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Background: Pregnancy-associated plasma protein-A and -A2 (PAPP-A and -A2) are
principally expressed in placental trophoblasts and play a critical role in the regulation of
fetal and placental growth. PAPP-A2 shares 45% amino acid similarity with PAPP-A. This
study aimed to investigate the efficacy of real-time detection of PAPP-A and PAPP-A2 using
a novel surface plasmon resonance (SPR) biosensor based on graphene oxide (GO).
Methods: Traditional SPR and GO-based SPR chips were fabricated to measure PAPP-A
and PAPP-A2 concentrations. We compared SPR response curves of PAPP-A and PAPP-A2
between traditional SPR and GO-SPR biosensors. We also performed interference tests and
specificity analyses among PAPP-A, PAPP-A2, and mixed interference proteins.

Results: The time to detect PAPP-A and PAPP-A2 was about 150 seconds with both
traditional SPR and GO-SPR biosensors. Approximately double SPR angle shifts were
noted with the GO-SPR biosensor compared to the traditional SPR biosensor at a PAPP-A
and PAPP-A2 concentration of 5 pg/mL. The limit of detection of the GO-SPR biosensor
was as low as 0.5 ng/mL for both PAPP-A and PAPP-A2. Interference testing revealed that
almost all of the protein bonded on the GO-SPR biosensor with anti-PAPP-A from the
mixture of proteins was PAPP-A, and that almost no other proteins were captured except for
PAPP-A2. However, the SPR signal of PAPP-A2 (5.75 mdeg) was much smaller than that of
PAPP-A (13.76 mdeg). Similar results were noted with anti-PAPP-A2, where almost all of
the protein bonded on the GO-SPR biosensor was PAPP-A2. The SPR signal of PAPP-A
(5.17 mdeg) was much smaller than that of PAPP-A2 (13.94 mdeg).

Conclusion: The GO-SPR biosensor could distinguish PAPP-A and PAPP-A2 from various
mixed interference proteins with high sensitivity and specificity. It could potentially be used
to measure PAPP-A and PAPP-A2 in clinical blood samples during pregnancy.

Keywords: pregnancy-associated plasma protein-A, pregnancy-associated plasma protein-

A2, graphene oxide, surface plasmon resonance, biosensor

Introduction

Pregnancy-associated plasma protein-A (PAPP-A) is a 200 kDa zinc-binding metallo-
proteinase of the metzincin superfamily. PAPP-A circulates as a 500 kDa disulfide-
bound complex with eosinophil major basic protein in pregnancy and as a 400 kDa
homodimer outside pregnancy.' It is mainly produced by placental trophoblasts and is
a critical protease that cleaves insulin-like growth factor binding protein-4 (IGFBP-4)
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to release free insulin-like growth factors (IGFs). Cleavage of
IGFBP-4 by PAPP-A occurs only in the presence of IGFs
(IGF-dependent).” PAPP-A2 is a 220 kDa homologue of
PAPP-A that shares 45% amino acid similarity with PAPP-
A.? PAPP-A2 specifically cleaves IGFBP-5 to release IGFs
but is not IGF-dependent. PAPP-A2 may therefore contribute
to the same growth regulatory system but with different
physiological functions than PAPP-A. Similar to PAPP-A,
PAPP-A2 originates primarily from the placenta, but its
expression is not limited to pregnancy.”

Both PAPP-A and PAPP-A2 participate in fetal growth
and development by cleaving IGFBPs, which can increase
IGF bioavailability and bioactivity.” PAPP-A and PAPP-
A2 are secreted into the maternal circulation and have
been shown to be valuable biomarkers for pregnancy-
associated diseases. A low level of PAPP-A has been
associated with a higher risk of fetal Down syndrome,
low birth weight,
preeclampsia.®’ In contrast, a high level of PAPP-A2 has

preterm delivery, and maternal
been associated with fetal Down syndrome, maternal pre-
eclampsia and hypoxia due to impaired placentation.®'* In
addition, an inverse association with birth weight has been
reported between umbilical cord blood PAPP-A and
PAPP-A2 levels, both of which are likely to be compensa-
tory in IGF-related feedback mechanisms.'' Therefore,
both PAPP-A and PAPP-A2 are closely linked to regula-
tion within the IGF system and have complex interactions.

