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Immunosensors based on gold nanoparticles and reduced graphene oxide (AuNPs/rGO)-modified screen-printed
electrodes (SPEs) were successfully synthesized using an electrochemical deposition method. The modified SPEs
were characterized using a field emission scanning electron microscope (FESEM) and Raman spectroscopy to an-
alyze the morphology and composition of AuNPs and rGO. Both the FESEM and Raman spectroscopy revealed
that the AuNPs were successfully anchored on the thin film of rGO deposited on the surface of the SPEs. Charac-
terization with a ferri-ferrocyanide couple [Fe(CN)2 /4] showed that the electron transfer kinetic between the
analyte and electrode was enhanced after the modification with the AuNPs/rGO composite on the electrode sur-
face, in addition to increasing the effective surface area of the electrode. The modified SPE was immobilized with
a sandwich type immunosensor to mimic the ELISA (enzyme-linked immunosorbent assay) immunoassay. The
modified SPE that was fortified with the sandwich type immunosensor exhibited double electrochemical re-
sponses in the detection of carcinoembryonic antigen (CEA), with linear ranges of 0.5-50 ng/mL and
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250-2000 ng/mL and limits of detection of 0.28 ng/mL and 181.5 ng/mL, respectively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cancer diagnosis and treatment is gaining great attention globally
because of the prevalence, high fatality rate, and possible recurrence
of the disease after treatment [1]. Early cancer detection methods in-
clude screening methods such as a Papanicolau test for cervical can-
cer and mammography for breast cancer in women, prostate-specific
antigen (PSA) level detection in a blood sample for men to detect
prostate cancer, enzyme-linked immunosorbent assay (ELISA), radi-
ation immunological assays (RIAs), occult blood detection for colon
cancer, and instrumental approaches such as endoscopy, CT scans,
X-ray, ultrasound imaging, MRI, time-resolved fluorescence, and
chemiluminescence [2]. An increased level of a tumor marker in
human serum is a reliable symptom associated with cancer patients.
Thus, the determination of a tumor marker plays an important role in
the early diagnosis of cancer [3]. In clinical assays, the detection
methods for tumor markers, which include RIAs, time-resolved fluores-
cence, and chemiluminescence, have the disadvantages of being envi-
ronmentally unfriendly, time-consuming, and difficult to automate, as
well as having poor precision. The costs of specific instruments and re-
agents also limit their wide application in clinical laboratories. Hence,
there is a need to develop immunosensors that are low-cost and effec-
tive, with real-time control [4].
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Immunosensors have been known as a core development in the
immunochemical field in clinical diagnosis because they combine
the advantages of sensors, like high sensitivity, with high specific im-
mune reactions [5]. The remarkable simultaneous monitoring of
immunoreactions of immunosensors renders a dynamic analysis of
immunoreactions possible [3]. There are five types of immunosensor
detection devices: electrochemical (amperometric, potentiometric, ca-
pacitive, or impedimetric), optical (fluorescence, luminescence, or re-
fractive index), microgravimetric, thermometric, and immunosensors
coupled with other techniques such as flow injection analysis and cap-
illary electrophoresis [6]. Electrochemical devices have traditionally re-
ceived the major share of the attention in biosensor development [7].
Among the immunosensor devices, an electrochemical immunoassay
has a low detection limit, requires a small analyte volume, simple in-
strumentation, and minimal manipulation, and the system can be
easily miniaturized and integrated in biochips [8]. Apart from that,
the advantages of high sensitivity, specificity, simplicity, and inher-
ent miniaturization of electrochemical immunosensors make them
a significant rival of the most advanced optical methods [9]. Al-
though an electrochemical ELISA requires a suitable electrode to
contact the analyte solution, many groups have been focusing on
the potential miniaturization of an ELISA system in combination
with various electrochemical methods [10]. Miniaturized systems
offer many potential advantages over conventional assay platforms,
including small sample volumes, low cost, short assay time, high
throughput, and automation [11].
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Screen-printing technology, which has been adopted for microelec-
tronics, is significantly used to fabricate electrodes for disposable
electrochemical biosensors [12]. A screen-printed electrode (SPE) is
simple, versatile, low cost, portable, easily operated, reliable, small
sized, and capable of mass production. Therefore, it is applied widely
in the electroanalytical chemistry field [13]. Furthermore, a screen-
printed electrode avoids the cleaning process, unlike conventional elec-
trodes such as a glassy carbon electrode (GCE) [14]. An SPE avoids the
disadvantages of conventional three- and two-electrode systems,
which need frequent re-calibration and are unstable and unsuitable
for on-site analysis, because they can take several hours to complete.
In addition, these must be performed by trained personnel and require
numerous separations and washing steps. These drawbacks of conven-
tional electrode systems make them less capable than screen-printed
electrodes.

