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Abstract: Lung cancer is one of the malignant tumors with the highest mortality rate, and the
detection of its tumor marker carcinoma antigen 125 (CA125) is significant. Here, an electrochem-
ical immunoassay for CA125 was described. Nitrogen-doped reduced graphene oxide (N-rGO),
carboxylated multi-walled carbon nanotubes (CMWCNTs) and gold nanoparticles (AuNPs) were
applied to co-modify glassy carbon electrode (GCE), after incubation with Anti-CA125, the modified
electrode was employed for the specific detection of CA125. The N-rGO@CMWCNTs (Nitrogen-
doped reduced graphene oxide@carboxylated multi-walled carbon nanotubes) were used as a matrix,
while CS@AuNPs (Chitosan@gold nanoparticles) with high conductivity and biocompatibility was
immobilized on it through the reaction between carboxyl groups from CMWCNTs and amino groups,
hydroxyl groups from chitosan (CS), resulting in the effect of double signal amplification. The
immunosensor demonstrated excellent electrochemical performance with a linear detection range of
0.1 pg mL~1-100 ng mL !, and the detection limit was as low as 0.04 pg mL~! (S/N = 3). It had been
verified that this method had good precision and high accuracy, and the immunosensor could remain
stable for 10 days. This research provided a new method for the detection of CA125 in serum.

Keywords: immunosensor; carcinoma antigen 125; nitrogen-doped reduced graphene oxide;
carboxylated multi-walled carbon nanotubes; gold nanoparticles

1. Introduction

Lung cancer is one of the tumors with the highest mortality rate [1,2], and the early
diagnosis of it is significant for improving quality of life of the patients [3]. Most cases are
not diagnosed until a late stage due to the lack of obvious symptoms in early-stage and
effective physical examination [4]. As an important indicator for early diagnosis of cancer,
tumor markers have received extensive attention in recent years [5,6]. CA125 was first
discovered in 1983 as a cancer-specific biomarker [7], the high expression of which in serum
predicts an increased risk of cancer. At present, the detection methods for CA125 mainly
include enzyme-linked immunosorbent assay (ELISA) [8,9], electrochemiluminescence [10,11],
radioimmunoassay [12,13] and electrochemical immunosensing technology [14,15], among
which the electrochemical immunosensing technology is an important research direction for
the majority of researchers due to its advantages such as low cost, short analysis time, high
sensitivity, and miniaturization of instruments [16].

The working electrodes in electrochemical workstation usually need to be modified
in order to improve their electrochemical performance and enhance conductivity of the
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system. The substances modified on electrodes are mainly nanomaterials, among which
carbon nanomaterials are the most widely used. Reduced graphene oxide (rGO) has the
advantages of high specific surface area and good electrical conductivity [17]. However,
the zero-band gap of rGO prevents its conductivity from being fully controlled. N-rGO
can be obtained by introducing nitrogen atoms into rGO sheets. Due to the large difference
between nitrogen atoms and carbon atoms in electronegativity, the doped nitrogen atoms in
N-rGO can be used to replace carbon atoms to open the band gap and increase the charge
density on adjacent carbon atoms [18]. Therefore, N-rGO has stable and excellent electrical
conductivity, which is able to promote signal amplification for immunosensors. Multi-
walled carbon nanotubes (MWCNTs) have the advantages of high electrical conductivity
and great stability but poor solubility. CMWCNTs can be obtained by modifying carboxyl
groups (-COOH) on MWCNTs, which can improve their biocompatibility and be used to
fix biomolecules. The functionalized carboxyl groups of CMWCNTs can not only improve
their solubility, but also react with specific molecules, such as hydroxyl groups and amine
groups [19]. Moreover, CMWCNTs have a large surface area to volume ratio, which can
promote electron transfer and improve the sensitivity of immunosensor. Furthermore,
the CMWCNTs can be introduced into N-rGO and used as bridges for electron transport,
which takes advantage of their structural features to obtain a high specific surface area and
excellent electrical conductivity complex that cannot be obtained by a single component.
The primary amine group of CS acts as a reducing agent and capping agent, which is able to
reduce Au®* in chloroauric acid trihydrate (HAuCly-3H,0) to AuNPs [20]. Meanwhile, CS
is rich in amino groups (-NH;) and hydroxyl groups (-OH), and they are able to react with
the carboxyl groups (-COOH) from CMWCNTs. In addition, the positively charged amine
groups of CS can electrostatically adsorb with negatively charged carbon nanomaterials in
a weakly acidic environment [21], further improving the dispersibility of the system. As a
result, N-rGO@CMWCNTs and CS@AuNPs can form a compact and stable composite film
on the surface of GCE.