In the past two decades, biosensors using surface plas-
mon resonance (SPR) response have been introduced. The
physically phenomenon of SPR occurs at a metal boundary
and involves electron charge oscillations with the wave
vector propagating along the metal surface, and it can be
excited by p-polarized light."? This technique has been used
in chemical and biological fields with nanoparticle-derived
SPR biosensors to detect biomolecules, in which measuring
changes in the resonant angle can be used to determine the
concentration of biomolecules of interest.'>”'*> The advan-
tages of SPR biosensors include real-time detection, fast
measurement, label-free process, and easy preparation.
Recently, SPR sensing based on various nanogold-based
hybrid structures have been developed and shown
promise.'® The advancement of novel nanostructures is
one of the important trends of nanobiotechnology.'” Novel
materials including graphene and its derivatives have been
used to modify the propagation constant of surface plasmon
polariton (SPP) and enhance the sensitivity of SPR

. 1822
biosensors.'®

Graphene is an atomic-scale two-dimensional honey-
comb crystal lattice of carbon atoms, and it is one of the
most promising nanomaterials due to its excellent mechan-
ical, electronic, chemical, and optical properties. Graphene
oxide (GO), an oxidized graphene derivative, has a large
surface area composed of an sp® within an sp> matrix and
contains many functional carboxyl, hydroxyl, carbonyl,
and epoxy groups. This unique structure means that GO
has excellent hydrophilicity, amphiphilicity, surface func-
tionalization, fluorescence quenching ability, and surface
enhanced Raman scattering property.*>**

Previous studies have used SPR biosensors to measure
PAPP-A*2® and PAPP-A2.*?°*" In our previous study,
we demonstrated that a functionalized GO-based SPR
biosensor had higher sensitivity, affinity and selective abil-
ity for PAPP-A2 than a traditional SPR biosensor.>
However, no previous study has simultaneously measured
both PAPP-A and PAPP-A2 using a GO-based SPR bio-
sensor. In this study, we tried to measure both PAPP-A and
PAPP-A2 simultaneously using a GO-based SPR biosen-
sor, and further analyzed their cross-reactivity and com-
plex interactions using this novel SPR biosensor. We also
discussed further factors involved in the detection of
PAPP-A and PAPP-A2 in terms of sensitivity, specificity,
and affinity of the GO-SPR biosensor.

Materials and Methods

Preparation of Sensing Chip Procedures
The preparation of traditional SPR chips and GO-based
SPR chips were based on and modified from our previous
experiment.'? Initially, a standard SPR thin film consisting
of 47-nm thick gold (Au) and 2-nm thick chromium (Cr)
deposited over a 0.17-mm thick glass (Initially, a standard
SPR thin film consisting of 47-nm thick gold (Au) and
2-nm thick chromium (Cr) deposited over a 0.17-mm thick
BK?7 glass (refractive index, n= 1.5) substrate was pre-
pared. The traditional SPR chip was generated by immer-
sing the bare Au/Cr film in 10 mM 8-mercaptooctanoic
acid (MOA, Sigma-Aldrich, USA) for 3 hrs. The MOA
covalently bonded to the Au surface through a thiol linker,
which resulted in a self-assembled monolayer and exposed
carboxyl groups (Figure S1A).

The GO-SPR chip was prepared by immersing the bare
Au/Cr film in 10 mM cystamine (Cys) (cystamine dihy-
drochloride, > 98%, Alfa Aesar, USA) for 12 hrs. The Cys
covalently bonded to the Au surface through a thiol linker,
resulting in a monolayer and exposed amino groups. We
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then added 1 mg/mL GO solution (Graphene Supermarket,
USA) for 5 hrs, during which the carboxyl terminal of GO
bound with the amino terminal of Cys, resulting in
a strong amide covalent linkage (Figure S1B).

