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In the present work, carcinoembryonic antigen (CEA), a significant biomarker in gastric cancer
diagnostics, was successfully detected by a desirably selective and sensitive electrochemical
aptasensor with an electrocatalyst and nanocarrier, i.e., Pt/Au-diaminonaphthalene (DN)-graphene.
The developed bioconjugate was captured onto the surface of the electrode via a “sandwich” strategy
during the detection of CEA. The proposed method was demonstrated to be sensitive, as indicated by
the improved electrochemical response, since the dendritic Pt/Au/DN-graphene showed peroxidase-
mimic activity for the reduction of H,O; introduced into the electrolytic cell, thereby confirming its
desirable catalysis capacity.
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1. INTRODUCTION

As one of the most common gastrointestinal cancers around the world, gastric cancer causes
millions of patient deaths per year. The survival rate of gastric cancer has been undesirable (20-25%),
especially in developing countries [1], which may be a result of late diagnosis to a certain degree.
There may be other factors influencing the prognosis of gastric cancer patients apart from tumour-
node-metastasis (TNM) stage and choice of treatment, including genetic abnormalities and tumour
behaviour and differentiation [2-5]. Thus, the choice of treatment approach is of vital significance for
the prognosis of gastric cancer patients. In 1965, carcinoembryonic antigen (CEA), identified by Gold
and Freedman [6], was observed to enhance the metastasis of colon carcinoma cells with its
sialofucosylated glycoforms which function as selectin ligands [7-9]. CEA is produced in a high
proportion of carcinomas in many other organs [9-12]. CEA has a significant effect on the tumour
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prognosis due to its influence on tumour metastasis and might be linked with gastric cancer prognosis.
Gastric cancer patients show increased CEA levels, which is correlated to patient survival based on a
systemic review of serum markers for gastric cancer [13]. According to the literature, preoperative
CEA levels could predict the prognosis of gastric cancer [14-17], but several reports present results
contradicting this idea [18-23]. There is still controversy surrounding the prognosis of gastric cancer
patients with increased CEA levels [24, 25]. Hence, it is essential to develop a state-of-the-art highly
specific and sensitive CEA detection method for clinical study and diagnostics.

Electrochemical biosensors are known to be potential tools for sensitive, fast, and accurate
health care monitoring at the patient's bedside [26-28]. In an electrochemical biosensor, a transducer
system is usually linked to a biological layer via a chemical interface layer, which serves as the
interface with the specimen. Therefore, the sensor repeatability, sensitivity, specificity, and stability
are influenced by this chemical layer to a large extent. The development of new strategies to prepare
electrochemical biosensors has attracted considerable attention. Several examples of favourable
biosensors are the following: polyethylene glycol and its derivatives [29], chitosan [30],
poly(ethyleneimine) [31], nafion [32], poly(allylamine hydrochloride) [33], and organic thiols [34].
Compared with traditional immunoassays, the antigen—antibody specific reactions based
electrochemical immunosensors have attracted considerable attention in recent years because of their
measurement precision, instrument simplicity, time-saving analytical procedures, and pretreatment
process simplicity. As a result, these sensors have been applied in various fields, including biochemical
investigations, clinical diagnosis, and environmental control. Certain signal amplification-based
techniques have been used to enhance the biosensor selectivity and sensitivity, especially the use of
nanomaterials with remarkable catalytic properties.

The present report describes the fabrication of an electrochemical immunosensor by
immobilizing the primary antibody (Ab,), as well as labelling the secondary antibody (Aby) through
the formation of a graphene sheet (GS). The Ab; was immobilized by adsorbing the selected molecule
1,5-diaminonaphthalene (DN) onto GS through n—m stacking. The GS was subsequently used for
coating AuNPs, producing a conjugated complex between Ab; and AuNPs. Meanwhile, DN was
adsorbed onto GS with the amino group of DN and was later used to coat Pt/Au nanoparticles and
conjugate Ab, in order to prepare the tracer for Ab, labelling. With the use of carcinoembryonic
antigen (CEA) as a model analyte, a high-sensitivity immunosensor was prepared using a sandwich
strategy.

