypyrrole nanotube,
glassy carbon electrode, piezoelectric quartz, carbon nanotube, SPR, nanoporous microneedle array, and nanoscale field
effect transistor.'''7 Li et al used a functional single walled carbon nanotubes/chitosan-based electrochemical immuno-
sensor to detect PAPP-A with a limit of detection (LOD) of 39 ng/mL."* Bockovi et al used a SPR-based sandwich assay
with functionalized Au nanoparticles to detect PAPP-A2 in 30% blood plasma with a LOD of 3.6 ng/mL."* Kang et al
demonstrated an immuno-functionalized nanoporous microneedle array to detect estrogen for diagnosis of preeclampsia
with a LOD of 0.5 ng/mL."* Pham et al used a point-of-care platform based on nanoscale indium oxide field effect
transistor to measure placental growth factor for diagnosis of preeclampsia with a LOD of 0.06 pg/mL."> Our previous
studies also demonstrated the GO-based SPR biosensor to measure both PAPP-A and PAPP-A2 with LODs of 0.5 ng/mL,
and the carboxyl-GO-based SPR biosensor to detect PAPP-A2 with a LOD as low as 0.01 pg/mL.'*'” Moreover, our
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previous experiment demonstrated a low level of cross-reactivity between PAPP-A and PAPP-A2 when employing the
GO-based SPR."”

In clinical practice, the most common method to detect biomarkers is ELISA. However, the disadvantages of ELISA
include that it is a time-consuming procedure (due to the labeling and detection steps), high purchase cost, cross-
reactivity with secondary antibodies, and decay of color signal intensity. The TRACE method is an improvement on
ELISA to obtain more precise results, however it also requires multiple intermediate steps (such as washing or the
addition of solutions) and the cost of reagents and instrumentation is high. In contrast to these commercial assays, the
GO-based SPR biosensor has the benefits of being label-free, rapid, and low-cost, and also that it can provide real-time
results. The GO films are functionalized SAMs on amino-modified Au surfaces by the linker of cystamine, and the
physical displacements are established between protein-protein interactions, protein affinity adsorption forces, and
protein binding forces. Our previous studies have demonstrated that GO provides ideal bio-affinity, stable carbon
molecular structures, and enhanced plasmon resonance energy at the sensor-protein interface.”>**** We also demon-
strated the thin-film design and analysis of plasmonic modes using the Essential Macleod software package and
confirmed the GO-based SPR biosensor structure can increase the electric field propagation distance and penetration
depth of the interface.>> We have obtained a US patent (US20190212263A1) for the GO-based SPR chip, and the
commercialization process is currently underway. The SPR chip is priced in the range of $50 to $100, and its value is
augmented by its reusability and suitability for multichannel detection. These chips can be efficiently mass-produced at
a lower cost in a dedicated optical fabrication facility.

In this pilot study, we successfully demonstrated that measuring the first-trimester serum PAPPA/PAPPA2 ratio by the
GO-based SPR biosensor could predict preeclampsia in pregnant women in a clinical setting. However, owing to the
prospective nature of the study, the incidence of early-onset preeclampsia was relatively low, constituting a limitation in
the study. Additional larger prospective cohort studies are essential to validate our preliminary results.

Conclusion

Our study revealed that there is an association between the first-trimester serum PAPP-A/PAPP-A2 ratio and the
prediction of preeclampsia using the GO-based SPR biosensor. The GO-SPR biosensor might be a potential alternative
to conventional methods such as ELISA. Furthermore, adding PAPP-A/PAPP-A2 ratio screening to current screening
models could more accurately predict pregnant women at risk of developing preeclampsia. This would allow health care
providers to perform prophylactic procedures, monitor the progression of disease at an early stage, and thereby optimize
the time of delivery to ameliorate maternal and perinatal outcomes. Moreover, the early identification of women at low
risk of preeclampsia women can reduce their anxiety, avoid unnecessary hospitalization and reduce unnecessary medical
care costs.
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