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Background: Graphene-like material such as functionalized carboxyl-graphene oxide (car-
boxyl-GO) can be intelligently tuned to achieve particular properties for biological and
chemical sensing applications.

Methods: In this study, we propose a method to improve interference of non-specific proteins
for use in human plasma assays. The highly specific interactions between molecules are an
advantage of carboxyl-GO-based surface plasmon resonance (SPR) immunoassays, and this can
be applied to spiked plasma samples with pregnancy-associated plasma protein A2 (PAPPA2).
Results: The experiment results showed that carboxyl-GO could be used to modulate the
plasmon resonance energy, work function and conductivity properties. In addition, carboxyl
groups could be used to enhance the conduction of electrons between carboxyl-GO and Au
electrodes due to the excellent conductivity and electron transfer rate. The carboxyl-GO-based
SPR chip exhibited high sensitivity based on the electric field amplification effects of the
composite dielectric material. Therefore, the surface electric field could be enhanced by electron
transfer, thereby greatly improving the sensitivity of the sensing system. Enhanced electric field
intensity was generated around the carboxyl-GO of 63.58 V/m, and the measured work function
was 4.95 eV. The results showed that the carboxyl-GO-based SPR biosensor had high sensitivity,
affinity and selective ability for PAPPA2 protein with a high association rate constant (ka) of
3.1 x10° M™' ™! and a limit of detection of 0.01 pg/mL in spiked human plasma.
Conclusion: The results showed a detection accuracy of protein in spiked plasma of >90%
compared to PBS buffer, suggesting that the carboxyl-GO-based SPR biosensor could be
used in assays of human plasma for early and late gynecological diseases. The future of this
technology will be useful for the diagnosis and evaluation of the risk of early maternal
preeclampsia and potentially in clinical applications for gestational diseases.

Keywords: carboxyl, graphene oxide, carboxyl-GO, surface plasmon resonance, SPR,
pregnancy, associated plasma protein A2, PAPPA2

Introduction

According to a study by the United Nations Population Fund (UNFPA) in 2017,"
one of the most important trends of the 21st century is the rate of population aging
and low birth rate, the effects of which will be felt at all levels of society. This trend
is most pronounced in Germany, Japan, South Korea, Taiwan, and Singapore, with
reported fertility rates in 2018 of 1.46, 1.42, 1.27, 1.13 and 0.84 (births per woman),
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respectively.” Consequently, “low fertility” and “aging”
have been classified as national security concerns in
Taiwan, as they will affect the labor force and adversely
affect economic development. In order to improve fertility,
governments worldwide have proposed various incentives,
including subsidizing artificial conception. In addition,
prenatal diagnosis and neonatal screening are very impor-
tant. Neonatal screening of pregnant women may be able
to prevent life-threatening complications at an early stage,
whereas a diagnosis and treatment after birth may lead to
serious health problems. Therefore, the aim of this study
was to evaluate the use of a novel type of gestational
biomarker for pregnancy-associated plasma protein A2
(PAPPA2).

The potential use of PAPPA2 as a novel biomarker to
screen pregnant women for preeclampsia (PE),** Down’s
syndrome,” and HELLP (Hemolytic anemia, Elevated Liver
enzymes, and Low Platelet count) syndrome has been
reported.®” The molecular weight of the PAPPA2 antigen
is 199 KDa.* Clinically, PAPPA2 has been shown to be
abundantly expressed in the human placenta and in non-
pregnant mammary glands, and to be expressed at lower
levels in a variety of other tissues, including the fetal brain,
kidneys, and pancreas.® Previous studies have reported that
increased levels of PAPPA2 protein in the serum of fetuses
with Down’s syndrome and in women with PE are strongly
associated with sex, and that they can be used as early
prognostic markers. Enzyme-linked immunosorbent assays
(ELISA) can be used to detect levels of PAPPA2 in the
blood serum of women during a normal pregnancy and
those with PE, with reported concentrations of more than
71 pg/mL and 1.25 ng/well, respectively.*” In addition, the
mean concentration of PAPPA2 in Down’s syndrome preg-
nancies between 15 and 20 weeks has been reported to be
82.70+12.13 ng/mL compared to 56.35+£3.63 ng/mL in nor-
mal pregnancies.’

The development of functionalized graphene oxide
(fGO) has led to new developments in the high sensitivity
biosensing field, owing to its easy synthesis, unique bio-
compatibility and affinity characteristics. Due to the
unique optical, electrochemical and mechanical properties
of graphene-like 2D nanomaterials such as graphene
(Gr),'*"? reduced graphene oxide (rGO),'*'* graphene
oxide (GO)"” ' and fGO,***? important developments
in the field of biosensors have been achieved. In previous
work, we reported for the first time the use of a carboxyl-
GO-based surface plasmon resonance (SPR) chip as an
immunoassay.”> Carboxyl-GO sheets have abundant

-COOH functional groups on the surface which increase
biomolecule adhesion properties. In particular, carboxyl-
GO modification technology has been widely used in
biomedicine, mainly because of its high biocompatibility
and affinity, and it has been used in drug carrier** and bio-
fluorescent®® applications. An SPR-based sandwich assay
involving functionalized gold nanoparticles (AuNPs) has
been shown to be able to detect PAPPA2 at levels as low
as 3.6 ng/mL in 30% blood plasma.”® The sensitivity of
these detection techniques is greatly limited. However, this
PAPPA2 assay technology has not yet been used in rapid
diagnostic, ultra-sensitive and high affinity graphene-like
nanocomposite-based SPR immunoassays.