2. EXPERIMENTS

2.1. Chemicals

Carcinoembryonic antigen (CEA), gold chloride (HAuCl,), toluidine blue (Tb), bovine serum
albumin (BSA, 96-99%), chloroplatinic acid (H,PtClg), thrombin (TB), human IgG, and L-cysteine (L-
cys) were purchased from Sigma Chemical Co. Polyvinylpyrrolidone (PVP), diaminonaphthalene
(DN), ethylenediamine tetraacetic sodium salt (EDTA) and ascorbic acid (AA) were purchased from
Chengdu Kelong Chemical Reagent Company (Chengdu, China). Hydrazine hydrate (N.H4 H>0),
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acetone, and ethylene glycol were purchased from Beijing Chemical Reagent Co. (Beijing, China).
Sodium tellurite (Na,TeO3) was purchased from Aladdin Industrial Corporation. For ELISA analysis,
an ELISA kit for CEA determination based on two monoclonal and one polyclonal antibody developed
in Immunotech, a Beckman Coulter Company, was used. Format: two-step ELISA 96 wells. Pre-
analytical step: extraction in 40% ethanol and centrifugation.

2.2. Preparation of Au/DN-graphene and Pt/Au/DN-graphene nanocomposites

The synthesis of gold nanoparticles was performed according to the method presented in a
previous report [35]. After heat treatment to 97 °C, the mixed solution of 1 mL HAuCl, (I mL) and
99 mL water was quickly combined with 5 mL trisodium citrate solution (10 g/L) and vigorously
stirred. After 10 min of heat treatment of the mixture followed by cooling to room temperature through
vigorous stirring, gold colloid was obtained. The synthesis of graphene oxide (GO) was based on a
modified Hummer's method [36] followed by reduction of the yielded GO by NaBH, (reduction agent)
for 180 min at 85°C to yield graphene [37]. DN-graphene was synthesized by homogeneously
dispersing 20 mg DN and 60 mg graphene into 60 mL of ethanol-water solution (1:1) under constant
stirring for 48 h at 25 °C. The dispersion was later centrifuged and washed three times each with
ethanol and water to produce a black powder, which was dried for 24 h at 60 °C under vacuum. This
step was followed by vigorous stirring of a mixture of 30 mg DN-graphene nanocomposites and
200 mL AuNPs followed by centrifugation to yield the AuNPs-wrapped DN-graphene, which was
thoroughly washed with deionized water thereafter and dried at 60 °C in a vacuum oven for 24 h.

A mixture was obtained by adding 60 mg PVP and 4 mL Au/DN-graphene solution into 30 mL
water under magnetic stirring for 10 min. Next, the mixture was quickly injected with 1.6 mL
H,PtClg (1%, w/w) and mixed with 0.1 M AA (2 mL). After the reaction of the above reagents at 60 °C
in a water bath for 2 h, a precipitate was formed. The dendritic Pt/Au/DN-graphene was obtained
through centrifugation, subjected to repeated washing with distilled water, and dispersed in 3 mL
water. The dispersion was then stored at 4 °C in a refrigerator prior to testing.

2.3. Preparation of secondary aptamer bioconjugate

First, 2.5 uM CEAgp2 (400 pL) in Tris—HCI buffer (pH 7.4) and 3 mM Tb (100 pL) were
injected into 1 mL Pt/Au/DN-graphene solution and stirred below 4 °C overnight. Through this
process, thiol-terminated CEA4 and Tb containing an —NH, group were attached onto the dendritic
Pt/Au/DN-graphene through Pt-S and Pt-N bonding, respectively. Second, the obtained mixture was
further mixed with 50 uL BSA (1%, w/w) under 30 min stirring to block the unoccupied active sites of
Pt/Au/DN-graphene. After another centrifugation followed suspension in 1 mL water, Pt/Au/DN-
graphene—CEA.p—Th was yielded as the resulting bioconjugate. For these tests, the reaction
temperature was set at 4 °C. For comparison, the preparation of Au/DN-graphene—CEAap—Th
bioconjugate without Pt was performed via comparable procedures.
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2.4. Fabrication of the immunosensor and electrochemical sensing procedure