Figure S2A illustrates the molecular structure of a GO
sheet containing many oxygen-containing functional
groups including carboxyl, hydroxyl, carbonyl, and
epoxy groups covalently bonded on the basal planes. The
carboxyl groups were located at the edge of the GO sheet
and the hydroxyl groups were located at the surface of the
GO sheet. Scanning electron microscopy showed that the

GO sheets formed an organic compound shell shape
(Figure S2B).

Preparation of Protein Samples

PAPP-A and PAPP-A2 (APREST77476 and APREST73992,
Sigma-Aldrich, USA) antigens were diluted to concentra-
tions of 5000, 1000, 500, 100, 50, 10, and 0.5 ng/mL using
1X phosphate buffer saline (PBS, UniRegion Bio-Tech,
Taiwan) in a volume of 250 puL. For the non-specific protein
tests, we used different non-specific protein concentrations of
1 ug/mL each, and a volume of 250 pL for human cytokeratin
19 (CK-19, Novus Biologicals, USA), human serum albumin
(HSA, Sigma-Aldrich, USA), human chorionic gonadotropin
(hCQG, Sigma-Aldrich, USA), and cancer antigen 19-9 (CA
19-9, MyBioSource, USA) proteins.

Immobilization of PAPP-a and PAPP-A2
Antibodies

The principle regarding the SPR biological experiment was to
use a microfluidic system to capture antigens including PAPP-
A and PAPP-A2 with the antibody-immobilized SPR chip
(Figure 1). Before conducting the immobilization, 1% ethanol

&

¢
670 nm
laser

/0

Detector

(JT Baker, USA) was used to calibrate the GO based chip in
the microfluidic system. The traditional SPR biosensors and
GO-SPR biosensors were incubated in a mixture of 0.4
M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC,
Sigma-Aldrich, USA) and 0.1 M N-hydroxysuccinimide
(NHS, Sigma-Aldrich, USA) that were diluted using deio-
nized water at 4°C for 30 mins to activate the carboxyl groups
on the surface of the GO sheets.*' The carboxyl groups on the
GO sheets facilitated immobilization of covalent bonding
with the amino groups of anti-PAPP-A or anti-PAPP-A2
(HPA001667 and HPA018430, Sigma-Aldrich, USA) of 25
pg/mL, and the solutions were stored at 4°C for 3 hrs. These
non-bonded carboxyl groups were then deactivated with 1
M ethanolamine hydrochloride (EA, Sigma-Aldrich, USA)
at room temperature for 30 mins. Those free carboxyl groups
exposed on the GO were blocked by EA to prevent the
bonding of untargeted proteins. Finally, the remained carboxyl
groups were blocked with 200 pg/mL bovine serum albumin
(BSA, Sigma-Aldrich, USA) at room temperature for
10 mins.

Immunoassay for PAPP-a and PAPP-A2

Antigens

All SPR biological experiments were conducted using a dual-
channel BI-3000 SPR instrument (Biosensing Instrument,
Tempe, AZ, USA) with Kretschmann prism coupling.
Figure 2 illustrates the microfluidic system for simultaneous
detection of PAPP-A and PAPP-A2. Half of the biosensor was
coated with anti-PAPP-A and the rest was coated with anti-
PAPP-A2, and as a result the samples could pass through the
region of both anti-PAPP-A and anti-PAPP-A2. PBS was
poured over the sensing surface until a stable baseline was
obtained. This step was followed by the introduction of

PAPP-A or
PAPP-A2

¢

Figure | lllustration of a GO-SPR biosensor immobilized with anti-PAPP-A or anti-PAPP-A2 antibodies to assay PAPP-A or PAPP-A2 antigens.