There have been numerous studies and developments in nanotech-
nology and the application of nanomaterials to the detection of cancer at
an early stage. The unique physical, optical, and electrical properties of
nanomaterials make them useful in immunosensing. Quantum dots,
gold nanoparticles, magnetic nanoparticles, carbon nanotubes, gold
nanowires, and many other materials are developed and modified for
immunosensors to achieve a wider detection range and lower detection
limit for biomarkers [2]. Gold nanoparticles are among the nanoparti-
cles that have been widely used in analytical and biomedical areas
because of their speed and ease of use in chemical synthesis, their nar-
row size distribution, and their convenient labeling of biomolecules
[15]. Reduced graphene oxide (rGO) contains hydroxyl (-OH) and car-
boxylate (-COOH) groups in the structure, which enables interaction
with metal nanoparticles to produce a metal nanoparticle-graphene
based electrochemical sensor [16]. Insertion of metal nanoparticles pre-
vents graphene layers from stacking to form graphite multi-layered
structure [17]. Nanomaterials can be fabricated on an electrode surface
through chemical reduction from an aqueous solution of chloro-
metallate anions, electrochemical deposition, and metal-vapor synthe-
sis. Electrochemical-metal deposition is a convenient and fast method
to prepare metal nanoparticles on large areas of conductive electrodes
[18]. Green synthesis approach is commonly used to decorate rGO
with Au, Pt and Ag nanoparticles to achieve enhanced mechanical, elec-
trical and thermal properties [19].

In the present work, we developed an immunosensor using AuNPs/
rGO-modified SPEs through the in-situ electrodeposition of graphene
and the reduction of gold cation (Au>*). After the modification of the
SPE, a primary antibody, secondary antibody, and carcinoembryonic an-
tigen (CEA) were immobilized on the electrode surface. The modified
SPE was characterized using cyclic voltammetry (CV), a field emission
scanning electron microscope (FESEM), and a Raman spectrometer.
This work realized a convenient, low-cost, and one-step method for fab-
ricating a disposable immunosensor.

2. Experimental
2.1. Chemicals and reagents

Graphite flakes were obtained from Ashbury Inc. (NJ, USA). Sodium
dihydrogen phosphate monohydrate (NaH,PO4-H,0, 99%), and
disodium hydrogen phosphate dihydrate (Na,HPO,4-2H50, 99.5%)
were purchased from Merck, Germany. Hydrogen tetrachloroaurate
(IIT) trihydrate (ACS, 99.99%) was purchased from abcr GmbH & Co.
KG, Germany. Hydrogen chloride (HCl, 37%) and bovine serum albu-
min (BSA, 96%) were obtained from Sigma-Aldrich. Hydrogen perox-
ide (H,0,, 35%) was purchased from Systerm, Malaysia. A primary
antibody (mouse monoclonal, 2.000 mg/mL), carcinoembryonic anti-
gen (CEA, 2.000 mg/mL), secondary antibody (rabbit polyclonal, 2.000
mg/mL), and secondary antibody labeled HRP (goat polyclonal — HRP,
0.500 mg/mL) were obtained from Abcam, USA. SPEs were purchased
from DS Dropsens, Spain.