In this study, we investigated whether modified car-
boxyl-GO could enhance the sensitivity and high affinity
of SPR immunosensors to allow for the early diagnosis of
diseases during pregnancy and detect PAPPA2 biomarkers
specifically in human blood plasma. We focused on the
pretreatment process, detection methods and methods to
reduce interference in non-specific bioactivity for car-
boxyl-GO-based SPR chips in clinical samples. In addi-
tion, we investigated protein adsorption on carboxyl-GO
surfaces in an attempt to understand molecular-level
mechanisms of immune response interactions with bioma-
terials. The main advantage of the carboxyl-GO-based
SPR chip was in the real-time analysis of disease biomar-
kers in clinical serum. This technology can be used to
specifically recognize PE and other pregnancy-related dis-
eases, and such biosensors can be used to enhance detec-
tion due to their high sensitivity and simplicity.

Materials and methods
Synthesis of carboxyl-go and preparation

of sensing chip procedures

In this study, bioaffinity composites of carboxyl-GO
(Figure 1A) were synthesized using the modified Hummer
method. In this process, hydroxyl and carbonyl groups were
converted to carboxylic acid (R-COOH) by chloroacetic acid
(CICH2CO2H, 99%, Sigma-Aldrich, USA), which acts as an
alkylating agent under basic conditions.* Carboxylate ions are
conjugated bases of carboxylic acid, RCOO-, and are nega-
tively charged ions with high ionic adsorption®® and enhanced
hydrophilic?’ properties with biomolecules. The fabrication
and characterization of biosensor chips with Au film were
used as the excited SPR sensing substrate, which immobilized
the carboxyl-GO sheets at the Au surface to enhance SPR
energy coupling and improve protein binding affinity.
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Figure | Chemical modification of graphene-like 2D biosensing materials (A) surface modification of GO with carboxyl-groups (carboxyl-GO), (B) SEM images of carboxyl-
GO sheets, (C) TEM image of carboxyl-GO composites clearly reveals a typical organic matrix-mediated shell structure. (D) Protein immobilization on carboxyl-GO sheets
forming highly efficient covalent bonds, (E) SPR sensing system for carboxyl-GO-based immunosensor technology.

Abbreviations: GO, graphene oxide; carboxyl-GO, carboxyl- graphene oxide; CCD, charge-coupled device; SEM, scanning electron microscope; TEM, transmission

electron microscope; SPR, surface plasmon resonance.

Cystamine (Cys) 5 mM (cystamine dihydrochloride 98%, Alfa
Aesar, United Kingdom) was used as the linker at room
temperature for 24 hrs to bond the Au surface thiol coupling
into the carboxyl-GO on the sensing chip. The surface
morphology of the functional carboxyl-GO-based SPR chip
at the carboxylic acid groups formed an organic compound
shell shape as shown in scanning electron microscope (SEM)
(Figure 1B)
(TEM) images (Figure 1C). The activator was a mixture of
N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich, USA)
and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC,
>98%, Sigma-Aldrich, USA) solution (100 pL of 0.4 M
EDC with 100 uLL of 0.1 M NHS). Surface activation of the
carboxyl groups containing carboxyl-GO sheets was achieved
by reaction with EDC/NHS. In brief, 200 pL of EDC/NHS
activation solution was injected into the carboxyl-GO film and
stored at4 °C for 1 hr. The carboxylic acid on the surface of the
carboxyl-GO sheets facilitated immobilization of covalent
binding with a concentration of anti-PAPPA2 of 25 pg/mL
(molecular weight of approximately 150 kDa, HPA018430,
Sigma-Aldrich, USA), and the mixture was stored at 4 °C for
3 hrs. Finally, the non-reacted surface active sites were
blocked by injecting 200 pL of 1 M ethanolamine (EA,
>98%, Sigma-Aldrich, USA) into the carboxyl-GO film at
4 °C for 30 mins. Cleaning with deionized water was per-

and transmission electron microscope

formed after each of these steps. Covalent coupling provided

stable and strong binding of the biomolecules to the carboxyl-
GO sheets. Most proteins have amine groups on their surface,
so they can be directly conjugated to carboxyl-GO sheets
containing reactive groups as shown in Figure 1D. The car-
boxyl-GO-based SPR sensing chip had a composition of BK7/
Cr/Au/Cys/carboxyl-GO as shown in Figure 1E.

