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Background: Advanced medical detection technology requires high sensitivity and accu-
racy to increase the disease detection rate. We showed that carboxyl-functionalized graphene
oxide (carboxyl-GO) biosensing materials are capable of accurate detection.

Methods: We developed a carboxylated GO-based surface plasmon resonance (SPR) apta-
sensor suitable for screening Down’s syndrome in clinical serum. This biosensing material
could rapidly and accurately detect hCG protein with a low concentration to identify fetal
Down’s syndrome. The developed carboxyl-GO-based SPR aptasensor showed excellent
sensitivity and limit of detection without the use of antibodies and without any specific
preference.

Results: hCG protein detection limits of 1 pM in buffer samples and 1.9 pM in clinical
serum samples were achieved. The results showed that the carboxyl-GO-based chip could
detect hCG well below the normal physiological level of serum protein (5.0 mIU/mL). High
affinity, sensitivity, and better detection limit were obtained in the range of 1.9 pM to 135
pM. The results showed a Sk-fold dilution factor, and that an SPR angle shift of more than 20
millidegrees (m°®) was associated with a significant risk of fetal Down’s syndrome compared
to normal pregnant women. The results clearly showed that the detection of hCG protein in
serum samples from pregnant women at 12—-19 weeks could be used to screen Down’s
syndrome with high selectivity and sensitivity.

Conclusion: Our findings suggest the potential application of carboxyl-GO film in proof-of-
concept studies for serum assays as a new type of SPR material. In addition, peptide and
carboxyl-GO films may be conducive to the development of future point of care testing and
rapid diagnostic devices for other diseases such as cancer.

Keywords: surface plasmon resonance, SPR, aptasensor, carboxyl-functionalized graphene
oxide, GO-COOH, peptides, human chorionic gonadotropin, hCG, Down’s syndrome, DS

Introduction

Peptide aptamers are biological oligomers and include composites of nucleic acids,
oligosaccharides and polysaccharides. They are hydrolyzed products obtained by
hydrolyzing proteins through the action of enzymes.' These chain molecules are
formed by the dehydrative condensation of amine groups (-NH;) and carboxyl
groups (—COOH) of amino acids to form peptide bonds that can selectively bind to

specific sites on their target molecules. In the early 1980s, growth factors isolated
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from human plasma were identified as being fragments of
protein called peptides.® Peptides have high thermal stabi-
lity, high yield, good biocompatibility, tunable bioactivity,
and a low-cost of production,* and the self-assembly of
peptides has unique advantages in the preparation of func-
tional nanomaterials. In addition, peptides can be used to
develop molecular electronic devices,”® and their adsorp-
tion properties for ions and organic molecules have
tremendous potential for the application in tissue engineer-
ing, biosensors and related biomedical applications.”® In
recent years, studies on synthetic receptors such as peptide
aptamers and oligonucleotide aptamers have led to their
use in replacing antibodies in biosensor applications, and
they have been shown to have high affinity and high
sensitivity as novel sensing probes.”””'' Among them,
peptide aptamers have been used to develop successful
new technologies for cross-field integration. For example,
the integration of peptide aptamers and graphene oxide
(GO) sheets has been used in memory devices,'> peptide
aptamer-based bioactive regeneration scaffolds,"* and pep-
tide hybrid
hydrogels.'*'> Moreover, peptide aptamers can be used

aptamer-based  biomimetic  nanofiber

to enhance photocatalytic activity reactions,'® and in

17,18

peptide aptamer-based fluorescence sensors and ultra-

sensitive label-free peptide aptamer-based protein detec-
tion applications.'® 2!

Recent advances in graphene-based surface plasmon
resonance (SPR) biosensors for use in point-of-care diag-
nostics and new healthcare technologies have received
increasing attention.”>* These graphene-based SPR sen-

sing technologies have been shown to be of particular

importance in the detection of gynecological
diseases,?"****  cancer,”>?® viruses,””*® microbes,”>°
31,32

metal ions, and toxic substances.’*** Human chorio-
nic gonadotropin (hCG) has been shown to be an impor-
tant biomarker for the detection of pregnancy and
pregnancy-related disorders, as well as a useful tumor
333 hCG is  an

a hormone produced by the placenta after implantation. It

marker. endocrine regulator and
is an important human hormone and a glycoprotein
secreted by placental trophoblast cells during pregnancy.
hCG has a molecular mass of 37.9 kDa and a half-life of
24 to 36 hours until pre-pregnancy levels are reached. It is
comprised of two subunits: a common alpha (o))-subunit
(14.9 kDa), and a hormone beta (B)-subunit (23 kDa).*’
Measuring the serum concentration of hCG is commonly
used as an early detector of pregnancy,’® and it can also be

used to diagnose ectopic pregnancies,”® miscarriage,*’

testicular cancer,41 and ovarian tumors.*’ For example,
the normal range of hCG in the blood is <5.0 mIU/mL
(or 0.5 ng/mL or 13.2 pM), and concentrations above this
threshold can be used as a positive test for testicular
cancer. A blood test with an hCG concentration <5.0
mlU/mL is considered to be negative for pregnancy, and
anything >25 mlIU/mL is considered to be positive for
pregnancy.43 In addition, a level of hCG in urine <20
mlU/mL is also is considered to be negative for
pregnancy.**** In general, the blood hCG level reaches
a peak in the 12th week of pregnancy at about 288 IU/mL
(28.8 pg/mL), and then declines and levels off for the
remainder of the pregnancy.*®

As hCG can be used to assess early pregnancy via-
bility, fetal abnormalities and pregnancy-related diseases,
its use as a biomarker has attracted widespread attention,
and various new detection technologies have been devel-
oped. Among them, the technique of detecting hCG
using a novel biosensor based on peptide aptamers has
been successfully developed.'®*'232*4749 We pre-
viously reported a GO-based SPR biosensor to assay
hCG in phosphate buffered saline (PBS) buffer that had
a detection limit of 0.065 nM.?! In addition, we demon-
strated that a GO-COOH-based SPR biosensor to assay
hCG in the blood serum of pregnant women (14 weeks)
had a detection limit of 1.15 pM (Ogpr = 1.56 =
0.2 m°).?* We also successfully demonstrated that the
SPR angle responses of immobilized peptides and car-
boxyl-GO surfaces at high flow rate were not conducive
to the immobilization of peptides on a carboxyl-GO sur-
face. Our previous work showed that GO-based?'>* and
GO-COOH-based***'*? sensing films can improve the
sensitivity of detection.

In this paper, we developed a novel SPR aptasensor
that was fabricated by combining the bio-affinity of car-
boxyl-GO sheets and the excellent specificity of peptide
aptamers. We successfully demonstrated that carboxyl-GO
-based SPR aptasensors can be used to analyze serum
samples from women with fetal Down’s syndrome (DS)
with high sensitivity and high precision. This is the first
time that this technique has been used in clinical experi-
ments to screen women with fetal DS through hCG protein
diagnostic analysis. The fetal DS screening values showed
statistically significant differences. Furthermore, this pep-
tide-carboxyl-GO film had excellent strong binding prop-
erties requiring a smaller sample volume and thereby
significantly lowering the concentration required for the
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SPR aptasensor assay. More significantly, it could appre-
ciably reduce the non-specific adsorption of molecules.
This is because the two ends of a peptide usually have
two functional groups: an amino end and a carboxyl end.
The N-terminus of each peptide chain (the amine groups
(-NH,)) facilitated a strong reaction with the exposed high
density of carboxyl-groups available on the surface of the
carboxyl-GO sheet. This enabled the highly sensitive iden-
tification of hCG with peptide-carboxyl-GO sensing films
through highly specific binding reactions, highlighting
their potential use in clinical diagnostic chips. This car-
boxyl-GO binding peptide technique may provide an alter-
native to antibody-based biosensors, and this sensing
technology may be applied to SPR aptasensors and show
potential in early pregnancy testing or cancer diagnosis.