The bare GCE was carefully and successively polished with Al,O3; powder (0.3 um and 0.05
um), followed by ultrasonication in ethanol and doubly distilled water. Gold nanoparticles (AuNPs)
were later electrodeposited on the obtained GCE 1% w/w HAUCI, solution at a potential of —0.2 V for
30 s. This step was followed by dropping 20 pL CEAqp1 (2.5 pM) in Tris—HCI buffer (pH 7.4) onto the
coated GCE surface for 18 h at room temperature, which led to the successful immobilization of
CEAgpu through Au-S affinity. To block the residual active sites, as well as eliminating the non-
specific binding effects, the resulting GCE was incubated for 40 min in 20 pL. BSA (1%, w/w).
Subsequently, the resulting GCE was modified by adding 20 uL CEA standard solution at given
concentrations for 40 min at room temperature. This step was followed by incubation of 20 pL
Pt/Au/DN-graphene—CEA.—Tb for another 1 h. After rinsing with distilled water, the obtained
sandwich-type aptasensor was stored at 4 °C prior to testing. A multi-impedance test configuration was
used for the electrochemical impedance spectroscopy (EIS) analysis, in which the AC amplitude was
10 mV, and the frequency ranged from 10 kHz to 10 mHz. Cyclic voltammetry (CV) was performed at
a scan rate of 50 mV/s, and the potential range was -0.2-0.6 V. Differential pulse voltammetry (DPV)
measurement was also performed, where the step potential and pulse amplitude were 2 mV and 50
mV, respectively, and a 50 ms pulse, a scan rate of 15 mV/s, a sampling time of 10 ms, and a 100 ms
pulse interval were applied.

3. RESULTS AND DISCUSSION

Fig. 1 shows the CVs recorded for the preparation of the developed aptasensor in 5 mM
Ks[Fe(CN)s]/Ks[Fe(CN)s] with a scan rate of 50 mV/s. For the unmodified GCE, the CV curve was
reversible. However, after the HAuUCI, (1%, w/w) was electrodeposited, an increase in peak current
was observed, since the charge transfer was enhanced by the conductivity of nano-Au. The peak
current decreased after CEA4p1 Was immobilized, indicating hindrance of the charge transfer channel
by the CEAsu. A further decrease in the electrochemical response was observed upon immobilization
of the non-conductive BSA to the surface of the final GCE. Another decrease in the peak current was
observed after 10 ng/mL CEA was added. This finding suggests that the complex CEA.1—CEA was
formed on the surface of the final GCE, causing the formation of an inert blocking layer, which
hindered the charge transfer. The transport of [Fe(CN)s]* ">~ towards the surface of the electrode was
subsequently hindered by the formed immunocomplex, which acted as an inert blocking layer [38].

To further study the interface features of the coated GCE, electrochemical impedance
spectroscopy (EIS) experiments were also conducted. For the bare GCE, an extremely small semicircle
region was recorded, as shown in Fig. 1B. However, a smaller semicircle region was recorded after the
1% HAuUCI, (w/w) was electrodeposited, which indicated that the nano-Au was perfectly conductive.
Conversely, after CEAsu was immobilized, a significant increase in semicircle diameter was
observed, suggesting blocking of the charge transfer tunnel by the CEA4uu. The semicircle diameter
further increased after the residual active sites were blocked by the inserted BSA, which indicated that
the charge transfer was also hindered by BSA. This response was observed to decrease with the
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immobilization of anti-CEA on the surface of the electrode as a result of the production of anti-
CEA/CEA immunocomplex. Another increment in the diameter of the semicircle was observed after
incubating the final aptasensor with CEA (10 ng/mL), since a complex of CEAau—CEA was formed
and blocked the charge transfer tunnel.
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Figure 1. (A) CVs and (B) EIS patterns recorded for the electrode coated step-wise in 5 mM
Ks[Fe(CN)e]/Ks[Fe(CN)g], CV scan rate was 50 mV/s (CEA (10 ng/mL) and CEAs;u (2.5
uM) incubated for 40 min).