2.2. Synthesis of AuNPs-rGO-modified SPE

Graphene oxide (GO) was synthesized with Hummer's method [20].
First, 1.22 mL of 8.2 g/L synthesized GO was added into a 10 mL volu-
metric flask. Then, 1.5 mL of 1.0 mM HAuCl, solution was added into
the volumetric flask. The volumetric flask was diluted with 0.1 M
(pH 9.2) phosphate buffer solution (PBS). The final solution had a GO
concentration of 1.0 mg/mL. After that, the solution was sonicated at a
high rate for around 30 s. A bare SPE was washed with ethanol and de-
ionized water. Then, 5 pL of the as-prepared solution was drop casted on
the SPE and it was allowed to dry overnight at 25 °C. The SPE was then
electrodeposited using a CV potentiostat at potentials from 0 V to
—1.5Vina0.1 M KCl solution in order to simultaneously reduce the
GO to rGO and the Au®* ions to AuNPs nanocomposite. The modified
SPE was denoted as AuNPs/rGO-3. A 0.5 mg/mL concentration of
GO/AuNPs solution was prepared by repeating the steps, except
0.61 mL of GO was added. This modified SPE was labeled as AuNPs/
rGO-2. Another 0.1 mg/mL concentration of GO/AuNPs solution
was prepared by diluting 1 mL of the 1.0 mg/mL GO/AuNPs solution
in a 10 mL volumetric flask with 0.1 M PBS. This modified SPE was
named as AuNPs/rGO-1.

2.3. Immobilization of antibody

The immobilization process of immunoassay was based on the pre-
vious work [21]. The modified SPE was dipped in a solution containing
1 mL of N-hydroxysulfosuccinimide (NHS) and 2 mL of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC), which acted as a cross-
linker between the primary antibody and AuNPs/rGO nanocomposite.
The modified SPE was incubated with the primary antibody (captured
antibody) for 2 h at 25 °C. After that, the modified SPE was washed
twice with 0.1 M PBS. The modified SPE was blocked with 1% BSA for
2 h at 25 °C. A diluted CEA solution was added to the modified SPE
and incubated for 2 h at room temperature. Again, the modified SPE
was washed twice with PBS 0.1 M. The modified SPE was incubated
with secondary antibody (detection antibody) for 2 h at room tempera-
ture. The modified SPE was washed twice with PBS 0.1 M. The modified
SPE was incubated with the HRP for 2 h at room temperature. The mod-
ified SPE was washed twice with 0.1 M PBS. H,0, was added to the
modified SPE in 0.1 M PBS solution, and the signal produced by the
enzyme-substrate reaction was measured.

24. Characterizations

The morphology and microstructure of the modified SPEs were
characterized using the field emission scanning electron microscope
(FESEM: FEI Quanta 400F), and a Raman spectrometer (Renishaw in-
Via Raman microscope using laser excitation at A = 514 nm).

3. Results and discussions
3.1. Morphology and microstructure of AuNPs/rGO modified SPE

Fig. 1 shows the FESEM images of the rGO-modified SPE, AuNPs-
modified SPE, and AuNPs/rGO-modified SPE. The morphology of the
graphene deposited on the carbon electrode revealed a layer with a typ-
ical crumpled and wrinkled structure coating the surface of the carbon
electrode [22]. The initially deposited AuNPs acted as nucleation centers
for the further reduction of Au>* ions, and hence the size of the AuNPs
increased. On the other hand, the AuNPs on the rGO film were not ag-
gregated because of the presence of oxygen functional groups [23].
AuNPs with an average size of 143.77 nm were formed by the electro-
chemical reduction. The AuNPs were anchored on the graphene film
in a well distributed manner. The presence of AuNPs on the graphene
film was also supported by a small peak for the Au element shown in
the EDX spectrum.
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Fig. 1. (A) FESEM image of AuNPs-modified SPE, (B) rGO-modified SPE and (C) AuNPs/rGO-modified SPE. (D) Size distribution graph and (E) EDX of AuNPs/rGO-modified SPE.