Preparation of the carboxyl-go-based SPR
chip to detect PAPPA2 protein in spiked

human plasma

When detecting antigen PAPPA2 (molecular weight of
approximately 27 kDa, APREST73992, Sigma-Aldrich,
USA) protein in spiked human plasma, it is important to
consider SPR angle errors and deviations caused by non-
specific and free protein interference. Therefore, we
improved the covalent coupling during the immobilization
process as shown in Figure 1D. In order to increase the
surface resistance to non-specific protein adsorption when
covalently coupled carboxyl-GO and anti-PAPPA2 protein
were immobilized, bovine serum albumin (BSA, lyophi-
lized powder, >96%, Sigma-Aldrich, USA) (1 mg/mL for
30 mins) was covalently immobilized to block the car-
boxyl-GO sheets at areas not coated with anti-PAPPA2
protein. Proteins were blocked on the carboxyl-GO sheets
to help prevent non-specific proteins from interacting with
the -COOH surface, especially in complex human blood
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conditions. The remaining unreacted -COOH bonds were
then deactivated using a 1 M EA solution at room tem-
perature for 30 mins. To achieve high selectivity and
specificity, the analyte should bind to the bio-receptors
(anti-PAPPA2) via specific interactions and not to the
chip surface itself to improve pseudo-positive reactions.
Therefore, we used three injections of 50 mM NaOH to
remove interfering proteins not covalently bound to clean
the chip surfaces. An electrostatic potential will occur at
the -COOH terminal (carboxyl-GO and protein) of the
carboxyl-GO-based SPR chip, and electrostatic interac-
tions between the negatively charged carboxyl-GO film
of the chip and the protein used as an antibody can sig-
nificantly influence the SPR results.”® In addition, 4%
trisodium citrate was added to the human blood plasma
samples as an anticoagulant (No. P9523, Sigma-Aldrich).
The addition of BSA to phosphate buffered saline (PBS) in
spiked blood plasma could reduce nonspecific interactions,
and the addition of Tween-20 (P9416, Sigma-Aldrich,
USA) to blood plasma samples could disrupt hydrophobic
interactions between analyte and sensor surface.
Therefore, in spiked human plasma experiments, the
spiked human plasma running buffer (SHPRB) consisted
of 20% plasma (250 pL), 0.05% Tween-20 (30 pL) and
200 pg/mL BSA mixed in 60 mL 1x PBS. This removed
nonspecifically adsorbed proteins while not disrupting the
binding of sample PAPPA2 protein to anti-PAPPA2 immo-

bilized on the carboxyl-GO-based SPR chip surface.

Preparation procedure of PAPPA2

protein samples

To detect PAPPA2 protein in PBS buffer, we used PAPPA2
protein samples diluted to different concentrations (0.01—
100 pg/mL) using PBS in a volume of 200 pL. In the non-
specific proteins test, we used different non-specific pro-
tein concentrations of 100 pg/mL each, and a volume of
200 uL for BSA, human serum albumin (HSA, >98%,
product number: SRP618, Sigma-Aldrich, USA), human
chorionic gonadotropin (hCG, product number:1,297,001,
Sigma-Aldrich, USA), human cytokeratin 19 (CK-19,
productnumber:NBP2-23,164, Novus Biologicals, USA),
and cancer antigen 19-9 (CA-199, product number:
MBS173342, MyBioSource, USA) proteins. In addition,
in the interference test, we used the five spiked proteins
(BSA, HAS, hCG, CK-19, CA-199) at a concentration of
100 pg/mL each, and a volume of 20 pL by mixing with
PAPPA2 (200 pL) in PBS buffer. To detect PAPPA2

protein in spiked human plasma, the PAPPA2 protein
samples were diluted to different concentrations (0.01—
10 ng/mL) using SHPRB in a volume of 200 pL.

Results

Choice of materials

In our previous study, we used carboxyl-GO composites to
enhance the sensitivity and high biological affinity of SPR
sensing.”>?° The SPR of noble metal thin films has been
widely used in biosensing. For example, silver (Ag) is
preferred for its narrow resonance curve which results in
a high signal to noise ratio (SNR), and Au film has the
advantage of having good chemical resistance. Ag and Au
bimetallic thin film has been frequently used to improve
the resolution and adhesion in biosensing applications.
Even though Ag film can have a sharper dip than Au as
an SPR sensor, it is known that Ag can easily be oxidized
in buffer resulting in a degraded performance. We
hypothesized that the alloy/GO structure may have a shar-
per dip than Au/GO in biosensing applications.

Analysis of optical absorption and interface
potential of the carboxyl-go-based SPR chip

Attenuated total-reflectance Fourier transformation infrared
spectroscopy (ATR-FTIR) was used to examine the mod-
ification of carboxyl-GO films and the covalent functiona-
lization of carboxyl-GO binding with anti-PAPPA2 protein
and various oxygenated species (Figure 2A). In the FTIR
spectrum of GO and carboxyl-GO, the absorption peaks
indicated O-H stretching vibrations at 3336 cm ', C-H
stretching in aldehydes at 29252859 cm™ !, C=O stretching
', and C-O stretching in
alcohols at 1066 cm '. The carboxyl-GO spectrum peak

in carboxylic acids at 1738 cm™

was clearly observed, and it was apparent that OH at
3336 cm' and -COOH at
1738 cm™! resulted in an increase. However, after chloroa-

resulted in a decrease,

cetic acid was grafted onto the surface of GO, the O-H
stretch in phenol (H-bonded) peaks disappeared. In addi-
tion, a —COOH peak was observed at 1738 cm™', which
originated from C=O stretching in carboxylic acids. This
indicated that the -COOH groups from the hydroxyl (~OH),
epoxide (—O) and ester groups had been converted to car-
boxylic groups (—-COOH) and had become attached cova-
lently to the GO surface during the chloroacetic acid
reaction. In addition, the FTIR peaks of GO and carboxyl-
GO immobilized anti-PAPPA2 protein seen at 1660 and
1644 cm ™' were amide compounds mainly involving C=0
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Figure 2 Analysis of the sensing material surface chemical structure with regards to FTIR spectra and zeta potential properties. (A) Comparison of FTIR spectra of covalent
bonds between the GO and carboxyl-GO with anti-PAPPA2 proteins. (B) Comparison of zeta potential of GO and carboxyl-GO sheets dispersed in water and graphene

sheets dispersed in ethanol solvent.