Materials and Methods

Materials

Single atomic layer GO sheet solution (Graphene
Laboratories Inc., USA) at 60%~70% and a carbon/oxygen
ratio of 4:1 were used, with a flake size <1 um and thickness
of approximately 1.1 nm by ultrasonic exfoliation. The
linkers cystamine dihydrochloride (Cys, SH-NH,, 97%,
Alfa Aesar Co., Ward Hill, MA, USA), chloroacetic acid
(Cl-CH,-COOH, 99%), and N-hydroxysuccinimide (NHS)
were purchased from Alfa Aesar Co. (USA). Other reagents
including 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), ethanolamine (EA), sodium hydroxide (NaOH),
bovine serum albumin (BSA), and hCG protein were pur-
chased from Sigma-Aldrich Inc. (USA). Recombinant hCG
was expressed in a mouse cell line and had an apparent
molecular weight of >50 kDa (Recombinant hCG, product
number: 1297001, Sigma-Aldrich, USA). The peptide apta-
mer was a short oligopeptide sequence'® NH,-
PPLRINRHILTR-COOH (N-Pro-ProLeu-Arg-Ile-Asn-Arg
-His-Ile-Leu-Thr-Arg-C) and was synthesized by Purigo
Biotechnology Co., Ltd. (Taiwan).

For the clinical specimens, we used serum samples
from women with normal pregnancy (n = 4) and from
women with fetal DS (n = 6) collected from Mackay
Memorial Hospital (Taipei, Taiwan). The hCG concen-
tration in all serum samples was measured by enzyme-
linked immunosorbent assay (ELISA, spectra max 190,
Molecular Devices, LLC., CA, USA). These serum
samples 12-19 weeks of

were obtained during

pregnancy.

Preparation of Carboxyl-GO-Peptide
Based on a Non-Immune SPR Aptasensor
and hCG Detection Method in PBS Buffer

Chloroacetic acid was used as an alkylating agent to modify
the carboxyl-GO sensing films as previously described.>' >*
Carboxyl-GO sheets were immobilized on the sensing sub-
strate that was a 47-nm thick gold (Au) film to form sensing
films as shown in Figure 1. We used Cys at a concentration
of 5 mM in a volume of 1 mL to generate thiol self-
assembled monolayers (SAMs) on bare Au film surfaces
for 24 hours as shown in Figure 1A and B. Carboxyl-GO
sheets at a concentration of 1 mg/mL in a volume of 0.5 mL
were immobilized as a carboxyl-GO sensing layer on the
Au film for 5 hours as shown in Figure 1B and C. This
carboxyl-GO sensing layer and Cys formed a covalent bond
by chemical reactions with -COOH and NH,. Figure 1C
and D show the activation process of -COOH functional
groups on the surface of the carboxyl-GO sheets. This
activator was mixed with EDC and NHS in a volume ratio
of 1:1 and concentrations of 0.4 M and 0.1 M, respectively.

To detect hCG protein in the PBS buffer study, we used
the static immobilization method to titrate 1 mL of the
peptide at a concentration of 100 uM on a carboxy-GO
chip and stored it in a refrigerator for 5 hours. Figure 1E
shows the immobilization of the peptide probes at
a concentration of 100 uM. We used carboxyl-GO by
activating the -COOH end for peptide-amine reactions to
form a strong chemical covalent bond. We previously
found that an increased peptide immobilization time can
enhance detection sensitivity.** This method (static immo-
bilization method) increased the immobilization time so as
to achieve a high density of peptides immobilized on the
carboxyl-GO sensor to increase sensitivity.

The carboxyl-GO-based SPR aptasensor had affinity
for the highly specific binding between hCG proteins.
The carboxyl-GO binding peptide probe was used in the
hCG protein assay experiments as shown in Figure 1F. EA
at a high concentration (1 M) was used to block unreacted
linker, and NaOH solution (50 mM) at a pH of 12 was
used to regenerate the hCG protein shedding dissociation
reaction. In this study, hCG protein was diluted using PBS
buffer (1X, pH 7.4), and the running buffer was used in
PBS buffer.

As mentioned above, although not all of the samples
used the same chip, we calibrated each chip according to
the SPR microfluidic channel on a BI-SPR 3000 dual
channel instrument (Biosensing Instrument Inc., Tempe,
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Figure | A schematic diagram of chemical coupling to carboxyl-GO sheets and peptide probe immobilization on the surfaces of SPR aptasensors to produce a thiol-reactive
coupling surface. (A) The self-assembled monolayer linker of a bare Au surface via Cys thiol-Au interactions. (B) The carboxyl-GO sheets were immobilized on the Au
surface via NH,-COOH interactions. (C) EDC/NHS was used to activate the -COOH functional groups. (D) The EDC/NHS that activated the carboxyl-GO films was
covalently attached to the amine group of Cys. Ethylenediamine was used to block unreacted linkers, and the amino group of peptide was covalently attached to -COOH of
GO. (E) Monoclonal peptides were immobilized on carboxyl-GO surfaces via NH,-COOH interactions. (F) The interaction between the hCG analyte and biorecognition
peptide created a signaling event SPR angle shift by the interfaced carboxyl-GO film.

Abbreviations: Carboxyl-GO, carboxyl-graphene oxide; SPR, surface plasmon resonance; SAM, self-assembled monolayer; Au, gold; Cys, cystamine; NH,, amine groups;

EDC/NHS, I|-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide; COOH, carboxyl groups; hCG, human chorionic gonadotropin.

AZ, USA) calibration rule. This was the standard proce-
dure before the experiment, so that the SPR angle of each
chip had the same baseline.

Preparation of Carboxyl-GO-Peptide
Based on a Non-Immune SPR Aptasensor
and hCG Detection Method in Serum

Samples

In the clinical serum samples study, hCG was assayed in
order to further evaluate interactions between the peptide
and hCG protein in kinetic analysis and the limit of detec-
tion (LOD). We immobilized the peptide probe according to
the SPR microfluidic channel (dynamic immobilization
method). We used a flow rate of 30 puL/min, as this has
been shown to be beneficial when observing the binding and
immobilization reactions of peptides and carboxyl-GO sur-
faces. Subsequent injections with 1X PBS buffer cleared the
unbound peptides, followed by blocking of the unbound
linker with a high concentration of 1 mg/mL BSA protein.

Finally, 50 mM of NaOH was used to eliminate all non-
covalent and non-specific binding molecules. The dynamic
method of activation and all peptide immobilization proce-
dures were performed in a volume of 200 puL and a flow rate
of 30 puL/min into the BI-SPR system to detect hCG protein.
The running buffer was composed of 0.05% Tween-20
(P9416, Sigma-Aldrich, USA), and BSA protein mixed at
a concentration of 1 mg/mL in a volume of 600 pL in
100 cm® of 1 x PBS to prevent non-specific binding of
proteins to the carboxyl-GO surface in the human serum
specimens. To detect hCG in the clinical serum samples, we
used a running buffer spiked with different dilutions of
serum samples, at dilution factors of Sk (diluted 5k:1 with
buffer), 10k, 25k, 50k, 100k, 200k in a total volume of
200 pL.