The Raman spectra of the graphene-metal nanoparticle composites
show the characteristic spectra at different locations (Fig. 2). The

Raman spectrum of graphene exhibits the characteristic D-band
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Fig. 2. Raman spectra of (a) AuNPs/rGO-1 (b) rGO-modified SPE. scan rate was 60 mVs 1.
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Fig. 4. (A) Cyclic voltammogram of bare SPE (a), AuNPs/rGO-1 (b), AuNPs/rGO-2 (c) and
AuNPs/rGO-3 (d) in 0.1 M KCl solution containing 1.0 mM Fe(CN)3 ~/*~.The scan rate
was 60 mVs . (B) Cyclic voltammogram of bare SPE (a), AuNPs-modified SPE (b), rGO-
modified SPE (c) and AuNPs/rGO-1 (d). The scan rate was 60 mVs ™~ . (C) Cyclic voltammo-
gram of AuNPs/rGO-1 in 0.1 M KCl solution containing 1.0 mM Fe(CN)2 /4~ The scan rate
was from 50 mVs~ ! to 130 mVs ! (a to i). Inset is linear graph of peak current (Tp/MA) vs
square root of scan rate [v!/?/(Vs~1)!72].

(1320 cm™ 1), G-band (1570 cm™!), D’-band (1600 cm™ '), and 2D-
band (2635 cm™'). The D and D’-bands are defect-induced features
and are absent in defect-free samples. The G-band corresponds to the
E»g mode of graphite and arises from the vibration of sp>-bonded carbon
atoms. The 2D-band originates from second-order double-resonant
Raman scattering and varies with the number of layers. The intensity
of the 2D-band is sensitive to the doping of graphene by holes or
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Fig. 5. CV for 2" and 50" cycle of (A) AuNPs/rGO-1 (B) AuNPs/rGO-2 and (C) AuNPs/rGO-
3in 0.1 M PBS. The scan rate was 60 mVs~ .

electrons [24]. Upon modification of AuNPs on rGO layer, there is a
decrease in the D-band frequency by 8 cm™' and the G-band by
27 cm™ ', indicating the deposition of AuNPs on the rGO sheet. The
intensity of the D-band relative to that of the G-band (Ip/I¢ ratio) de-
creases after the modification of the AuNPs/rGO nanocomposite from
0.96 to 0.81. However, the intensity of the 2D-band relative to that of G-
band increases. The decrease in the Ip/Ig intensity was due to the aggre-
gation of AuNPs on the rGO matrices and an increase in the number of
graphitic domains, but with a smaller size, which led to the second
amorphization stage beyond the critical defect density, where the clus-
ter size (La) of sp? was smaller than 2 nm [25-27]. Furthermore, the
emergence of the 2D-band (curve a) indicates that the layer of the



670 K'F. Chan et al. / Materials Science and Engineering C 58 (2016) 666-674

0.01

0.00

-0.01 A

-0.02 4

Current (mA)

Current (mA)

-0.03

0.04 h T &k

Concentration (uh)

T T " T
-1.0 -0.8 -06 04 -0.2 0.0
Potential (V)
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rGO sheet has multiplied after the doping of AuNPs, which is accompa-
nied by a decrease in the Ip/I¢ intensity [28]. The AuNPs and rGO inter-
action is covalent, and this interaction affects the lattice constant and
electronic properties [25]. Hence, the electrodeposition of AuNPs
might affect the amount of crystal defects and the properties in the
rGO layer compared to that in bare rGO.