Notes: (A) The configuration of GO-SPR biosensor. (B) Both anti-PAPP-A and anti-PAPP-A2 are immobilized on the GO-SPR biosensor. (C) Assaying PAPP-A or PAPP-A2
by the GO-SPR biosensor. BK7 is a standard glass (refractive index, n= 1.5) for all kinds of optics.

Abbreviations: GO, graphene oxide; SPR, surface plasmon resonance; PAPP-A, pregnancy-associated plasma protein-A; PAPP-A2, pregnancy-associated plasma protein-A2.
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Figure 2 lllustration of the microfluidic system for simultaneous detection of
PAPP-A and PAPP-A2.

Notes: Half of the biosensor is coated with anti-PAPP-A and the rest is coated with
anti-PAPP-A2. The samples pass through the region of both anti-PAPP-A and anti-
PAPP-A2.

Abbreviations: PAPP-A, pregnancy-associated plasma protein-A; PAPP-A2, preg-
nancy-associated plasma protein-A2; PBS, phosphate buffer saline.

various concentrations of antigen solutions onto the antibody-
immobilized surface at a rate of 60 pL/min for 10 mins.
Unbound antigens were then washed out with PBS for another
10 mins to achieve equilibrium. Three injections of 50 mM
sodium hydroxide (NaOH, Sigma-Aldrich, USA) were used
to remove proteins not covalently bonded to clean and regen-
erate the chip surfaces.

Mixed Sample Investigation and
Interference Test with the GO-SPR

Biosensor

We repeated the previous procedures of assaying PAPP-A
and PAPP-A2 with the GO-SPR biosensor but changed the
purified samples with mixed samples. The biological
immunoassays and the other procedures including calibra-
tion and regeneration with 1% ethanol and 50 mM NaOH
were identical to those performed above. For the interfer-
ence test, we used a mixture containing four spiked pro-
teins (CK-19, HSA, hCG, and CA 19-9) at a concentration
of 1 pg/mL each, and a volume of 10 pL. by mixing them
with PAPP-A or PAPP-A2 (250 pL) in PBS. We added an
extra 10 uL of 1 pg/mL PAPP-A2 in PAPP-A solution and
10 pL of 1 pg/mL PAPP-A in PAPP-A2 solution, and thus
each mixed sample had a volume of 300 pL.

Results and Discussion
SPR Sensorgrams of PAPP-a and PAPP-A2

Figure 3A shows the results of assaying different concentra-
tions of PAPP-A with the traditional SPR biosensor, and

Figure 3B shows the results of assaying PAPP-A with the GO-
SPR biosensor. The white background indicates the period
before the antibody-antigen reaction, the blue background
indicates the antibody-antigen association, and the pink back-
ground indicates the antibody-antigen dissociation. SPR angle
responses at a steady state versus different protein concentra-
tions showed that the SPR angle shifts related to PAPP-A
concentrations of 5000, 1000, 500, 100, 50, 10, and 0.5 ng/
mL were 10.46, 6.41, 4.14, 2.99, 2.43, 1.89, and 0.93 milli-
degrees (mdegs), respectively, with the traditional SPR bio-
sensor (Figure 3A), and 17.47, 13.14, 5.40, 3.41, 2.82, 2.26,
and 0.82 mdegs, respectively, with the GO-SPR biosensor
(Figure 3B).

Figure 4A shows the results of assaying different con-
centrations of PAPP-A2 with the traditional SPR biosensor,
and Figure 4B shows the results of assaying PAPP-A2 with
the GO-SPR biosensor. SPR angle shifts related to PAPP-A2
concentrations of 5000, 1000, 500, 100, 50, 10, and 0.5 ng/
mL were 10.03, 6.65, 5.76,4.78, 3.77, 1.72, and 0.84 mdegs,
respectively, with the traditional SPR biosensor (Figure 4A),
and 18.42, 13.52, 10.49, 5.75, 4.58, 3.44, and 0.69 mdegs,
respectively, with the GO-SPR biosensor (Figure 4B).