Preparation Procedure of Evaluated
Selectivity Tests

To detect hCG protein in the selectivity experiments, we
used five different non-specific proteins including BSA
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(>99%, product number: A0281, Sigma-Aldrich), human
serum albumin (HSA, >98%, product number: SRP618,
Sigma-Aldrich, USA), pregnancy-associated plasma pro-
tein A (PAPP-A, product MBS2011936,
MyBiosource, Inc. USA), pregnancy-associated plasma
protein A2 (PAPP-A2, product number: MBS2011332,
MyBiosource, Inc. USA), and human cytokeratin
19 (CK-19, product number: NBP2-23164, Novus
Biologicals, USA). In addition, we used the different pro-
teins (BSA, HSA, PAPP-A, PAPP-A2, CK-19, and hCG)
at a concentration of 500 pM each and a volume of 200 pL

number:

in PBS buffer and in spiked 10% serum buffer, respec-
tively. All hCG protein assay experiments were conducted
at room temperature (23+£0.5°C), using a sample injection
volume of 200 pL and a flow rate of 30 puL/min.

A Carboxyl-GO (SEM)

100nm JEOL 5/9/2017
SEM WD 10.0mm 11:05:01

Results and Discussion
Analysis of the Surface Morphology of
Carboxyl-GO Films

Figure 2A shows a scanning electron microscope (SEM,
JEOL Inc., USA) photograph of fabricated carboxyl-GO
films on Au chip substrates with the structural features of
the surface. Transmission electron microscope (TEM; Tecnai
G2F30S-Twin, Philips-FEI, Amsterdam, Netherlands)
images of fabricated carboxyl-GO films revealed them to
be of a layer-by-layer lamination and organic shell matrix
structure as shown in Figure 2B. This phenomenon was
caused by carboxylic acid, so that the carboxyl-GO surface
became an organic chitosan matrix with a hydrophilic func-
tional group.’'*** Figure 2C shows an atomic force micro-
scope (AFM) photograph of these fabricated carboxyl-GO

7 I |mm

14717601 nm L 1 3.178E+03 nm
1 7.142E4+00 nm  Ai¢ : 1.0S9E+03 nm
1 3.929E+00 nm  4a 1 2.792E+00 °

Figure 2 Photograph and profile of synthesized carboxyl-GO films for (A) SEM (B) TEM, and (C) AFM images.
Abbreviations: Carboxyl-GO, carboxyl-graphene oxide; SEM, scanning electron microscope; TEM, Transmission electron microscope; AFM, atomic force microscope.
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films and height profile of the synthesized carboxyl-GO
films. The thickness of the synthesized carboxyl-GO films
was calculated to be 2.8 nm according to the height profile
diagram of the AFM image.

Analysis of the Zeta Potential, Fourier
Transform Infrared Spectroscopy, and
X-Ray Photoelectron Spectroscopy of
Carboxyl-GO Sheets

To examine the physical properties of the carboxyl-GO
sheets, we analyzed the zeta potential (ZP) measurements
(Nano ZS, Malvern Panalytical Ltd., United Kingdom) in
aqueous suspension solutions of GO and carboxyl-GO of
the surface charge of the sheets as shown in Figure 3A.
With regards to the carboxyl-GO sheet properties of the
charged particles, the magnitude of ZP describes the
degree of electrostatic repulsion between charged particles
in a dispersed solution. A particle potential <30 mV shows
the unstable behavior of a dispersed solution and the
occurrence of aggregation. This phenomenon indicates
that the repulsive force between particles is much higher
than the attraction.’” In Figure 3A, the results showed that
the ZP value was —35.7 mV (pH 5.0) for GO and —34.4
mV (pH 3.6) for carboxyl-GO, a measure of the stability
of the particles with no particle agglomeration. The nega-
tive ZP value was attributed to the characteristics caused
by the presence of oxygen functional species on the GO
surface.”®

Figure 3B shows that the ZP of aqueous suspensions of
carboxyl-GO sheets as a function of pH was important to
determine the surface charge of the carboxyl-GO sheets.
We used different pH conditions for the ZP measurements,
which were done to evaluate the dispersibility and stability
of the carboxyl-GO sheets on the chips. This showed the
uniformity of the thickness of the sensing film, which was
conducive to the immobilization and self-assembly of car-
boxyl-GO sheets on the chip surfaces. The results showed
that the carboxyl-GO sheets were highly negatively
charged with a value from —29.7 to —46.3 mV at a pH
ranging between 3 and 10. In addition, the ZP versus pH
measured for the carboxyl-GO sheets in aqueous suspen-
sions at linear regression equations of the calibration
curves was y = —25.29-2.19 x with a correlation coeffi-
cient R? of 0.94. The measured ZPs showed the suitability
of fixing the negatively charged carboxyl-GO sheets on the
surface of the chips because of their good dispersibility. In

addition, negatively charged carboxyl-GO sheets could
improve electron transfer on the surface.

Figure 3C shows the Fourier transform infrared spec-
troscopy spectra of GO and carboxyl-GO sheets. The
spectrum of carboxyl-GO showed the presence of bands
associated with epoxide groups (C—O-C, 910 cm '),
hydroxyl groups (C-OH, 1064 cm '), C—-OH groups
(1455 cm™"), carboxylic acid (-COOH, 1663 cm ') and
carbonyl (C=0, 1734 cm ') moieties that were present
mostly along sheet edges but also on the basal plane of
the graphene sheets, and a broad peak between 3000 and
3800 cm ™' corresponding to —OH vibration (3325 cm ™).
Although GO and GO-COOH have similar chemical bond
vibration characteristic peaks, the results showed that the
carboxyl-GO spectrum exhibited only two peaks at
1064 cm ' (C-OH) and 1663 cm ' (COOH), and
a reduced -OH peak at 3325 cm ', suggesting that the
carboxyl-GO had been effectively modified by the chlor-
oacetic acid process.?*>!?

Figure 3D-F shows the presence of carbon and oxygen
elemental and chemical state analyses in the GO and
carboxyl-GO sheets using X-ray photoelectron spectro-
scopy (XPS).