A performance comparison of the two secondary aptamer bioconjugates, Au/DN-graphene—
CEaap>—Tb and Pt/Au/ND-graphene—CEAui—Th, under the optimum parameters was performed to
study the catalytic capacity of Pt/Au/DN-graphene in the developed bioconjugate. Upon the
immobilization of 10 ng/mL CEA onto Au/ND-graphene—CEA—Tb, only a slight increase in DPV
response was observed after adding H,O, (0.8 mM) into the PBS (1 mL), as displayed in Fig. 3A.
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Figure 2. DPVs recorded for the aptasensor after incubation with CEA (10 ng/mL), CEAzu (2.5 uM),
and the following two secondary aptamer bioconjugates: (A) Au/ND-graphene—CEAuu—Th;
(B) PYAu/ND-graphene-CEAau—Th, in pH 7.0 PBS (1 mL, 0.1 M) before and after adding 0.8
mM H-0.,.
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However, both before and after the addition of H,0, (0.8 mM) into the PBS (1 mL), the DPV
response was drastically increased after the developed bioconjugate Pt/Au/ND-graphene—CEAp—Th
was used on the GCE surface, as shown in Fig. 2B. The Pt/Au/ND-graphene was highly catalytic,
which suggested that the developed bioconjugate possessed more than nine times the electrochemical
amplification capacity. Pt/Au/ND-graphene was also highly catalytic to the reduction of H,0O,,
facilitating the charge transfer of Th and increasing the electrochemical response. These results
confirmed that the developed aptasensor has the potential to be highly sensitive and could be used as a
remarkable analytical tool for the preparation of a desirable platform for the determination of CEA.

The potential for the use of the Pt/Au/ND-graphene-based aptasensor toward the detection and
quantitative analysis of CEA was studied under optimum parameters by recording the electrochemical
response in PBS (1 mL) that contained H,O, (0.8 mM). The aptasensor after incubation with CEA at
varying concentrations was also characterized via DPVs, as shown in Fig. 3A, along with the
corresponding calibration plot of DPV peak current relative to the CEA concentration. In brief, as the
concentration of CEA was increased from 0.001 to 80 ng/mL, an increase in current response was
observed, since the Pt/Au/ND-graphene—-CEA.—Tb bioconjugate was developed via the specific
sandwich-type reaction between CEA; and CEA due to the increased amount of CEA on the GCE
surface. The DPV signal was also found to be linearly related to the logarithm of CEA concentration.
The limit of detection (LOD) of the developed sensor was 0.007 pM, as determined based on a
literature reference [39]. Fig. 3B shows the calibration plot recorded for the DPV peak current in the
presence of CEA with only the Au/ND-graphene amplification. The sensitivity and dynamic linear
range of Au/ND-graphene were both less desirable than those of dendritic Pt/Au/ND-graphene, due to
the more favourable electrocatalytic activity of the dendritic Pt/Au/ND-graphene to H,O; reduction, as
well as its more significant amplification capacity for the electrochemical response. Table 1 shows the
performance comparison of our proposed sensor with others previously reported in the literature.

Table 1. Comparison of proposed CEA immunosensor with previous reports.