In this research, a novel electrochemical immunosensor modified with N-rGO@
CMWCNTs/CS@AuNPs was fabricated, which can realize the ultrasensitive detection
of CA125 in serum.

2. Materials and Methods
2.1. Reagents

CAI125 and its capture antibody were purchased from Sangon Biotech Co., Ltd. (Shang-
hai, China). CYFRA21-1 was purchased from Key Bio Co., Ltd. (Beijing, China). Graphene
oxide (GO) and carboxylated multi-walled carbon nanotubes (CMWCNTs) were purchased
from Xianfeng Nanotechnology Co., Ltd. (Nanjing, China). CH3;COOH, HAuCly-3H,O,
Urea, Glucose (Glu), Ascorbic acid (AA), Uric acid (UA), N,N-Dimethylformamide (DMF),
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N- hydroxysuc-
cinimide (NHS) were purchased from Macklin Co., Ltd. (Shanghai, China). Chitosan (CS)
and Bovine serum albumin (BSA) were purchased from Sigma-Aldrich Co., Ltd. (St. Louis,
MO, USA). A 0.01 M Phosphate buffer solution (PBS, pH = 7.4) was purchased from Phy-
gene Biotechnology Co., Ltd. (Fuzhou, China). The PBS containing 5 mM [Fe(CN)e]> /4
and 0.1 M KClI was selected as an electrolyte solution. The water used in the whole
experiment was ultrapure water (18.25 M().cm).

2.2. Instruments

The electrochemical technologies including cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and electrochemical dissolution/deposition were accomplished by
CS150H electrochemical workstation from Corrtest Instrument Co., Ltd. (Wuhan, China).
The three-electrode system consisted of a glassy carbon working electrode, a saturated
Ag/AgCl reference electrode and a platinum wire counter electrode. The scanning electron
microscope (SEM) images of the synthesized nanocomposites and the modified GCE were
acquired by Gemini SEM 300 (Zeiss, Jena, Germany).
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2.3. Synthesis of N-rGO@CMWCNTs

In addition, 20 mg GO and 20 mg CMWCNTs were added into 40 mL ultrapure water,
and ultrasound above-mentioned solution for 1 h to obtain a uniform dispersed mixture.
Next, 1 g urea was added into this mixture under vigorous stirring; continue stirring until
they were well mixed. Then, the mixture was transferred into 180 °C autoclave for 12 h.
After cooling to room temperature, centrifuge to get the precipitation (4000 rpm, 30 min),
followed by rinsing with ultrapure water 3 times. The N-rGO@CMWCNTs was then
obtained after vacuum drying at 50 °C for 24 h. Finally, 5 mg synthesized nanocomposite
was dissolved into 1 mL DMF and treated with ultrasound for 30 min.

2.4. Synthesis of CS@QAuNPs

CS@AuNPs were synthesized using procedures previously reported in the literature [22].
In brief, 50 mg CS was dissolved in 10 mL 1% (V/V) acetic acid, and stirred for 30 min to obtain
a uniform dispersed mixture. Then, 200 uL 0.01 M HAuCly-3H,O was added into the mixture
drop by drop; continue stirring for 24 h. The color of the solution gradually changed from pale
yellow to pink, indicating the formation of AuNPs successfully.

2.5. Analytical Procedure

Before modification, the GCE was polished to mirror with 0.3 pm and 0.05 um
Al,O3 wet powder successively, and ultrasonic rinsing was performed in 50% HNO;,
95% C,Hs0H, and ultrapure water for 5 min each. Next, the electrochemical dissolu-
tion/deposition (2 V for 60 s, —0.9 V for 30 s) and CV (—0.9 V-1.1 V, 100 mV s~1) were
carried out in 3% H,SO4 sequentially. The combination of these two steps could achieve
dual activation of the GCE, as well as shorten the time of electrode preparation compared
to a single CV. The application of potentiostatic deposition led to the formation of a mi-
croporous structure on the electrode surface, which was able to increase effective surface
area and improve adsorption performance of the GCE. Subsequently, 4 uL. 5 mg mL~!
N-rGO@CMWCNTs was dropped onto the surface of GCE, followed by drying at 50 °C for
30 min. Then, the electrode was immersed into PBS containing 0.03 M EDC and 0.03 M
NHS for 3 h to activate carboxyl groups of the modified materials. After being cleaned with
PBS, 5 uL CS@AuNPs was dropped onto the electrode surface, followed by drying at 50 °C
for 15 min. Finally, 4 pL 50 g mL~! Anti-CA125 was incubated on the modified electrode
at 4 °C overnight. On the next day, 6 L 1% (W/V') BSA solution was added to the modified
electrode to block the non-specific binding sites. After 30 min, it was cleaned with PBS and
dried at 37 °C.