Figure 3D shows a representative XPS survey spectrum
of GO and carboxyl-GO sheets on Au film surface, which
clearly demonstrated the existence of S2s, Cls, Audd, Nls,
and Ols. The results showed that the sulfur of S2s, carbon of
Cls, gold of Audds, and Au4d;),, nitrogen of Nls, and
oxygen of Ols peaks were 238, 284.5, 335.5, 353.5, 400,
and 532.5 eV in the XPS survey spectra, respectively. Among
them, the S2s peak was caused by the -SH of the Cys linker,
and the N1s peak at 400 eV was caused by immobilization of
the Cys linker -NH bonding on the GO and carboxyl-GO
surface. In addition, the relative intensity ratio of XPS car-
bon-to-oxygen peak (Ic1s/1o1s) increased from 0.94 for GO to
1.02 for carboxyl-GO sheets. The increase in carbon element
in these experiments meant that the modification of -COOH
had been successful. Multiplex high-resolution scans of Cls
and Ols spectral regions of the carboxyl-GO sheets are
shown in Figure 3E and F, respectively. Figure 3E demon-
strates that the C1s peak could be best fitted by a combination
of five Cls peaks of sp? (C=C, 15.6%), sp> (C—C, 24.1%),
epoxy (C-0, 26.9%), carbonyl (C=0, 28.3%), carboxyl
(O-C=0, 5.1%), which were observed at 284.15, 284.65,
285.2, 286.8, and 288.75 eV, respectively. Therefore, car-
boxyl-GO sheets with many -COOH groups had been mod-
ified effectively. The carboxyl peak at 288.75 eV in the
spectrum of O-C=0O contents constituted 5.1% of the
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Figure 3 Electrical properties of fabricated carboxyl-GO sheets in solution and films. (A) Zeta potential distribution curve of GO and carboxyl-GO sheets in aqueous
suspensions. (B) Zeta potential analysis at different pH values of carboxyl-GO sheets synthesized using chloroacetic acid. (C) FTIR curves of GO and carboxyl group-
modified GO. (D) Survey XPS spectrum of GO and carboxyl-GO sheets. High-resolution XPS scan spectra of the (E) Cls and (F) Ols regions of the carboxyl-GO sheets.
Abbreviations: Carboxyl-GO, carboxyl-graphene oxide; GO, graphene oxide; FTIR, Fourier transform infrared spectroscopy; XPS, X-ray photoelectron spectroscopy.

carboxyl-GO sheets (generally, the O-C=0 contents of GO
are <2%).24>7° Figure 3F shows that the O1s peak could be
best fitted by a combination of three Ols peaks of C=0O
(38.0%), C-O (37.2%), and O-C=0 (24.8%), which
were observed at 531.85, 532.70 and 533.50 eV, respectively.

The Ols peak of high content O-C=0O (24.8%) on the
carboxyl-GO surface confirmed that most of the carboxyl-
functionalization of GO sheets had been successful.
These experimental results are consistent with previous

studies.?>!
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Analysis of the Optical Properties of
Carboxyl-GO-Based Sensing Structure
Figure 4A shows the ultraviolet-visible (UV-Vis) absor-
spectra  (U-2900, Hitachi
Corporation, Japan) and optical band gaps of the GO and

bance High-Technologies
synthesized carboxyl-GO sheets as a function of wave-
length. GO exhibited an absorption peak at 225 nm corre-
sponding to the m—m* transition of C=C bonds due to
aromatic ring electrons, and a weak absorption band near
300 nm (small shoulder) attributable to n—nt* transitions of
aromatic C—O and C=0O bonds due to carbonyl group
electrons.”>® The absorption spectrum of carboxyl-GO
samples demonstrated a characteristic absorption peak at
232 nm corresponding to the m—n* transition of C=C

bonds of the aromatic system. Compared to the GO sheets,
the carboxyl-GO sheets had a 7-nm shift in the absorption
peak at 232 nm attributed to a decrease in oxygen func-
tional groups and increase in carboxyl groups causing the
electrons to be easily excited at a lower energy. The
optical band gaps from the behavior of absorption coeffi-
cient spectra of GO and carboxyl-GO sheets could be
interpreted by calculating the existence of direct optical

6061 of (athv)? versus the

band gap transitions. Tauc’s plot
energy gap (eV) with a linear extrapolation is shown in
Figure 4A. The Tauc optical band gap was determined by
fitting the linear part of the curves of the incident radiation
to intercept the energy axis (at a = 0). The linear depen-

dence of Tauc’s plot on hv indicated that the GO and
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Figure 4 (A) Absorption spectra and band-gap of GO, carboxyl-GO dispersions in DI water. (B) SPR reflectance curve for the GO and carboxyl-GO sensing chips in
comparison to the conventional Au chip. (C) Characterization of absorption properties at multilayer interface absorption spectra corresponding to Cr/Au, Au/Cys and BK7/
Au/Cr/Cys/carboxyl-GO in water. (D) Dispersion relationship of SP propagating along a flat modulation at the BK7/Au/Cr/Cys/carboxyl-GO structure in contact with water

at the interface.

Abbreviations: GO, graphene oxide; Carboxyl-GO, carboxyl-graphene oxide; DI water, Deionized water; SPR, surface plasmon resonance; Au, gold; Cr, chromium; Cys,

cystamine.
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carboxyl-GO sheets showed an intrinsic semiconductor-
like absorption in the blue optical region, and the band gap
value was the value of the carboxyl-GO sheets for 2.7-3.6
eV. The corresponding GO sheet band gap value was
3.5-4.2 eV.

Figure 4B shows the SPR reflectance curve at functions
of incident angles of 65-85° (internal angle) using
Fresnel’s law for a multilayer system to calculate the
Kretschmann configuration.’*>*%* The k of GO and car-
boxyl-GO according to previous studies is 0 to calculate
the resonance curve.*>>>

We used the refractive index (n), extinction coefficient
(k) and thickness (d) constants for layers of 0.16, 3.817
and 47 nm for Au, 3.798, 4.368 and 2 nm for Cr, and 1.45,
0 and 0.5 nm for Cys,63 1.706, 0 and 1.2 nm for GO,
1.673, 0 and 2.8 nm for carboxyl-GO to fit calculations of
the SPR angle at a wavelength of 690 nm. We analyzed the
SPR multilayer system in BK7/Cr/Au (conventional SPR
chip), BK7/Cr/Au/Cys/GO and BK7/Ct/Au/Cys/carboxyl-
GO in a water interface environment. The SPR curves for
the GO and carboxyl-GO chips were acquired in order to
compare them with the SPR curve for the conventional Au
chip.

The SPR angles for the Bk7/Cr/Au(47nm), BK7/Cr/Au
(47nm)/Cys/GO(1.2nm) and BK7/Ct/Au(47nm)/Cys/car-
boxyl-GO(2.8nm) chips were 69.97°, 70.43° and 70.90°,
respectively. The full width at half maximum (FWHM) for
the Bk7/Cr/Au(47nm), BK7/Cr/Au(47nm)/Cys/GO(1.2nm)
and BK7/Cr/Au(47nm)/Cys/carboxyl-GO(2.8nm) chips
were 4.12°, 4.66° and 4.49°, respectively.

In order to further analyze the changes in SPR curves
caused by different thicknesses, we evaluated the effect of
different thicknesses on the performance of sensing.

We changed the design of the three chips with different
thicknesses and analyzed the SPR angle shifts for the BK7/Cr/
Au(30nm)/Cys/carboxyl-GO(2.8nm), = BK7/Ct/Au(60nm)/
Cys/carboxyl-GO(2.8nm), and BK7/Cr/Au(47nm)/Cys/car-
boxyl-GO(20nm), which were 71.49°, 70.94° and 78.01°,
respectively. The results showed that the SPR angle had
a large shift, which caused the FWHM to become larger and
the coupling ratio to become smaller (higher reflectance).