Previous studies using traditional SPR biosensors to mea-
sure various types of antigen-antibody reactions of PAPP-A
and PAPP-A2 have shown promising results (Table 1).**>=°
Mikkelsen et al* used SPR biosensors to assess the binding of
pituitary adenylate cyclase-activating polypeptide type 1
(PAC1) receptor, a monoclonal single-chain fragment variable
(scFv) antibody, to immobilize PAPP-A in the presence of
calcium ions. They also investigated interactions between
PAPP-A and recombinant antibodies PACI1-D8-scFv or
PACI1-D8-mIgG2a in multiple animal species using SPR

1?7 used SPR biosensors to ana-

biosensors.”® Kleverpris et a
lyze stanniocalcin-1, which can potently inhibit the proteolytic
activity of PAPP-A. In addition, Smith et al*® used SPR
methods and Western blots to investigate PAPP-A-resistant
IGFBP-4, which has been shown to inhibit angiogenesis and
metastasis of breast cancer in murine models.

With regards to PAPP-A2, Bockové et al*® were the
first to use SPR biosensors with functionalized gold nano-
particles to detect PAPPA-2 in blood plasma. They also
measured PAPP-A2 with an SPR biosensor in long-term
hemodialysis patients, and found that PAPP-A2 was
increased in these patients.* In our previous study, we
further demonstrated that a functionalized GO-based SPR
biosensor had higher sensitivity, affinity and selective abil-
ity for PAPP-A2 than a traditional SPR biosensor.*°
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Figure 3 SPR sensorgrams of PAPP-A measurement.

Notes: (A) Assaying different concentrations of PAPP-A with the traditional SPR biosensor. (B) Assaying different concentrations of PAPP-A with the GO-SPR biosensor.
The white background indicates the period before the antibody-antigen reaction, the blue background indicates the antibody-antigen association, and the pink background

indicates the antibody-antigen dissociation.

Abbreviations: SPR, surface plasmon resonance; PAPP-A, pregnancy-associated plasma protein-A; GO, graphene oxide.
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Figure 4 SPR sensorgrams of PAPP-A2 measurement.
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Notes: (A) Assaying different concentrations of PAPP-A2 with the traditional SPR biosensor. (B) Assaying different concentrations of PAPP-A2 with the GO-SPR biosensor.
The white background indicates the period before the antibody-antigen reaction, the blue background indicates the antibody-antigen association, and the pink background

indicates the antibody-antigen dissociation.

Abbreviations: SPR, surface plasmon resonance; PAPP-A2, pregnancy-associated plasma protein-A2; GO, graphene oxide.

In this pilot study, we first used a GO-based SPR
biosensor to simultaneously measure PAPP-A and PAPP-
A2. The time from the beginning of antibody-antigen
association to the end of antibody-antigen dissociation in
both the traditional SPR and GO-SPR biosensors to detect
PAPP-A and PAPP-A2 took only about 150 seconds.
However, comparing the immunoassay sensitivity of both
biosensors revealed that the GO-SPR biosensor was more
sensitive at higher concentrations of PAPP-A or PAPP-A2,

within certain limits, than the traditional SPR biosensor
according to SPR angle shift.

In the configuration of a traditional SPR biosensor,
a thin metal film (such as gold in our study) is applied
on a prism to support SPP propagation in the visible light
spectrum. Gold is steady and resistant to oxidation, but not
excellent at absorbing biomarkers, which restricts the sen-
sitivity of traditional SPR biosensors. The special proper-
ties of GO-SPR biosensors allow for greater changes in the

International Journal of Nanomedicine 2020:15

submit your manuscript

2089

Dove


http://www.dovepress.com
http://www.dovepress.com

Fan et al

Dove

Table | Studies of SPR Biosensors for PAPP-A or PAPP-A2 Measurements

Author Biomarker Application

Mikkelsen et al*® PAPP-A
Mikkelsen et al?® PAPP-A
Klgverpris et al”’ | PAPP-A

Smith et al*® PAPP-A

Bockova et al®® PAPP-A2
Kalousova et al* PAPP-A2
Chiu et al®® PAPP-A2

Binding of PACI to PAPP-A in the presence of calcium ions

Investigation of interaction between PAPP-A and recombinant antibodies in animal species