Immunosensor Detection range (ng/mL) | Limit of detection (ng/mL) Reference
Thiourea modified gold | 0.01-10 0.01 [40]
electrode

Conducting long-chain | 0.00001-10 0.0000015 [41]
polythiols

Graphene-nafion 0.5-120 0.17 [42]
MWCNT-NH,-PdPt 0.001-20 0.0002 [43]
nanocages

Pt/Au/ND-graphene— 0.001 to 20 0.0007 This work
CEAui-Th
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Figure 3. Calibration plot of the DPV peak current relative to CEA concentrations with two secondary
aptamer bioconjugates: (A) Pt/Au/ND-graphene—CEA.p—Tb; (B) Au/ND-graphene—CEAqp—
Th. Insets: DPV responses recorded for our developed aptasensor towards varying CEA
concentrations.

The electrochemical responses of some interfering agents, including L-cys, thrombin (TB),
human IgG, and alpha fetoprotein (AFP) in 1 mL PBS that contained 0.8 mM H,0, were recorded to
study the specificity of the developed aptasensor. In the presence of 100 ng/mL human IgG, L-cys, TB
and AFP, no significant DPV signal was recorded, as indicated in Fig. 4. Conversely, the presence of
the target CEA (10 ng/mL) and its mixture with these interfering agents (100 ng/mL) led to a
significant DPV response signal. The Pt/Au/ND-graphene—CEAay—Tb bioconjugate-based sensor was
desirably specific, since the Pt/Au/ND-graphene was highly catalytic and could remarkably amplify
the electrochemical response. These results demonstrated that the application of this immunosensor in
the detection of CEA in serum samples is very promising.
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Figure 4. Study on the specificity of our developed aptasensor to 10 ng/mL target CEA in the presence
of different interfering agents, including L-cys, TB, AFP, IgG, and their mixture with 10
ng/mL CEA.
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Under comparable parameters, the electrochemical responses of four prepared aptasensors after
incubation with CEA at the same concentration of 10 ng/mL were recorded to study the reproducibility
of our developed aptasensor. The electrochemical signal was found to be reproducible, and the relative
standard deviation (RSD) was 5.1%, which suggested that our developed method meets the desired
level of reproducibility. The aptasensor was stored at 4 °C for 10 d, and its DPV responses to the CEA
(10 ng/mL) in 1.07 mL PBS that contained 0.8 mM H,0, were subsequently recorded to study the
aptasensor stability. According to the results, the peak current of DPV retained 94.4% of the original
current, which suggests that our developed aptasensor was highly stable for the detection of CEA. This
result is comparable with those obtained for several previously reported sensors, such as conducting
long-chain polythiol-constructed immunosensors and graphene-nafion composite-constructed
Immunosensors [41, 42].

Table 2 shows the results and relative deviations obtained using both immunosensors and
ELISA analysis. The relative errors between the two techniques ranged from 3.81% to 7.77%,
indicating that the results obtained from the immunosensors was acceptably close to those obtained by
ELISA. Therefore, accurate determination of CEA in clinical diagnosis by as-prepared immunosensors
was achieved with satisfactory results.

Table 2. Experimental results of CEA concentration in serum samples obtained by immunosensors and
ELISA techniques.

Serum samples 1 2 3
Proposed Immunosensor (ng/mL) 0.52 |5.15 |10.51
Added (ng/mL) 2 2 2
Found (ng/mL) 251 | 7.13 |12.48
Recovery (%) 99.60 | 99.72 | 99.76
Relative deviation (%) 7.77 381 |6.45
ELISA (ng/mL) 051 |5.12 |10.27

4. CONCLUSIONS

In this report, a sandwich-type aptasensor fabricated based on a Pt/Au/ND-graphene—CEA,pi—
Tb bioconjugate provided a selective and sensitive analysis of CEA. The charge transfer and the
electrochemical response signal were promoted through catalysis of the reduction of H,O, introduced
into the electrolyte cell, since dendritic Pt/Au/ND-graphene is highly conductive and possesses
peroxidase-mimic activity. Therefore, our developed aptasensor was observed to promote analytical
capacity and to achieve desirable sensitivity.
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