Abbreviations: FTIR, Fourier transform infrared spectroscopy; GO, graphene oxide; carboxyl-GO, carboxyl-graphene oxide; PAPPA2, pregnancy-associated plasma protein A2.

stretching vibrations, and the 1532 cm™' peak was an amide
compound involved in the coupling of bending vibrations of
N-H and stretching vibrations of C-N bonds.>* GO sheets
have hydrophilic groups (epoxy bridges, hydroxyl groups,
carboxyl groups, and carbonyl groups, etc.), and these polar
groups can provide electroactive sites on GO sheets that are
reasonably energetically favorable and increase density and
dispersion rates. We estimated the zeta potentials of the GO,
graphene and carboxyl-GO sheets as shown in Figure 2B.
GO is negatively charged in an aqueous solution due to the
various oxygenated groups on its surface. The x-axis shows
that the zeta potential of the GO sheets was —36.5 mV at pH
3.5. After modification, and the zeta potential of carboxyl-
GO still remained in the range of —36 mV at pH 4.2,
indicating that carboxyl-GO had adequate negative charges
on the surface with good colloidal stability.*' In addition,
the zeta potential of a 90% single layer ratio of graphene
sheets was +6.2 mV at pH 6 with dispersion in ethanol
solvent. The lack of oxygen functional groups on the sur-
face chemistry of graphene materials results in positively
charged graphene sheets.*> The results showed that the
surface charge characteristics controlled electrostatic repul-
sion between the negatively charged GO sheets, which in
turn affected the interlayer spacing of carboxyl-GO.

Analysis of uv-vis spectra and cyclic
voltammetry of the carboxyl-go-based
SPR chips

Figure 3A shows the UV-vis spectra of graphene sheets
(single layer ratio <90%, average diameter size of 1 um),

GO sheets (single layer ratio <80%, average diameter size
<1 pum) and carboxyl-GO sheets (single layer ratio <80%,
average diameter size <l pm) dispersed in water. The UV-
vis spectrum of 0.1 g/l GO exhibited strong absorption
peaks at 233 and 300 nm, corresponding to C=C (n—mn*)
and C=0 (n—n*) bonds, respectively.”” As expected, gra-
phene and carboxyl-GO exhibited strong bands centered at
233 nm, which were attributable to m—n* transitions of
aromatic C—C bonds, however they became broader com-
pared to those of GO. At 300 nm there was no significant
n—m* transitions peak, since some of the oxygen atoms
had been reduced. Figure 3B shows the effect of scan rate
on the cyclic voltammogram (CV) response of the mod-
Carboxyl-GO

decrease in current in the oxidation peak and reduction

ified electrode. showed a systematic
peak potential as the rate decreased. The CVs for the
behavior of bare Au and carboxyl-GO chips were used
for the characterization curves obtained at a potential ran-
ging from 0.0 to 0.7 V and scan rates of 10, 30 and 60
mV-s ' in 0.1 M KClI solution that also contained 2 mM
[Fe(CN)6]*"*. The results showed a pair of reversible
redox peaks at 0.268 V and 0.376 V for the bare Au chip
and at 0.244 V and 0.358 V for the carboxyl-GO chip. The
carboxyl-GO chip yielded lower oxidation and reduction
peak currents than the bare Au chip, representing the
remains of oxygen-containing functional groups on the
surface of GO leading to decreased electron transfer cap-
ability. The separation values of oxidation and reduction
peak potentials (JAE,| = |Eya-Epc) were 108 and 114 mV
for the bare Au and carboxyl-GO chips, respectively. The
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Figure 3 Analysis of the sensing material surface chemical structure with regards to optical and electrochemical properties. (A) Comparison of UV-vis absorbance spectra
of GO, carboxyl-GO and graphene sheets dispersed in water. (B) Cyclic voltammetry analysis of different scan rates of carboxyl-GO and bare Au chips.
Abbreviations: UV-vis, ultraviolet—visible; carboxyl-GO, carboxyl-graphene oxide; Au, gold.

ratio of oxidation-to-reduction peak currents (I,./I,c) was
close to unity, the reduction peak current appeared at
0.235 mA, and the oxidation peak current appeared at
—0.219 mA for the carboxyl-GO chip and at a scan rate
of 60 mV's™'. The CV measurements were made using a
CHI model 604D workstation (CH Instruments, Austin,
TX, USA).

Measurement and numerical calculation
of the carboxyl-go based SPR multilayer

structure
Figure 4 shows the measurement and numerical calcula-
tion of the carboxyl-GO-based SPR multilayer structure
interfaces. Figure 4A shows the results of SPR angular
reflectivity curves for ATR Kretschmann-configuration.
The resonance angle of the SPR curve was the external
angle (0.c). This multilayer structure of the chip
was composed of BK7/chromium (de=2 nm)/gold
(day=47 nm)/Cys/carboxyl-GO/air. The wavelength of
the incident light was 600 to 700 nm, and the wavelength
interval was 10 nm. In the experimental results, it was
clear that the resonance SPR angle became smaller as the
incident wavelength increased. The measured results of a
carboxyl-GO chip with corresponding incident wave-
lengths of 600, 610, 620, 630, 640, 650, 660, 670, 680,
690, and 700 nm showed resonance angles of 36.3°, 35.8°,
35.3°, 35.1°, 34.8°, 34.7°, 34.5°, 34.2°, 34.0°, 33.8°, and
33.7°, respectively.