The results of FWHM analysis for the BK7/Ct/Au
(30nm)/Cys/carboxyl-GO(2.8nm), BK7/Cr/Au(60nm)/Cys/
carboxyl-GO(2.8nm), and BK7/Cr/Au (47nm)/Cys/car-
boxyl-GO(20nm) chips were 10.43°, 3.02°, and 6.2°, respec-
tively. From the calculation and analysis of these
experiments, we found that reducing the thickness of the
gold film from 47nm to 30 nm resulted in a lower coupling

ratio and a larger FWHM (from 4.49° to 10.43°). A gold film
thickness larger or smaller than 47nm was not conducive to
high-sensitivity sensing. In addition, increasing the thickness
of carboxyl-GO from 2.8 nm to 20 nm led to excessive SPR
angle displacement (from 70.90° to 78.01°) and larger
FWHM (from 4.49° to 6.2°). These results showed that
a too large SPR angle and FWHM caused the angular dis-
placement in the sensing to become smaller, thereby decreas-
ing the sensitivity. These experimental analyses showed the
same results as previous studies.*>*%+6

Figure 4C shows the resonance angle (internal angle) at
70.90° to calculate the layer-by-layer (as in the schematic
in the inset) comparisons of optical absorption spectra of
multilayers in transverse-magnetic (TM) polarization.
Strong absorption peaks were noted in the range
650—750 nm. The absorption peak of the Au/Cys (layer-
2) obviously increased compared with the Cr/Au (layer-1);
however, the absorption wavelengths in the Cr/Au and Au/
Cys layers were observed at absorption peaks of 677 and
688 nm, respectively. This phenomenon may be because
the amount of plasmon (interaction of interface electric
field) in the inner layer of Cr/Au (layer-1) had been trans-
ferred to the outer layer of Au/Cys (layer-2). Therefore,
the evanescent wave of the plasmon resonance propagated
only in the Au/Cys (layer-2) interface. We also examined
carboxyl-GO using the visible spectrum against the whole
BK7/Cr/Au/Cys/carboxyl-GO structure in water, which
showed a strong SPR band at 690 nm.

We calculated the BK7/Cr/Au/Cys/carboxyl-GO struc-
ture of the SPR dispersion relationship for angles of
35-90° (internal angle) as shown in Figure 4D. The reso-
nant position of the SPR changed as the wavelength var-
ied, indicating a change in the media interface relationship
dispersion. Narrow FWHM, sharp SPR curves and mini-
mum reflection intensity (R.,;,) could be produced by
making a surface of the BK7/Cr/Au/Cys/carboxyl-GO
structure. When evaluating the sensitivity of SPR sensors,
the most important parameters are FWHM, SPR reflection
intensity, resolution and resonant angle shift. We analyzed
the relationship between FWHM of the SPR reflection
intensity at different wavelengths and angles. The structure
tunability had a distinct feature, in that the long wave-
length shifted the SPR angle to a small value and small
FWHM. In the carboxyl-GO-based SPR multilayer struc-
ture, the results showed that the dispersion curve at inci-
dent wavelengths of 770, 690, 650, and 600 nm exhibited
SPR angles of 67.25°, 70.90°, 76.88°, and 79.32°, respec-
tively. The corresponding changes in FWHM were 2.18°,
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4.93°, 8.62°, 10.05°, for 770, 690, 650, and 600 nm,
respectively.

Detection of hCG Protein Interactions in
PBS Buffer

The molecular interactions between the peptides and hCG
protein in PBS buffer experiments are shown in Figure 5.
The peptide-hCG interaction reaction curves are shown as
a solid line and the fitted curves as a black dotted line. We
injected different concentrations of hCG at a flow rate of
30 pL/min and waited for 8 minutes to observe the binding
equilibrium state between peptides and hCG. Some of the
most useful information that SPR can provide in peptide
and hCG protein interactions is the extent to which spe-
cific amino acid side chains of proteins affect membrane
association and dissociation. In addition, the kinetic con-
stants can be directly determined from equilibrium binding
responses over a range of hCG concentrations by fitting
the data to a Langmuir adsorption isotherm.

The Langmuir model considers sorption by monolayer
type and supposes that (1) adsorption occurs at specific
binding sites that are localized on the surface of the com-
plex [peptide]-[hCG] molecules, (2) all adsorption sites on
the surface of the complex [peptide]-[hCG] molecules are
identical, (3) no heterogeneity of the sensor chip, (4) no
interactions between adjacent molecules at the surface, and
(5) at high concentration [hCG], there will be a saturation
coverage of the complex [peptide]-[hCG] molecules at the
sensor chip.®®%®

In the reaction at each concentration, we used the 1:1
Langmuir model to analyze the adsorption isotherm
between peptide and hCG. Affinity constants were calcu-
lated using Biosensing Instrument software (version 2.4.4)
with the use of an appropriate binding model.

Figure 5A shows the SPR binding experiments of the
carboxyl-GO-based chip. The representative SPR sensor-
grams at different concentrations of the injected analytes
of hCG protein were 1 nM, 500 pM, 250 pM, 100 pM, 50
pM, 10 pM, 5 pM, 1 pM, and 0 pM corresponding to SPR
angle shifts of 32.118, 16.476, 10.073, 7.532, 3.527, 1.264,
1.329, 0.287, and —0.182 m°, respectively. In the kinetic
analysis, we injected different concentrations of hCG pro-
tein on the carboxyl-GO-based SPR chip, and the time for
the reaction to reach dissociation equilibrium was about
500 s. The kinetic fit curves corresponding to nine differ-
ent concentrations of hCG protein are shown in Figure 5A.
The results of the carboxyl-GO-based chip at peptide-hCG

binding of association rate constant (k,), dissociation rate
constant (kg), and equilibrium association constant (Kp)
were 7.32 x10° M'S™!, 422 x1072 S7!, and 17.35 x10'°
M, respectively.

Figure 5B shows the results of injecting dilutions of the
samples and analysis of peptide-hCG binding in the GO-
based SPR chip. The results showed that the hCG concentra-
tions were 1 nM, 500 pM, 250 pM, 100 pM, 50 pM, 10 pM,
and 0 pM corresponding to SPR angle shifts of 22.155,
11.557, 8.334, 6.106, 2.467, 0.809, and —0.253 m°, respec-
tively. In kinetic analysis of the GO-based chip, the peptide-
hCG interactions yielded the following rate constants for
average interactions: k,= 7.32 x10° M 'S™", k= 5.22 x10°*
S and Kx= 14.1 x10° M"". We analyzed the affinity con-
stants of interactions between hCG and peptide complex
structures at the carboxyl-GO and GO-based chips. The
results showed that the carboxyl-GO-based chip had
a higher affinity (K,) of 17.35x10'°M .

A linear calibration curve was plotted for the sensitivity
of hCG protein concentration for the SPR responses in the
carboxyl-GO and GO chips. Figure 5C shows an excellent
linear response of the SPR angle shift at hCG concentrations
ranging from 1 pM to 1nM, which is acceptable to identify
hCG (normal range of hCG blood test is <10 pM), and
measurement reproducibility within 10%. The correspond-
ing regression equations were f(x)=1.76+30.52x with
a correlation coefficient (R?) of 0.98 for the carboxyl-GO-
based SPR chip, and f{x)=2.18 +20.1x with a correlation
coefficient of 0.97 for the GO-based SPR chip. Figure 5D
shows a linear response of the SPR angle shift at low hCG
concentrations ranging from 1 pM to 100 pM. We success-
fully measured low detection limits of 1 pM (Ogpr = 0.287 +
0.03 m®) for the carboxyl-GO-based chip and 10 pM (Ogpr =
0.81 £ 0.1 m®) for the GO-based chip, and the corresponding
regression equations were f{x) = 0.23 + 73.88x with R>=0.97
and f{x) = 0.29 + 49.67x with R>=0.96, corresponding to the
carboxyl-GO- and GO-based chips, respectively. The rela-
tive standard deviation was <10% for PBS buffer (n = 3),
which was in good agreement with that reported
previously,”' indicating that the modification of carboxyl-
GO on the Au surface improved peptide-hCG interactions.
The sensitivity and LOD of the carboxyl-GO-based chip far
exceeded other detection technology studies. For example,
Wang et al developed an electrochemical immunosensor
based on the composite of SnS, functionalized lignin-
based porous carbons (LPCs-SnS,) and gold nanoparticles
(AuNPs) for the detection of hCG with a LOD of 6.4
pg/mL,*® and Ding et al developed a liquid crystal-based