Inhibition of the proteolytic activity of PAPP-A by stanniocalcin-1|

Inhibition of angiogenesis and metastasis of breast cancer by PAPP-A resistant IGFBP-4 in murine models
Detection of PAPP-A2 in blood plasma by SPR biosensors with functionalized gold nanoparticles
Detection of PAPP-A2 in blood plasma of hemodialysis patients

Detection of PAPP-A2 in blood plasma by SPR biosensors with functionalized graphene oxide

Abbreviations: SPR, surface plasmon resonance; PAPP-A, pregnancy-associated plasma protein-A; PAPP-A2, pregnancy-associated plasma protein-A2; PACI, pituitary
adenylate cyclase-activating polypeptide type |; IGFBP-4, insulin-like growth factor binding protein-4.

refractive index at the sensing medium interface compared
to traditional SPR biosensors. Furthermore, coating the
gold surface with GO will modify the propagation constant
of SPP, which thereby changes the sensitivity to changes in
the refractive index. In addition, modifying the oxygen-
containing functional groups on the GO surface can
increase its bandgap and dielectric constant, which also
improve the GO-SPR properties.'” Our experimental
results showed the advantages of real-time detection and
high sensitivity of GO-SPR biosensors.

Real-Time Detection of PAPP-a and
PAPP-A2 in Mixed Interference Protein

Samples with the GO-SPR Biosensor

Figure 5 shows the results of assaying PAPP-A and PAPP-A2
in samples with mixed interference proteins (CK-19, HSA,
hCG, and CA 19-9) using the GO-SPR biosensor. The SPR
angle shifts for PAPP-A at concentrations of 5000, 1000,

— — . T . — T .
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500, 100, 50, 10, and 0.5 ng/mL were 19.17, 13.35, 7.11,
5.70, 4.73, 3.83 and 2.28 mdegs, respectively (Figure 5A),
compared to 17.51, 13.86, 11.56, 6.07, 4.03, 4.00, and 1.43
mdegs, respectively, for PAPP-A2 (Figure 5B).

Comparing Figure SA (mixed proteins) with Figure 3B
(PAPP-A alone), the major differences in SPR responses
occurred during the antibody-antigen association (the blue
background), but the SPR responses were similar after the
antibody-antigen dissociation (the pink background). The
higher SPR responses during the antibody-antigen association
resulted from high concentrations of the whole antigens and
non-specific interactions between anti-PAPP-A antibodies and
mixed interference proteins. After the antibody-antigen dis-
sociation, most of the mixed interference proteins were
removed, resulting in comparable SPR angle shifts between
PAPP-A alone and mixed protein measurements when the
experiment had finished. The same phenomenon was noted
between Figures 5B and 4B for PAPP-A2 detection. These
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Figure 5 SPR sensorgrams of assaying different concentrations of PAPP-A (A) and PAPP-A2 (B) with mixed interference proteins with the GO-SPR biosensor.
Notes: The white background indicates the period before the antibody-antigen reaction, the blue background indicates the antibody-antigen association, and the pink

background indicates the antibody-antigen dissociation.

Abbreviations: SPR, surface plasmon resonance; PAPP-A, pregnancy-associated plasma protein-A; PAPP-A2, pregnancy-associated plasma protein-A2; GO, graphene oxide.
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results revealed the excellent specificity and binding affinity
of the GO-SPR biosensor for PAPP-A and PAPP-A2 measure-
ments. The superior high specificity and affinity indicate that
the GO-SPR biosensor could be used to analyze clinical blood
samples of high-risk pregnant women.