Figure 4B, C and D show the data of the carboxyl-GO-
based SPR multilayer structure for the coupling effect

calculated using Fresnel’s equations. The BK7/Cr/Au/
Cys/carboxyl-GO multilayer structure produced efficient
numerical calculations of the SPR curve equation using a
series of incident wavelengths in transverse magnetic
(TM) polarization.** We used the refractive index (n) and
extinction coefficient (k) at a wavelength of 690 nm cor-
responding to Cr, Au, and Cys films, and obtained 3.797
+i4.368, 0.116+i3.817, and 1.45+i0, respectively.”> The
use of 1 g/l concentration of carboxyl-GO resulted in a
film with a thickness of 3 nm of a self-assembled mono-
layer (SAM) composition.*® Using these parameters and
the measurement results in Figure 4A in Fresnel’s equa-
tions for a multilayer theory, the carboxyl-GO film refrac-

3.22 All numerical calculations of the

tive index was 1.67
resonance angle of the SPR curve were internal angles
(Oin). Figure 4B shows that the calculated propagation
momentum of the SPR dispersion curves included incident
wavelengths of 600-700 nm versus incident angles of 35°-
55° for the reflectance dips. Dispersion curves were used
to evaluate the sensing sensitivity of the carboxyl-GO-
based SPR coupled parameters for full width at half max-
imum (FWHM), minimum reflection intensity (R,,,) and
SPR angle shift. The position of the reflectance dips at an
incident wavelength of 670-700 nm showed a good
FWHM in narrow, sharp and high resolution SPR angle
shifts in the dispersion curves. The R, was approxi-
mately 0.185% for a resonance angle of 43.85°at an inci-
dent wavelength of 690 nm. Figure 4C shows the SPR
absorption curve for an SP resonance angle of 43.81° with
a BK7/Cr/Au/carboxyl-GO multilayer structure. The
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Figure 4 Experimental and numerical analyses of sensitivity-related characteristic curves of BK7/Cr/Au/Cys/carboxyl-GO-based SPR biosensors in air medium. (A)
Measured SPR reflectivity curves at different wavelengths vs incident angle. (B) Theoretical calculation of the dispersion relation of the SPR modes. (C) Calculation of the
optical absorption spectra of the interfaces layer by layer. (D) Electric field intensity distribution across the inside medium, Au layer and carboxyl-GO layer.
Abbreviations: SPR, surface plasmon resonance; Cr, chromium; Au, gold; Cys, cystamine; GO, graphene oxide; carboxyl-GO, carboxyl-graphene oxide.

largest absorption peak of the Au/carboxyl-GO interface
for layer 2 was at a wavelength of 690 nm.

To further clarify the origin of the enhanced sensitivity,
we calculated the interface electric field intensity distribu-
tion of the BK7/Cr/Au/Cys/carboxyl-GO multilayer struc-
ture chip as shown in Figure 4D. The results showed that
the electric field intensity was 63.58 V/m at an SP reso-
nance angle of 70.97° for the liquid interfaces, and
60.04 V/m at an SP resonance angle of 43.81° for the air
interfaces. These results showed that the reason for the
enhanced sensitivity was an increase in the evanescent
field due to increases in oxygen and carboxyl media of
the carboxyl-GO sheets. As seen in Figure 4D, enhanced
sensitivity and stability of the carboxyl-GO-based SPR
biosensors showed a low coupling rate of <650 nm

wavelength. Therefore, the oxygen and carboxyl contents
of the carboxyl-GO sheets could be adjusted to improve
plasmon energy coupling efficiency from more than
650 nm to near-infrared, and could therefore be used to
improve and control the sensing sensitivity mechanism.

Photoelectron spectroscopy of carboxyl-go
surface elements and electronic work

function

The evolution of the surface chemistry of carboxyl-GO was
analyzed using X-ray photoelectron spectroscopy (XPS) and
ultra-violet photoelectron spectroscopy (UPS), which revealed
the surface chemistry binding energy of surface elements and
electronic work function (Figure 5). Figure SA shows the XPS
survey spectra of the Au/Cys/carboxyl-GO chip, which
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Figure 5 Characteristics of high-resolution XPS and UPS data of the Au/Cys/Carboxyl-GO chip. (A) Survey XPS spectra. (B) XPS of C Is spectra. (C) XPS of O |s spectra.
(D) XPS of S-bond spectra. (E) XPS of Cl-bond spectra. (F) UPS curves of different chip surfaces.
Abbreviations: XPS, X-ray photoelectron spectroscopy; UPS, ultra-violet photoelectron spectroscopy; Carboxyl-GO, carboxyl-graphene oxide; Au, gold; Cys, cystamine.

exhibited peaks associated with C 1s, O 1s, Cys N 1s, Au 4ds,»
and Au 4ds,,. High-resolution spectra in the region of the C 1s
characteristic peak for the Au/Cys/carboxyl-GO chip are
shown in Figure 5(b). There were five peaks located at
284.6, 286, 286.8, 288 and 289 eV, which were due to C=C

(60.59%), C—C (14.03%), C-O (11.54%), C=0 (7.04%) and
0-C=0 (6.79%), respectively.