3.2. Electrochemical properties of AuNPs/rGO modified SPE

The electrochemical responses of AuNPs/rGO-1, AuNPs/rGO-2,
AuNPs/rGO-3, the rGO-modified SPE and the AuNPs-modified SPE
were characterized using CV in 0.1 M PBS (pH 7.4), as shown in Fig. 3.
The bare SPE was also studied under the same conditions for compari-
son (curve a). Compared to the AuNPs/rGO-modified SPEs, the bare
electrode exhibited a small reduction peak at —0.95 V, indicating that
it lacked capability as a redox probe. The rGO-modified SPE showed a
slightly higher reduction peak at —0.7 V, with a positive shift (curve
b). In the presence of the AuNPs/rGO nanocomposite, significant re-
duction peaks were shown at —0.54 V, —0.69 V, and —0.76 V for
AuNPs/rGO-1, AuNPs/rGO-2, and AuNPs/rGO-3, respectively. The en-
hanced electrochemical response in the redox processes indicated
the electroconducting properties of the AuNPs and rGO in facilitating
the electron transfer between the electrode surface and phosphate buff-
er ions (curves a, b, and c) [29,30]. The increase in the electrochemical
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Fig. 8. Cyclic voltammogram of AuNPs/rGO-1 (a) and immunosensor after incubation
of 10 ng/mL CEA (b) in 0.1 M PBS (pH 7.4) containing 5 uM H,0,_ The scan rate was
60 mVs~!.

response suggested the high coverage coating of the AuNPs/rGO
nanocomposite on the SPE. AuNPs/rGO-1 exhibited the highest elec-
trochemical behavior among the AuNPs/rGO-modified SPEs, which
can be attributed to the higher AuNPs:rGO ratio in the composite
[31]. Meanwhile, the AuNPs-modified SPE showed a sharp reduction
peak at —0.92 V. The high electrochemical response suggested that
the AuNPs-modified SPE had a large effective surface area, which
was almost similar to that of AuNPs/rGO-1. Because of its outstand-
ing electrochemical response, AuNPs/rGO-1 was used in the charac-
terizations thereafter.

CV of an electroactive species, Fe(CN)2 , is a valuable tool for
testing the kinetic barrier of the interface. Therefore, CV measurements
of the bare SPE and AuNPs/rGO-modified SPEs in a 0.1 M KCl solution
containing 1.0 mM Fe(CN)2 4~ redox pair were carried out. The
redox peaks in the CV results for the bare SPE, AuNPs/rGO-1, AuNPs/
rGO-2, and AuNPs/rGO-3 in 1.0 mM of Fe(CN)2 /4~ are shown in
Fig. 4A. For the bare SPEs, a well-defined redox wave was seen, with a
peak-to-peak separation (AE,) of 110 mV at 60 mVs~, indicating a
fast electron transfer reaction [32]. After modification with the AuNPs/
rGO nanocomposite, there is a decrease in the peak-to-peak separation
and increase in the peak current electron transfer for Fe(CN)2 ~/#~, indi-
cating that AuNPs/rGO nanocomposite increased the effective surface
area, which will enhance the electron transfer between the analyte
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Fig. 9. Cyclic voltammogram of bare SPE (a), AuNPs/rGO-modified SPE (b) and AuNPs/
rGO-modified SPE with stepwise immobilization of primary antibody (c), CEA (d), second-
ary antibody (e) and secondary antibody labeled HRP (f) in 0.1 M KCl solution containing
1.0 mM Fe(CN)2 /4. The scan rate was 60 mVs~ .
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and electrode surface [33]. Fig. 4B shows a comparison of the redox
peaks between the bare SPE, AuNPs/rGO-1, AuNPs-modified SPE,
and rGO-modified SPE. It can be observed that after the modification
with nanomaterials (AuNPs, rGO and both), the peak-to-peak sepa-
ration of the redox peaks decreases, coupled with an increase in
the peak current. The AuNPs-modified SPE shows a high peak current
because AuNPs play a role in increasing the effective surface area of
the electrode. The effective surface area of the modified SPEs was de-
termined from a linear graph of the anodic and cathodic peak current
(I,) versus the square root of the scan rate [v'/?] (Fig. 4C). By apply-
ing the Randles-Sevcik equation, the effective surface area of each
SPE could be determined and tabulated in Table 1. The increase in
the effective surface area of the SPEs suggested that the AuNPs and
rGO were successfully deposited on the electrode surface.