SPR Response Curves of the Traditional
SPR Biosensor and GO-SPR Biosensor

Figure 6 shows the SPR response curves and curve-fitting
equations of PAPP-A and PAPP-A2 measurements with the
traditional SPR and GO-SPR biosensors, where X is the
concentration of PAPP-A or PAPP-A2, and Y is the SPR
angle (mdeg). For PAPP-A, the calibration curves were fitted
by Y = 9.858-7.487 ¢ '™ (correlation coefficient (R?) =
0.81) for the traditional SPR biosensor, Y = 18.21-15.46
e '?% (R* = 0.96) for the GO-SPR biosensor (PAPP-A
alone), and Y = 17.155-14.251 ¢ "7** (R? = 0.97) for the
GO-SPR biosensor (mixed proteins). For PAPP-A2, the cali-
bration curves were fitted by Y = 10.701-8.952 ¢ *7!%* (R* =
0.97) for the traditional SPR biosensor, Y = 17.847-16.324
e %94 (R? = 0.94) for the GO-SPR biosensor (PAPP-A2
alone), and Y = 19.554-16.122 ¢ *8°7* (R? = 0.95) for the
GO-SPR biosensor (mixed proteins). Both the experimental
data of the traditional SPR biosensor and GO-SPR biosensor
were highly consistent with the calibration curves.
Compared with the traditional SPR biosensor, the GO-
SPR biosensor had a higher sensitivity. In addition, the SPR
angle shifts with the GO-SPR biosensor were nearly double
those of the traditional SPR biosensor at a concentration of
PAPP-A and PAPP-A2 of 5 pg/mL. The limit of detection

20 | m Traditional SPR biosensor s
m GO-SPR biosensor
m GO-SPR biosensor (mixed proteins)

8 15  y=9858-7.487¢" """ 7
'g R*=0.81

- Y=18.21-15.46e"*"

@ 49 ennn
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S Y=17.155-14.251¢™" 7°*

(5 R’=0.97

o

& 5F 4

[ n
oL_H§ . — —
SE-4 0.01 0.050.1 05 1 5

Concentration of PAPP-A (ug/mL)

(LOD) of the GO-SPR biosensor was as low as 0.5 ng/mL
for both PAPP-A and PAPP-A2. Clinically, the concentra-
tions of PAPP-A and PAPP-A2 in the first trimester of
a normal pregnancy are about 610 ng/mL and 23 ng/mL,
respectively, and they increase with gestational age.’*
Thus, the ideal LOD of the GO-SPR biosensors for PAPP-
A and PAPP-A2 measurements was low enough to examine
blood samples of pregnant women.

One drawback of this study is the LOD of the GO-SPR
biosensor is not better than that of enzyme-linked immu-
nosorbent assay (ELISA) (LOD 0.071 ng/mL).3 ? However,
in contrast to ELISA, the GO-SPR biosensor is real-time,
label-free, fast, and low-cost. It can quantitatively measure
biomarkers without the need for secondary antibodies to
generate signals, and the LOD of the GO-SPR biosensors
was low enough to measure clinical blood samples.

Interference Test and Specificity Analysis

Figure 7 shows the results of specificity assays of anti-PAPP
-A and anti-PAPP-A2 at a concentration of 25 pg/mL with
different proteins (CK-19, HSA, hCG, and CA 19-9) at
a concentration of 1 pg/mL with the GO-SPR biosensor. It
is important to consider SPR angle errors and deviations
caused by nonspecific interference proteins. For the GO-
SPR biosensor immobilized with anti-PAPP-A antibodies,
the measured SPR angle shifts of PAPP-A, PAPP-A2, CK-
19, HSA, hCG, and CA 19-9 were 13.76, 5.75, 1.27, 2.31,
1.50, and 2.37 mdegs, respectively, compared to 5.17, 13.94,
1.19, 3.60, 0.43, and 1.75 mdegs, respectively, for the GO-
SPR biosensor immobilized with anti-PAPP-A2 antibodies.
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Figure 6 SPR response curves and curve-fitting equations of PAPP-A (A) and PAPP-A2 (B) measurements with the traditional SPR biosensor and GO-SPR biosensor.
Notes: X represents the concentration of PAPP-A or PAPP-A2, and Y represents the SPR angle (mdeg).
Abbreviations: SPR, surface plasmon resonance; PAPP-A, pregnancy-associated plasma protein-A; PAPP-A2, pregnancy-associated plasma protein-A2; GO, graphene oxide.
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Figure 7 Specificity assays of anti-PAPP-A or anti-PAPP-A2 at a concentration of 25
pg/mL in a mixture of different proteins (CK-19, HSA, hCG, and CA 19-9) at
a concentration of | pg/mL with the GO-SPR biosensor.