Figure 5C and D show XPS analyses of the O 1s and S
2p characteristic peaks for the Au/Cys/carboxyl-GO chip.
As shown in Figure 5C, the O 1s XPS spectra of the
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Au/Cys/GO-COOH chip clearly indicated a considerable
degree of oxygen, with three components at 531.5, 532.6
and 533.7 eV corresponding to C=0 (10.21%), C-O
(72.58%) and O-C=0 (17.2%), respectively.’’*® We
used XPS analysis of sulfur atoms to assess the Au/Cys/
carboxyl-GO chip. The results revealed that sulfur existed
in two forms as seen in the S 2p spectrum for adsorption of
the cystamine linker for the thiol group attached to the Au
surface and the amino groups covalently bonded to the
carboxyl-GO sheets (Figure 5D). This showed sulfur func-
tionality, including components at 163.4 and 168.6 eV due
to the sulfur atoms of cystamine being involved in the
formation of sulfhydryl groups.’® Successful carboxyl-
GO sheets were observed with carboxyl bonds to the sur-
face of the Au film. The XPS high-resolution chlorine 2p
spectra depicted in Figure S5E show two main separate
peaks for CI 2p3, and Cl 2p;, for the surface binding
energy of various components at 198.8 eV and 201.1 eV,
respectively. The presence of chlorine in the XPS spectra
experimental results confirmed that chloroacetic acid had
modified carboxyl-GO.*

Figure 5F shows the work functions (®) of GO and
carboxyl-GO as measured by UPS using a VG CLAM4
surface analysis system. A He (I) source (21.21 eV) was
used as a non-monochromatic illumination for the UPS
measurements.*' The results showed that changes in GO
and carboxyl-GO work functions depended on the oxygen
molecule coverage and speciation, and on the film thick-
ness and flake size. Because of differences in work func-
tions between GO, carboxyl-GO and Au, the surface
electric field could be enhanced by electron transfer,
thereby greatly improving the sensitivity of the sensing
system.

The @y for a given multilayer material surface was
defined by the difference:

‘I)sys: hv + Ec— EF (1)

where hv is the photon source of 21.21 eV, Ec is the
kinetic energy cut-off obtained by subtracting the binding
energy as shown in Figure 5F, and Ef is the Fermi level
(electrochemical potential of electrons) inside the material.

The measured parameters were an Eg(ay) of 20.65 eV
and Ecay) 0f 8.9 eV. As @5,y was known to be 5.1 eV, the
calculated value of @y, was 9.46 eV. The system basic
work function deviation was @y -D(a=4.36 €V in the
spectrometer threshold of the UPS spectra. The surface
properties of GO were an Ecawco) of 7.9 €V, Erawco)
of 20.85 eV, and ¥ oy of 3.9 eV. According to these

calculations, the carboxyl-GO chip surface properties

were an EC(Au/GO—COOH) of 9.1 eV, EF(Au/GO—COOH) of
21 eV, and (D(GO-COOH) of 4.95 eV.

Analysis and detection of binding
interactions of PAPPA2 proteins in PBS
buffer

Figure 6A shows the SPR immunoassay of time sensor-
gram and kinetic analysis for an anti-PAPPA2 concentra-
tion of 25 pg/mL on the immobilized carboxyl-GO surface
to assay PAPPA2 protein at a 60 pL/min flow rate of PBS
running buffer, in which the black dashed line indicates
quantitative kinetic assays and fitting. In binding SPR
equilibrium angle (0.y) analysis, the real-time SPR signal
at equilibrium time (T.q) was 300 s. Time sensorgrams of
the SPR angle response at a steady state versus different
PAPPA2 concentrations used for the binding assay showed
SPR angle shifts for PAPPA2 protein concentrations of
0.01, 0.1, 1, 10, 100 pg/mL of 1.49, 4.54, 9.73, 12.65,
and 18.64 m, respectively.

Nonlinear regression for the most commonly used
Langmuir model of kinetic-binding curves for 1:1 steady
state interactions of antigen-antibody recognition was used
to estimate rate constants. The data shown were generated
for the label-free kinetic binding of PAPPA2 proteins at
different concentrations. The equilibrium dissociation con-
stant was calculated from the Kp obtained by fitting a plot
of response at 0.4 against the concentration as shown in
Figure 6B. In kinetic analysis, the calculated equilibrium
association rate constant (k,) and dissociation rate constant
(kq) were used to determine Kp of two kinetic constants
through the defining relationship k,/kq.** The experimental
results of Kp showed binding interactions at a 60 pl/min
flow rate of four different concentrations of 0.1, 1, 10, and
100 pg/mL, corresponding to Kp values of 25.4 pM, 8 nM,
1.927 pM and 1.566 pM, respectively. The results of the
carboxyl-GO-based SPR chip showed a significantly small
dissociation constant. As shown in Figure 6B, the kinetic
fits of k, at a 60 pL/min flow rate for concentrations of 0.1,
1, 10, and 100 pg/mL corresponded to 1.0x10'°, 4.0x10",
1.01x10%, and 1.04x10° M 's™!, respectively. The key
findings of this investigation were the excellent sensitivity
and high affinity of the carboxyl-GO chip.