The stability the AuNPs/rGO-modified SPEs was characterized
using CV for 50 cycles in 0.1 M PBS. Fig. 5A, B, and C show that the
three AuNPs/rGO-modified SPEs were relatively stable because the
electrodes retained their initial electrochemical response after 50 cy-
cles. The anodic peak that appeared at — 0.6 V in Fig. 5A indicated a
better electrochemical response for AuNPs/rGO-1 to the electrolyte
and will be further characterized using H,0, detection.

-12

-14 -
-16 -
-18 -
-20 -
.22 4
-24 -
-26 -

Current (UA)

-28 4
-30

-32 4

N T T T N T f T d T T T T N
0 100 200 300 400 500 600 700 800
Time (s)
Fig. 11. Amperometric curve of immunosensor upon subsequent addition of 25 pM of

H,0, (a), 40 uM of glucose (b), 40 uM of urea (c), 40 uM of iron (III) acetate (d), and
40 uM of BSA (e) in 0.1-M PBS solution (pH 7.4). Applied potential was —0.5 V.

Table 1
Effective surface areas of bare SPE, AuNPs-modified SPE, rGO-modified SPE, and
AuNPs/rGO-modified SPEs using Fe(CN)2 /4~ as probe.

SPE Effective surface area (cm?)
Bare SPE 0.062
AuNPs/rGO-1 0.158
AuNPs/rGO-2 0.133
AuNPs/rGO-3 0.134
AuNPs-modified SPE 0.155
rGO-modified SPE 0.151

3.3. Detection capability of AuNPs/rGO modified SPE toward H50,

Based on the characterization using blank PBS (Figs. 3 and 5) and
Fe(CN)2~/*~ redox probe (Fig. 4A), the optimized GO concentration
for AuNPs/rGO nanocomposite was 0.1 mg/mL due to its prominent elec-
trochemical properties and stability compared to those of 0.5 mg/mL and
1.0 mg/mL GO concentrations. The characterizations of the bare SPE and
AuNPs/rGO-1 for the reduction of various H,0, concentrations were
carried out using CV, and the corresponding cyclic voltammogram is
shown in Fig. 6. It can be observed that the reduction of H,0, occurs
at a fixed potential of —0.7 V, and the cathodic current increases
with the concentration of H,0, (curves a to h), showing the synergis-
tic effect of the AuNPs and rGO nanocomposite in tunneling electron
produced from reduction of H,0, [34]. This result suggests the po-
tential of the modified SPEs to be used as electrochemical sensors
for the detection of H,0,, relative to the bare SPE (curve a’). From
the calibration curve of AuNPs/rGO-1 (inset), it was confirmed that
the AuNPs/rGO-modified SPE had a detection range of 20-800 uM
(R? = 0.9589), and the limit of detection (LOD) was estimated to
be 9.17 puM. A Tafel plot for the reduction of H,0, by AuNPs/rGO-1
was also reported (Fig. S1A), in which the electron transfer coeffi-
cient (o) and standard heterogeneous electron transfer constant
(ks) were calculated to be 0.34 and 32.1 cms™ !, respectively.

Amperometry was performed to study the relationship between
the concentration and reduction current. The amperometric charac-
terization of AuNPs/rGO-1 was conducted in 0.1 M PBS (pH 7.4).
Fig. 7 shows the amperometric response of AuNPs/rGO-1 upon con-
secutive H,0, concentration changes of 100 uM. The amperometric
current showed a linear response with the H,0, concentration and
a rapid respond time of 2 s, indicating fast electron transfer. The
amperometry and the calibration curves of AuNPs-modified SPE
(Fig. S2) and rGO-modified SPE (Fig. S3) were also reported. Plotting
the calibration curve (inset) showed that AuNPs/rGO-1 had a regres-
sion equation: I(A) = 7E—06 + 0.0893 C (M) from 100 uM to
1000 uM (R? = 0.9936), and the limit of detection was estimated
to be 29.8 uM with signal-to-noise ratio of 3 [35].