submit your manuscript

8140

Dove

International Journal of Nanomedicine 2020:15


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

Dove Chiu et al

" T v y y y T 25 — .
A 35 [ Carboxyl-GO based chip l ' ] B GO based chip ' ' '
Detection of hCG iNPBS = ~ - - __ _ ! 'Detection of hCG in PBS ~
_ 30 | 32118 m° E 20 | 22155 m” |
s e
£ B’ —1nm 1 =
< —— 500 pM < 15F §
o 20 — 250 pMm 16476m° | @ 1nM 11.557 m°
9 —a 9 ——500 pM =
2 15 100 pM > —— 250 pM
& °[ ——50pM 1.264 m J s 1o P
x 10 pM 1.329 m 10.073 m o —100 pM
o 10 — o ——50 pM
L i~ e 13%2m-=l & 5| 10pM
5F . - 4 | - OpM [/ de=c o _T___
_______ e SR i Z e _ .=.0:809m |
0 M P S i = = 0 N 1 B St el S = —‘—.—— =
=200 -100 0 100 200 300 400 500 200 -100 0 100 200 300 400 500
Time (sec) Time (sec)
C D
40 -t r-r-r-rr°cr°crn°cr 11 10
| . : J T T T M T M T T T
g5 | Dotection of NCG I PBS Detection of hCG in PBS
r = Carboxyl-GO based chip . .
. i = Carboxyl-GO based chip
= GO based chip 8l : g
30 | . X 4 = GO based chip
— Linear fit of carboxyl-GO Li fit of carboxvl-GO based chi
o | —— Linear fit of GO = —_ -inearit of carboxy pasedchip
- 25 e < sl Linear fit of GO based chip
= R 4
5 20 [ E
g [ f(x)=1.76+30.52x T ] f(x)=0.23+73.88x
> 15| R’=0.98 i % 4t R’=0.97 4
c
© - f(x)=2.18+20.1x s
x 10 R’=0.97 1 o Ll f(x)=0.29+49.67x
& [ o R’=0.96
CD 5 L _ w o
ot . 0r .
n 11 1 al a1 " | - 11 | I 1 PR —— " i N L N Y N f . L N Y
0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 0.00 0.02 0.04 0.06 0.08 0.10
concentration (nM) Low concentration (nM)
E F
24 T T T T T T 26 T T T T T T
2t . 24t .
20 * 2t o ]
18 | Concentration of 500 pM (in PBS) ee | 20 | Concentration of 500 pM (in serum) o
o 16 L_IBSA I o 18| [_IBSA R
® 4[| |HSA . ® 16l HSA ® ,]
'g 2L PAPP-A i 'g kb PAPP-A 1
= ol [ |PAPP-A2 =1 [ |PAPP-A2
K CK-19 1 o 12 CK-19 h
@ 8- nce 1 2 Ihce ’
o 6f ] s 8 .
E 4 . x 6 h
2f e oo E% ] o 4t « ]
on ol siey f s ] on ) -EE ‘*4‘_—:’ V..o g ]
2f ] ofF o i
_4 1 1 1 1 1 1 _2 1 1 1 1 1 1
BSA HSA  PAPP-A PAPP-A2 CK-19  hCG BSA HSA  PAPP-A PAPP-A2 CK-19  hCG
Proteins Proteins

Figure 5 Sensorgrams for the SPR responses of specificity binding of peptide-hCG interactions to the (A) carboxyl-GO and (B) GO sheets immobilized SPR sensing
surface. (C) Linear calibration curve based on the relationship between SPR angle and hCG protein concentration on carboxyl-GO and GO chip responses. The average SPR
response to various hCG concentrations ranging from | pM to InM. (D) Linear curve at low concentration (linear range between | pM to 100 pM). The specificity of the
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Abbreviations: SPR, surface plasmon resonance; hCG, human chorionic gonadotropin; GO, graphene oxide; Carboxyl-GO, carboxyl-graphene oxide; BSA, bovine serum
albumin; HSA, human serum albumin; PAPP-A, pregnancy-associated plasma protein A; PAPP-A2, pregnancy-associated plasma protein A2; CK-19, human cytokeratin 19;
PBS, phosphate buffered saline.
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assay for use as an hCG-binding peptide aptamer with
aLOD of 1 [U/mL (2 nM)."® In addition, Xia et al developed
a silver nanoparticle (AgNP) assay method to detect hCG
protein, and reported a LOD of 0.4 mIU/mL.®” Compared to
the reported approaches for hCG determination (shown in
Table 1), the carboxyl-GO-based biosensor demonstrated
obvious merits in performance.

To investigate the selectivity (specificity) effects in the
detection of various proteins, we tested interference with
molecular interaction assays on the peptide probe and six
different proteins at a concentration of 500 pM each and
a flow rate of 60 pL/min as shown in Figure SE and F. The
SPR angle responses of the six different proteins were
measured six times. The measured average SPR angles in
the PBS buffer for BSA, HSA, PAPP-A, PAPP-A2, CK-
19, and hCG proteins were 1.31, 1.52, 1.37, 2.39, 1.65,

Table I The Comparison Between Our Established Biosensor
and Reported Methods

Method Detection Limit Refs.

ELISA 17 mIU/mL (in urine samples). [34]
18 mIU/mL (in serum samples).

LC I lU/mL (or 2 nM) (in buffer [10]

samples).

Gold nanoparticles 15 mlU/mL (or 1.5 ng/mL) (in buffer | [22]

(Colorimetric) samples).

Fluorescent 20 mlU/mL (in buffer samples). [38]
(graphene oxide)

Electrochemistry 6.4 pg/mL (in serum samples). [37]
(LPCs-SnS2 and

AuNPs)

Electrochemistry 0.4 mlU/mL (in serum samples). [52]
(silver

nanoparticles)

SPR (graphene 0.065 nM (or 3.25 ng/mL, 32.5 [21]

oxide) mlU/mL) (in buffer samples).

SPR (carboxyl-
graphene oxide)

1.15 pM (or 0.575 mlU/mL) (in serum | [23]

samples for normal pregnant).

SPR (carboxyl-

graphene oxide)

I pM (or 0.5 mlU/mL) (in buffer This
samples).

1.9 pM (or 0.95 mlU/mL) (in clinical
serum samples for women with fetal

work

Down’s syndrome).

Abbreviations: ELISA, enzyme-linked immunosorbent assay; LC, liquid crystal;
AuNPs, gold nanoparticles; LPCs-SnS;, SnS, functionalized lignin-based porous
carbons; SPR, surface plasmon resonance.

and 17.19 m°, respectively, as shown in Figure 5E. In
addition, the average SPR angle responses in BSA, HSA,
PAPP-A, PAPP-A2, CK-19, and hCG with spiked 10%
serum were 2.60, 2.41, 2.42, 2.51, 1.74, and 19.13 m°,
respectively, as shown in Figure 5F. The selectivity results
showed that the SPR signals of the other proteins were
markedly smaller than that of hCG protein. This assay had
a high specificity for peptides with an hCG protein binding
site in a complex serum environment with many ionic and
neutral analytes and no binding reaction with the other
interfering proteins. The interference signals of the BSA,
HSA, PAPP-A, PAPP-A2 and CK-19 proteins were close
to that of a blank solution, which indicated the high
selectivity of the carboxyl-GO-based SPR aptasensor.