The specificity of an immunoassay depends not only on
the binding properties of the antigen, but also on the compo-
sition of the antibody and its sensing carboxyl-GO chip. To
investigate the interference effects in the detection of various
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Figure 6 Quantitative analysis of the SPR sensorgram revealed the immune responses to anti-PAPPA2 proteins at different concentrations. (A) Sensorgram of different
concentrations of PAPPA2 antibodies. (B) Binding affinity and kinetic analysis of the immune response interactions of the dissociation constant (Kp) and association rate (k,).
(C) Plots of SPR angle shift versus five different interfering proteins and PAPPA2. The assay had high specificity with PAPPA2 against bio-interferences. (D) Calibration curves
for the detection of PAPPA2 concentrations and the five spiked interfering proteins.
Abbreviations: SPR, surface plasmon resonance; PAPPA2, pregnancy-associated plasma protein A2.

proteins, we performed specificity assays on anti-PAPPA2
with five different proteins at a concentration of 100 pg/mL
and a flow rate of 60 pL/min as shown in Figure 6C. Among
these non-specific proteins, the measured SPR angles at a
concentration of 100 pg/mL each and a volume of 200 pL for
BSA, HSA, hCG, CK-19, and CA-199 proteins were —0.014,
2.17,2.45, 3.82, and 1.67 m®, respectively. This assay had a
high specificity for anti-PAPPA2 with a PAPPA2 binding site
under a complex environment with many ionic and neutral
analytes and no binding reaction with the other interfering
proteins.

There was a linear change in SPR angle as a function of
PAPPA2 concentration with a PAPPA2 concentration ran-
ging from 0.01 to 100 pg/mL, and a detection limit (LOD)
of 0.01 pg/mL as shown in Figure 6D. The linear regression
equation of the calibration curve was y =4.24x +9.41 with
R?=0.987 for the immunoassay in PBS buffer, where x is

the concentration of anti-PAPPA2 and y is the SPR angle
shift. The five spiked proteins were used at a concentration
of 100 pg/mL each, and a volume of 20 pL by mixing with
PAPPA?2 in PBS buffer. Linearly fitting the data with the
steady state equilibrium angle showed a good correlation
between anti-PAPPA2 and PAPPA2 of y =2.63x +5.18 with
R?=0.978 for the five different proteins. The error bars
represent three replicate measurements. Table 1 shows the
assay and calculated affinity for kinetic interactions of
PAPPA2 proteins in PBS buffer. The stability of the reso-
nance angle of the carboxyl-GO-based SPR chip in buffer
to detect the repeated regeneration of PAPPA2 protein was
within 10%. The storage stability of the biosensor was up to
80~85% after storage for 30 days in a refrigerator at 4 °C.

In terms of immobilization proteins, an antibody often
cannot control its modification orientation, which may lead

to large errors or poor sensitivity of the analysis results.
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Table | Affinity and assay for kinetic interactions of PAPPA2
proteins in PBS buffer

PAPPA2 SPR angle (m°) k.,(M's™) Kp (M)
(pg/mL)

0.01 1.49 ND ND

0.1 454 1.0x10'° 2.54x107"3
I 9.73 4.0x10" 8.0x10°°
10 12.65 1.01x10° 1.93x107'2
100 18.64 1.04x 10’ 1.56x107'2

Abbreviations: PAPPA2, pregnancy-associated plasma protein A2; PBS, phosphate
buffered saline; Kp, dissociation constant; k,, association rate; ND, not determined.

Kinetic analysis using an SPR technique for mathematical
(between antibodies or between antibody antigens) and
inter-molecular force analysis (between ions and com-
pounds) is therefore advantageous. We calculated the dis-
sociation constant, and determined the intensity of the
action based on the degree of change of the complex
formed between the molecules. In previous work,” we
reported the results of traditional SPR and carboxyl-GO-
based SPR chips with regards to antibody concentration
immobilization conditions used to measure molecular
interactions and non-specific adhesion between chip sur-
faces. The results showed that the carboxyl-GO-based SPR
chip could amplify the angle response by 6.2 times and
enhance the high affinity constant (KA) by 93 times com-
pared to carboxyl-GO-based SPR and traditional SPR
chips. In the discussion of immobilization and qualitative
analysis, it is clear that a carboxyl-GO-based SPR chip is
superior to a traditional chip with regards to interaction
with protein molecules. This proves that the steric hin-
drance of a carboxyl-GO-based SPR chip is superior to a
conventional chip. The carboxyl-modification was con-
firmed, and the orientation steric hindrance had good
bonding ability.

Analysis and detection of PAPPA2 protein

in spiked human plasma

We then analyzed the detection of PAPPA2 protein in spiked
human plasma with the carboxyl-GO chip. Figure 7A shows
the SPR sensorgrams of immunoassays for anti-PAPPA2
(25 pg/mL) and PAPPA2 (10 pg/mL, 100 pL) interactions
in various spiked dilutions of human plasma from 0.078 to
2.5% (volume of 100 pL) for non-specific interference
response tests. In terms of the binding interaction character-
istics of the carboxyl-GO-based SPR chip, the SPR angle
shifts for human plasma concentrations of 0.078, 0.156,
0.313, 0.625, 1.25 and 2.5% were 4.48, 14.27, 29.13, 45.09,

67.15 and 103.27 m°, respectively. These results showed that
spiking human plasma in the tested sample clearly revealed
severe non-specific interference and caused errors in the SPR
angle shift. In order to reduce this interference of human
plasma, we added BSA (200 pg/mL) and Tween-20
(0.05%) in the test samples, which was effective in improv-
ing non-specific reactions and disrupting hydrophobic inter-
actions between other protein analytes and sensor surfaces.*?