3.4. Immobilization of biomolecules on AuNPs/rGO-modified SPE

The electrochemical properties of AuNPs/rGO-1 and the
immunosensor were studied using CV in 0.1-M PBS (pH 7.4) containing
5 uM of H,0,. Fig. 8 shows a reduction peak at —0.9 V, indicating the re-
duction current of H,0, (curve a). Upon immobilization with a complete
sandwich ELISA system, the reduction peak increased and shifted to a
more positive potential (curve b). The higher peak current of the
immunosensor in PBS containing 5 uM H,0, was contributed by the
electrocatalytic reduction of H,O, by the HRP that was attached to the
secondary antibody. Without the catalytic action of HRP, the peak cur-
rent for the reduction of H,0, was lower [36]. Additionally, the electron
flow was facilitated by the high electroconductivity and increased sur-
face area of AuNPs/rGO-modified electrode. The mechanism for reduc-
tion of H,0, by HRP is depicted by Scheme 1.

To support the establishment of sandwich type immunoassay on the
surface of AuNPs/rGO-modified SPE, each stage of immobilization was
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Scheme 1. Schematic of electrocatalytic reduction of H,0, by the HRP attached on the im-
munoassay system.

characterized with CV in an Fe(CN)2 ~/#~ redox probe. The cyclic volt-
ammogram in Fig. 9 showed that the modification of AuNPs/rGO on a
SPE increased the electron transfer kinetics as displayed by increased
redox peaks. The immobilization with primary antibody decreased the
redox peak current because the attachment of biomolecules on elec-
trode surface inhibited the electron transfer. Similarly, stepwise immo-
bilization of CEA, secondary antibody and secondary antibody-labeled
HRP also inhibited the electron transfer and caused the peak current
to decrease. The peak current reduction at each step indicated that the
biomolecules were attached on top of the other to establish a sandwich

immunoassay.

The detection capability of the immunosensor toward various con-
centrations of CEA was examined using CV in a 0.1 M PBS solution
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containing 5 uM of H,0,. Fig. 10 indicates that a reduction peak at
—0.9 V increases with the CEA concentration (curves a to j). This
could be explained by the increasing amount of conjugated antibody
containing the HRP label immobilized in the sandwich system, which
was completed as a result of the increasing amount of CEA present in
the system [37]. Quantitatively, the immobilized HRP as the topmost
layer of the system catalyzed the reduction of H,O,. From the calibration
graph (inset), two linear detection ranges were plotted for various con-
centrations of CEA. At a lower linear range (0.5 to 25 ng/mL), the
immunosensor had a detection limit of 0.28 ng/mL, while at a higher lin-
ear range (250 to 2000 ng/mL), the detection limit was 181.5 ng/mL. A
Tafel plot based on the reduction of H,O, by immunosensor was report-
ed (Fig. S1B). The electron transfer coefficient (o) and standard hetero-
geneous electron transfer constant (ks) of immunosensor were
calculated as 0.128 and 21.9 cms™ !, respectively. In order to determine
the catalytic rate constant (Kk¢,¢) of immunosensor, amperometry in
blank PBS, and PBS containing 600 uM and 700 uM of H,0, were con-
ducted and the corresponding amperograms were plotted (Fig. S4).
Based on the slope of I./I, vs t'/? for the diffusion-controlled process
(inset of Fig. S4), ke, can be determined according to the Galus method
(Eq. (1)) [38]. The value of ke, was calculated to be 2.33 x 10°> Ms™ .,

L _ 10 (KeacCp )?
I

(1)

where [, is the catalytic current, I; is the limited current in the ab-
sence of H,0,, and Gy, is the bulk concentration of H,0,.

Table 2 lists examples of gold nanoparticle-based electrochemical
biosensors for the detection of biomarkers, along with their limits of de-
tection and approaches to the synthesis of active materials.