Abbreviations: PAPP-A, pregnancy-associated plasma protein-A; PAPP-A2, preg-
nancy-associated plasma protein-A2; CK-19, cytokeratin 19; HSA, human serum
albumin; hCG, human chorionic gonadotropin; CA 19-9, cancer antigen 19-9; GO,
graphene oxide; SPR, surface plasmon resonance.

For the GO-SPR biosensor with anti-PAPP-A antibodies,
almost all of the bonded protein from the mixture of proteins
was PAPP-A, and almost no other proteins were captured
except for PAPP-A2, which had the second strongest signal
resulting from a slight antibody-antigen reaction with anti-
PAPP-A. However, the SPR signal of PAPP-A2 (5.75 mdeg)
was much smaller than that of PAPP-A (13.76 mdeg). Similar
experimental results were noted for the GO-SPR biosensor
with anti-PAPP-A2 antibodies, and most of the bonded protein
was PAPP-A2. The SPR signal of PAPP-A (5.17 mdeg) was
much smaller than that of PAPP-A2 (13.94 mdeg). These
results suggested that adding mixed interference proteins did
not have a significant effect on PAPP-A or PAPP-A2
measurements.

PAPP-A and PAPP-A2 are the only two members of the
pappalysin family of metalloproteinases, and they share 45%
amino acid sequence homology with each other? Both
participate in regulating the IGF system through complex
interactions, resulting in slight antibody-antigen responses of
anti-PAPP-A/PAPP-A2 anti-PAPP-A2/PAPP-A.
According to the large disparity in SPR responses, the GO-
SPR biosensor had high specificity to distinguish PAPP-A and
PAPP-A2 in a complex environment with many mixed inter-

and

ference proteins.

The human body fluid is a complicated biological fluid
containing numerous proteins and other materials that may
cause lower sensitivity of SPR compared to that in the
buffer solution. Although our work pointed out that both

PAPP-A and PAPP-A2 could be detected in the more than
50-fold dilution samples, implying that this biosensor
could selectively detect targets in clinical samples with
a simple dilution step, measurement of PAPP-A and
PAPP-A2 in undiluted and unprocessed serum is still
a goal for our team to achieve.

Conclusion
In this study, we verified the potential of a GO-SPR biosensor
to simultancously measure PAPP-A and PAPP-A2. Both
PAPP-A and PAPP-A2 are valuable biomarkers for preg-
nancy-associated diseases such as fetal Down syndrome,
low birth weight, preterm delivery, and maternal preeclamp-
sia. Low birth rates and an aging population are global
concerns, and the issue of improved screening for the com-
plications of pregnancy remains a priority to decrease mater-
nal and perinatal morbidity and mortality. PAPP-A and
PAPP-A2 have intricate interactions and an inverse associa-
tion with each other. From this point of view, developing
a novel immunoassay technique to measure and differentiate
PAPP-A and PAPP-A2 simultaneously may aid in the differ-
ential diagnosis of pregnancy-associated diseases.

Our findings suggest that GO-SPR biosensors may be
a promising tool to distinguish PAPP-A and PAPP-A2
under a complex environment with various mixed inter-
ference proteins such as in clinical blood samples during
pregnancy. The advantages of a GO-SPR biosensor
include high sensitivity, high specificity, easy operation,
real-time measurements, and low cost. Moreover, GO-SPR
biosensors appear to be particularly well suited to meet the
growing demand for biosensors in point-of-care testing.
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