Figure 7B shows the spiked human plasma experiments.
The SHPRB consisted of 20% plasma, 0.05% Tween-20
and 200 pg/mL BSA mixed in 60 mL of PBS. We used a
series of diluted concentrations of PAPPA2 (0.01-10 ng/
mL) which were diluted by the running buffer at a ratio of
1:1. The carboxyl-GO-based SPR chip was regenerated by
washing with 50 mM NaOH (200 pL each at 60 uL/min).
The SPR sensorgrams of the immunoassay interactions at
an SPR angle equilibrium time of 300 s were obtained at
0.01 pg/mL, 0.1 pg/mL, 1 pg/mL, 10 pg/mL, 100 pg/mL,
1 ng/mL and 10 ng/mL of PAPPA2 concentrations on the
chip at 1.26, 3.83, 5.45, 10.78, 21.41, 30.56 and 37.29 m°,
respectively.

The accuracy and precision of the carboxyl-GO-based
SPR chip were checked according to the SPR angle response
to different concentrations of PAPPA2. The calibration
curves obtained for spiked human plasma for each linear
range with error bars representing three replicates are
shown in Figure 7C. The calibration curves were comprised
of two sections with different slopes according to a low
(0.01-1 pg/mL) and high (1 pg/mL —10 ng/mL) concentra-
tion range. The intersection of both curves was calculated
and used as the cross point (1 pg/mL) for the domain of
calibration. The results showed two ranges in which the
calibration curve had good linearity. The first linear range
with a low concentration had a regression equation of
y =2.25x +5.78 and a correlation coefficient (R?) of 0.989,
while the second linear range with a high concentration had a
regression equation of y =8.34x +4.42 and R* of 0.991,
where y represents the SPR angle (m°), and x is the
PAPPA2 protein concentration. The error bars represent
three replicate measurements. The experimental results
showed that the carboxyl-GO-based SPR chip could detect
protein in spiked plasma with more than 90% accuracy
compared to the results obtained in PBS buffer.

Figure 7D shows the SPR kinetic analysis of the bind-
ing proteins over the carboxyl-GO-based SPR chip. The
molecular interference in the high specificity antibody-
antigen interactions revealed kinetic fitted values corre-
sponding to k, and Kp ranging from 1.6x10° to
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Figure 7 The SPR response curves of the carboxyl-GO-based SPR chip detection immunoassay during PAPPA2 and anti-PAPPA2 binding reactions in spiked human plasma.
(A) The SPR sensorgrams of non-specific interference in different dilutions of human plasma. (B) Comparison of the efficiency of different concentrations of anti-PAPPA2
with PAPPA2 interactions. (C) Calibration curve of the average SPR response to various PAPPA2 protein concentrations. (D) Molecular binding affinity and kinetic analysis of

the interaction factors.

Abbreviations: SPR, surface plasmon resonance; PAPPA2, pregnancy-associated plasma protein A2; Carboxyl-GO, carboxyl-graphene oxide; Kp, dissociation constant; k,,

association rate.

3.1x10° M' 87" and 1.27x10°% to 3.8x107'* M for the
carboxyl-GO-based SPR chip in spiked human plasma,
respectively. These results showed that the addition of
BSA and Tween-20 effectively reduced the non-specific

effects of plasma and other interfering proteins and com-
plex substances. Table 2 shows the assay and calculated
affinity for kinetic interactions of PAPPA2 proteins in
spiked human plasma.

Conclusion

Table 2 Affinity and assay for kinetic interactions of PAPPA2 [ this study, we demonstrated that a carboxyl-GO composite

proteins in spiked human plasma can provide high affinity and be used as a label-free immu-
PAPPA2 SPR angle (m°) k,(M's™) Kp (M) noassay without amplification steps to enhance SPR sensitiv-
(pg/mL) ity. The experimental results showed that the carboxyl-GO
0.01 126 2.8x10° 32.8x10°'2 composite could also be used to modulate and enhance the
0.1 3.83 3.05%10° 1.26x10'2 work function, conductivity properties and plasmon electric
I 5.45 7.04x10 118x10"" | field for liquid interfaces. The results showed that this biosen-
10 10.78 0.31x10° 3.6x107 sor could detect a PAPPA2 concentration with an LOD as low
100 21.41 2.4x10° 1.91x107'° . . .
1000 30.56 | 30%10° 9.52]0-1° as 0.01 pg/mL in PBS buffer and mixed interference proteins.
10,000 3729 0.16x10° [ 27%10°8 The high specificity, selectively and affinity were excellent for

Abbreviation: PAPPA2, pregnancy-associated plasma protein A2; Kp, dissociation

constant; k,,

association rate.

the use as a carboxyl-GO-based SPR biosensor. The chip could
be used to quantitatively analyze the PAPPA2 protein
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concentration in spiked human plasma with an LOD of
0.01 pg/mL. Carboxyl-GO-based SPR biosensor technology,
which is regarded to be critical in real-time point-of-care
diagnostics (POCD) for newborn diseases, will be needed in
countries with low fertility and an aging population. This study
presents a very specific and potential development of a sensor
which could be used in the future for whole blood diagnosis.
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