The selectivity of the immunosensor toward H,0, among other
interfering biomolecules was studied using amperometry in a
0.1 M PBS solution with subsequent additions of 25 pM of H,05,
40 pM of glucose, 40 uM of urea, 40 uM of iron (III) acetate, and
40 uM of BSA. From Fig. 11, the addition of H,0, showed a drop in

Table 2
Gold nanoparticle-based electrochemical biosensors for biomarkers and their linear ranges and limits of detection.
Method Target biomarker Approaches of synthesis Linear range Limit of detection Reference
of active materials
Au@Pd/Ag yolk-bimetallic shell nanoparticles and amination Nuclear matrix Chemical reduction 0.01-0.18 ng/mL 3.3 pg/mL [39]
graphene using glassy carbon electrode protein 22 using sodium citrate
Bio-electrocatalytic reaction involving Au nanoparticles Aflatoxin B4 Chemical vapor 0.5-10 ng/mL 0.1 ng/mL [40]
using micro-comb electrodes deposition
Flow-injection immuno-bioassay with Au nanoparticles Interleukin-6 Electrochemical 5-100 fg/mL 1.0 pg/mL [41]
modified screen-printed electrodes deposition
Ultrathin alumina sol-gel-derived films Au nanoparticles Transferrin Chemical vapor 1-75 ng/mL 0.05 ng/mL [42]
on gold electrode modified with a self-assembled deposition
mercaptoacetic acid (MAA) monolayer.
Au-nanoparticle-and thionine modified carbon-paste Cancer antigen Electrochemical 10-30 U/mL 1.8 U/mL [43]
electrode (CPE) interface 125 (CA125) deposition *1 unit (U) is the amount
of enzyme that catalyzes
the reaction of 1 nmol of
substrate per minute
Acetylcholinesterase biosensor based on 3-carboxyphenylboronic  Organophosphorus Deposition 0.1-150 ppb 0.1 ppb [44]
acid/reduced graphene oxide-gold nanocomposites and carbamate
modified electrode pesticides
New label free CA125 detection based on gold nanostructured Cancer antigen Electrodeposition 0-100 U/mL 6.7 U/mL (4]
screen-printed electrode 125 (CA125)
Self-assembly of 6 nm (diameter) colloidal Au onto the Hepatitis B Adsorption 0.5-200 ng/mL 50 fg/mL [31]
self-assembled monolayers (SAMs) of 4-aminothiophenol
modified gold electrode
A novel hydrogen peroxide biosensor based on Au-graphene- Hydrogen peroxide Adsorption 5uM-5.13 mM 17 uM [29]
HRP-chitosan biocomposites (H202)
Horseradish peroxidase functionalized nanocomposite as Carcinoembryonic ~ Chemical reduction 0.02-80.0 ng/mL  0.008 ng/mL [45]
trace label antigen (CEA)
Electrochemical sensor for immunoassay of carcinoembryonic Carcinoembryonic ~ Adsorption 0.6-200 ng/mL 0.2 ng/mL [46]
antigen based on thionine monolayer modified gold electrode antigen (CEA)
Immunosensor based on gold nanoparticles and graphene Carcinoembryonic  Electrodeposition 0.5-25 ng/mL 0.28 ng/mL This
nanocomposites. antigen (CEA) 250-2000 ng/mL  181.5 ng/mL work.
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current, which was due to the reduction of H,0, by the immobilized
HRP. In contrast, the additions of the glucose, urea, and iron (III) acetate
did not cause any drop in current, and the addition of BSA showed an
insignificant reduction in current. Therefore, the immunosensor exhib-
ited an unambiguous response toward the reduction of H,0, and was
highly selective as an immunosensor.

4. Conclusion

An immunosensor for the detection of CEA based on an AuNPs/
rGO-modified SPE was successfully fabricated by the in-situ electro-
deposition of rGO nanocomposites and the reduction of AuNPs on a
carbon SPE. Characterizations proved that the modified SPE exhibit-
ed a larger effective surface area, higher electron transfer kinetics
and high stability toward the electrocatalytic reduction of H,0-.
The amperometric current increased linearly when increasing the
H,0, concentration in the range of 100-1000 pM, and the lowest de-
tection limit was estimated to be 29.8 uM. The modified SPE was also
compatible with the sandwich ELISA system and was highly sensitive
toward the presence of CEA. Hence, the immunosensor has signifi-
cant potential for sensing CEA.
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