Detection of hCG Protein to Screen Fetal

DS in Clinical Serum Samples

In the clinical serum sample experiment, we used serum
samples from normal pregnant women (NPW) and women
with fetal Down’s syndrome (FDSW) for hCG protein
screening analysis using the carboxyl-GO-based SPR apta-
sensors. The hCG concentration in the serum samples was
measured by ELISA, and the concentrations were 163.64,
170.47, 126.50, 185.34, 381.74, 674.83, 488.92, 418.40,
430.82 and 525.65 nM for NPW-1, NPW-2, NPW-3,
NPW-4, FDSW-1, FDSW-2, FDSW-3, FDSW-4, FDSW-
5, and FDSW-6, respectively.

Figures 6 and 7 show representative SPR sensorgrams
illustrating the expression of peptide-carboxyl-GO chips for
serum samples in the NPW and FDSW groups, with different
dilutions. The results showed that the hCG concentration in
the healthy women (NPW group) was within the normal
range (163.64, 170.47, 126.50 and 185.34 nM). Therefore,
we diluted the serum of four healthy women by Sk-fold and
10k-fold to analyze the hCG concentration. In addition, the
serum samples of the women with fetal Down’s syndrome
(FDSW group) had originally higher hCG concentration
(381.74, 674.83, 488.92, 418.40, 430.82 and 525.65 nM),
so we diluted their samples by Sk-fold, 10k-fold, 25k-fold,
50k-fold, 100k-fold and 200k-fold. We converted the dilution
ratio into hCG concentration, and evaluated and analyzed the
angle shift of SPR at different dilutions.

The results showed that the hCG protein in the serum
samples was bound to the specific peptide (association phase)
starting from the injection point at 0 sec and dissociation
phase at 200 sec, reaching equilibrium after approximately
500 sec. Figure 6A-D shows serum samples of the NPW
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Figure 6 SPR sensorgram data showing a comparison of binding interactions of a peptide probe with hCG protein in clinical serum samples. The hCG concentrations in the
women with normal pregnancy (NPW) were (A) 163.64 nM at |5 weeks, (B) 170.47 nM at 12 weeks, (C) 126.50 nM at 14 weeks, and (D) 185.34 nM at 17 weeks.
Abbreviations: SPR, surface plasmon resonance; hCG, human chorionic gonadotropin; NPW, women with normal pregnancy.

group at 15 weeks (NPW-1), 12 weeks (NPW-2), 14 weeks
(NPW-3), and 17 weeks (NPW-4), respectively. Figure 6A
shows that the serum concentrations were diluted Sk-fold
(32.8 pM) and 10k-fold (16.4 pM) relative to SPR angle
shifts of 17.83 and 9.27 m°, respectively. In Figure 6B, the
serum concentrations at 12 weeks in the NPW group
(NPW-2) were diluted 5k-fold (34.1 pM) and 10k-fold
(17.0 pM) relative to SPR angle shifts of 17.67 and
11.13 m°, respectively. Figure 6C shows that the serum
concentrations were diluted Sk-fold (25.3 pM) and 10k-fold
(12.65 pM) relative to SPR angle shifts of 13.95 and 7.32 m°,
respectively. Figure 6D shows that the serum concentrations
were diluted 5k-fold (37.07 pM) and 10k-fold (18.53 pM)
relative to SPR angle shifts of 20.25 and 18.46 m°, respec-
tively. The results of the fitting kinetics analysis of the serum
samples in NPW-1, NPW-2, NPW-3, and NPW-4 showed
that the carboxyl-GO chip had high affinity binding constants
(Ka) 0f 28.19, 27.63, 1.28 and 1.48 x10'* M, respectively.

The SPR sensorgram characteristics of the FDSW group
at different serum dilutions are shown in Figure 7A—F. In the

FDSW group with serum diluted by S5k-fold, the results
showed that the SPR angle shifts of FDSW-1, FDSW-2,
FDSW-3, FDSW-4, FDSW-5 and FDSW-6 were 41.88,
66.69, 44.48,30.18, 32.33 and 50.05 m°, which were relative
to serum hCG concentrations of 76.4, 135, 97.8, 83.7, 86.2
and 105.1 pM, respectively. The results showed that the
FDSW group with serum diluted by 10k-fold had SPR
angle shifts of 21.76, 21.56, 19.26, 17.79, 21.37 and
33.46 m°® for the FDSW-1, FDSW-2, FDSW-3, FDSW-4,
FDSW-5 and FDSW-6 women, respectively. A comparison
between the measured serum hCG concentrations at Sk-fold
and 10k-fold dilution factors showed that the SPR sensor-
grams at angle shifts in the NPW group were less than those
in the FDSW group. These results showed that the SPR angle
shifts of the FDSW group were greater than those of the
NPW group by 4.8 times in the Sk-fold serum dilution factor.
In addition, the level of hCG in the serum was more than
twice that of the NPW, which may indicate an increased risk
of fetal DS. Moreover, the experimental results showed that
the FDSW group at a 200k-fold dilution factor of serum had
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Figure 7 SPR sensorgram data showing a comparison of binding interactions of a peptide probe with hCG protein in clinical serum samples. The hCG concentrations in the
women with fetal Down’s syndrome (FDSW) were (A) 381.74 nM at 19 weeks, (B) 674.83 nM at 14 weeks, (C) 488.92 nM at 12 weeks, and (D) 418.47 nM at 12 weeks, (E)

430.82 nM at 16 weeks, and (F) 525.65 nM at |7 weeks.

Abbreviations: SPR, surface plasmon resonance; hCG, human chorionic gonadotropin; FDSW, women with fetal Down’s syndrome.

hCG concentrations of 1.9, 3.4,2.4,2.1,2.2 and 2.6 pM in the
FDSW-1, FDSW-2, FDSW-3, FDSW-4, FDSW-5 and
FDSW-6 women, respectively, corresponding to SPR angle
shifts of 0.97, 1.25, 6.74, 4.75, 2.47 and 0.49 m°.

We analyzed the serum hCG concentrations at differ-
ent dilutions and evaluated the equilibrium and kinetic
constants of the fitted curve. The results of the fitting

kinetics analysis of the serum samples in the FDSW-1,
FDSW-2, FDSW-3, FDSW-4, FDSW-5 and FDSW-6
women showed that the carboxyl-GO chip had high affi-
nity binding constants (K,) of 7.22, 9.39, 20.33, 5.71,
5.14 and 13.9 x10'"® M, respectively. This showed that
the detection of hCG protein in the clinical serum sam-
ples and in the PBS buffer samples to fit the experimental
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data had the same high sensitivity and high affinity
performance as the carboxyl-GO chip. Moreover, the
experimental results showed that the carboxyl-GO func-
tionalized surface exhibited good specificity and could be
regenerated more than 20 times. The stability of the
resonance angle of the carboxyl-GO-based SPR aptasen-
sor in clinical serum samples to detect the repeated
regeneration of hCG protein was within 12%. The storage
stability of the biosensor was up to 85~88% after storage
for 30 days in a refrigerator at 4°C.

The Calibration Curve and Assay
Specificity of Fetal DS Screening

Taken together, the above experiments showed that the
peptide-carboxyl-GO film basically affected the sensitivity
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of the SPR biosensor. Under different clinical serum sam-
ple experimental conditions, the angle shift of the SPR
signal proportionally increased after the injection of dif-
ferent serum concentrations of hCG, ranging from 1.9 pM
to 135 pM (5k to 200k-fold diluted). The results showed
the concentration linear range had a regression equation of
f(x)= —2.73 + 0.48x and a correlation coefficient (R?) of
0.96, where x is the hCG protein concentration, and f{x) is
the SPR angle shift (m®). The linear regression had higher
linearity and error bars representing the standard deviation
of three replicates (n = 3) as shown in Figure 8A. The
calibration curve had a dynamic response range between
1.9 and 135 pM, which is useful for analyzing clinical
samples, to determine the hCG concentration in serum.
The LOD value of hCG concentration in serum with the

B 60 | * NPW
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Figure 8 Plot of the results of the calibration curve of clinical serum samples and analysis of SPR angle shift with assay specificity using the peptide-based SPR biosensor for
carboxyl-GO film. (A) Calibration curves of average SPR detection with various hCG protein concentrations ranging from 1.9 pM to 135 pM in the serum samples. The
error bars represent the SD of three replicates. (B) Correlation between two variables of the NPW and FDSW groups in serum samples. The proportion of healthy NPW
group were significantly reduced in the 5k and |0k-fold dilution factor compared to the FDSW group. Results are expressed as means + SD of three independent
experiments, each performed in triplicate. * and ** significantly different from NPW group, P= 0.004 and P=0.013, respectively. Correlating SPR and ELISA concentrations at
(C) for patients of FDSW group (R? = 0.92) and (D) for healthy pregnant (NPW group) (R? =0.93) samples.

Abbreviations: SPR, surface plasmon resonance; hCG, human chorionic gonadotropin; SD, Down’s syndrome; NPW, women with normal pregnancy; FDSW, women with
fetal Down’s syndrome.
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carboxyl-GO chip was calculated as 1.9 pM (Bgpr = 0.97 =
0.1 m®), which showed high specificity for the determina-
tion of hCG protein in the serum samples.

In the assay specificity of DS screening, we used 5k and
10k dilution factors to analyze the hCG concentration in serum
in the FDSW and NPW groups as shown in Figure 8B.
Consistently, the SPR angle shift level was greater in the
FDSW group than in the NPW group, mirroring the fetal DS
expression data. To compare differences between NPW and
FDSW, Student’s ¢-tests were used. All results are reported as
mean = standard deviation unless otherwise stated. Statistical
analysis was performed with PASW Statistics 18.0 (SPSS
Institute, Chicago, IL). In the serum with 5k-fold dilution
factor, the hCG protein levels in the FDSW group were
increased compared to those in the NPW group, and the
women with a serum hCG concentration >76.4 pM had
a higher correlation with fetal DS compared to the NPW.
This result showed that the women with an SPR angle shift
>17.43 +2.60 m° were more significantly associated with fetal
DS compared to the NPW. The mean 5k-fold hCG SPR angle
was 17.43 +2.60 m® in the NPW and 44.27 + 13.29 m® in the
FDSW (P=0.004). In the serum with 10k-fold dilution factor,
the hCG protein levels in the FDSW group were increased
compared to those in the NPW, and the women with a serum
hCG concentration >38.2 pM were more significantly asso-
ciated with fetal DS compared to the NPW. Compared to the
NPW, the women with an SPR angle shift >11.55 + 4.87 m°
were more significantly associated with fetal DS. The mean
10k-fold hCG SPR angle was 11.55 +4.87 m® in the NPW and
22.53 £ 5.58 m® in the FDSW (P=0.013). The results of these
experiments showed that using a 5k-fold dilution of the serum
samples resulted in less interference and lower non-specific
adsorption with high linearity. Moreover, the differential diag-
nosis of the FDSW compared to the NPW group using a 5k-
fold dilution factor was better than that of a 10k-fold dilution
factor, consistent with the elevated concentrations of hCG in
pregnant women with fetal DS.”*"!

Figure 8C and D show the linear correlation between
the results of hCG concentration in the serum of the
FDSW and NPW groups obtained by the two methods
(SPR and ELISA). A standard curve was constructed
from serial dilutions of serum samples. Figure 8C
shows the linear regression with serum concentrations
from 5k to 200k-fold dilution, and all samples showed
the correlation of concentration with SPR angle shift.
A linear correlation was shown between the results of
hCG concentration in the serum of the FDSW group
obtained by the SPR and ELISA methods. The linear

regression equation for the assay response of hCG was
f(x)=2.6+0.43x with R?>=0.92, where y and x are the
responses in SPR angle shift and the analyte concentra-
tion (ELISA) in serum samples, respectively. The results
of the FDSW group showed quite a good correlation
between hCG concentration as measured with the SPR
and ELISA methods in the FDSW group, with good assay
reproducibility. Figure 8D shows the linear correlation
between the results of hCG concentration in the serum
of the NPW group, obtained by the SPR and ELISA
methods. The linear regression equation for the assay
response of hCG was f{x)=2.57+0.47x and a 0.93 R”
correlation for healthy women (NPW group) regarding
response values obtained by the SPR and ELISA meth-
ods. In short, these results suggested that the SPR apta-
sensor had similar sensitivity to a commercial ELISA kit
in quantifying hCG in serum samples. However, the
newly developed carboxyl-GO-based SPR aptasensor
was more rapid, had high sensitivity, was a more valuable
and reproducible tool for the quantitative determination
of hCG in serum samples than ELISA. Moreover, the
results showed that the carboxyl-GO-based SPR aptasen-
sor was highly specific to detect hCG.

Conclusions

We successfully developed a carboxyl-GO-based SPR
aptasensor that can be used to detect hCG protein in
serum samples from pregnant women with high sensitivity
and high affinity to precisely screen DS. The carboxyl-GO
film had a biocompatible surface beneficial for the adsorp-
tion of covalently linked peptides in biosensor technology.
We observed a significantly higher number of SPR angles
present in the FDWS group compared to the NPW group
from 5k and 10k-fold dilution factors. The results from
this study at Sk-fold dilution factor showed that an SPR
angle shift >17.43 + 2.60 m° indicated a higher risk of
developing fetal DS. The binding kinetic rate constants of
K4 in clinical serum samples exhibited high affinity at
interactions of peptides and hCG protein at approximately
1.28~28.19 x10'° M ™', In sensitivity analysis, the detec-
tion limits of the carboxyl-GO-based SPR aptasensor were
1 pM for the buffer samples and 1.9 pM for the serum
samples. This is approximately several orders of magni-
tude lower than that of conventional SPR and GO-based
biosensors, indicating the feasibility of using our proposed
method to screen for DS. The screening for fetal DS in the
Sk-fold dilution factor showed a statistically significant
difference (P= 0.004). In particular, the progress of early
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prenatal molecular diagnosis can be improved with car-
boxyl-GO-based SPR aptasensors without a label, and pre-
processing of the samples showed very high sensitivity,
specificity, and reproducibility against hCG protein in
serum samples from pregnant women. The results, which
agree with those obtained by ELISA, showed that the
tested SPR had remarkable accuracy and specificity as
a serum hCG protein assay. This technology shows pro-
mise for its adaptation with similar specific, high affinity
aptamers towards the detection of other predictive preg-
nancy-related biomarkers.
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