On the other hand, 1 mg mL~! CA125 standard solution was gradiently diluted with
PBS, and a series of CA125 solutions with different concentrations were then obtained
(0.1 pg mL~!'-100 ng mL~'). Subsequently, 4 uL of them were added to the modified
electrode surface separately, followed by incubation at 37 °C for 30 min. After it, the
electrochemical signals of the blank and each concentration were recorded by DPV in the
electrolyte solution, which contained 5 mM [Fe(CN)s]>~/4~ and 0.1 M KCI (0.05 V-0.45 V).

2.6. Collection of Serum Samples

The blood samples of normal people and 10 patients with lung cancer were obtained
from Tianyou Hospital affiliated with Wuhan University of Science and Technology. To
collect serum samples, the blood samples were centrifuged to remove some proteins
(4000 rpm, 15 min). The clear supernatants were then collected, followed by storage at
—20 °C. All the people had signed the informed consent.

3. Results and Discussion
3.1. Sensing Schemes
In this study, an ultrasensitive electrochemical immunosensing platform based on the

modification of N-rGO@CMWCNTs/CS@AuNPs was put forward. Figure 1 outlined the
construction process of this immunosensor. Sulthydryl groups (-SH) of Anti-CA125 could
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react with AuNPs to form Au-S bonds. Subsequently, when the corresponding CA125 was
incubated on the electrode surface, immune complexes could be formed between them,
which would hinder the electron transfer and reduce the measured current signal. The
more CA125, the more immune complexes formed, the stronger blocking effect on electron
transfer, and the lower DPV signal obtained. Based on this principle, the quantitative
detection of CA125 in serum could be realized.
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Figure 1. Construction of immunosensor.

3.2. Morphology Characterization

Figure 2 demonstrated the SEM images of N-rGO@CMWCNTs, CS@AulNPs and the
modified electrode. As could be seen from Figure 2A, N-rGO had a sheet-like structure,
while CMWCNTs presented a tubular structure with a diameter of about 15 nm. CMWC-
NTs prevented stacking between N-rGO sheets, and tubular CMWCNTs homogeneously
compounded with sheet-like N-rGO, which could acquire a nanocomposite with ultra-high
specific surface area and provide a lot of sites for subsequent materials to attach. As could
be seen from Figure 2B, the synthesized AuNPs were uniformly dispersed in CS solution
with a particle size of about 50 nm. Figure 2C,D were SEM images of the modified elec-
trode, and it could be seen that N-rGO@CMWCNTs formed a complex three-dimensional
structure on the surface of GCE, and a large number of AuNPs were attached to it. The
above showed the successful synthesis of nano-modified materials, and the electrochemical
performance of the modified electrode had great potential.
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Figure 2. (A) SEM image of N-rGO@CMWCNTs; (B) SEM image of CS@AuNPs; and (C,D) SEM
images of N-rGO@CMWCNTs/CS@AuNPs.

3.3. Electrochemical Characterization

To verify whether the immunosensing platform was successfully constructed, CV
and DPV were used to characterize the modification process of GCE. The CV electrical
signal of bare GCE was the smallest (curve a) shown in Figure 3. With the modification of
N-rtGO@CMWCNTS5, the peak current increased significantly (curve b), indicating that the
nanocomposite could enhance the electrical conductivity of the system. When CS@AuNPs
were modified on the N-rGO@CMWCNTs/GCE, the peak current further increased (curve
c); this was because AuNPs had extremely high electrical conductivity. The intensity of
CV signal (curve c) from N-rGO@CMWCNTs/CS@AuNPs/GCE was higher than that of
N-rGO/CS@AuNPs/GCE (curve m) and CMWCNTs/CS@AuNPs/GCE (curve n). How-
ever, when Anti-CA125 was incubated on N-rGO@CMWCNTs/CS@AuNPs/GCE, the peak
current decreased significantly (curve d). As BSA and CA125 were incubated sequentially,
since Anti-CA125, BSA and CA125 were all non-conductive biomacromolecules, they could
bind, react, and accumulate on the electrode surface, which would hinder the electron
transfer process and result in a further reduction of the peak current (curve e, curve f).
Figure 4 showed the DPV signal intensities before and after incubation with CA125. Due
to the specific immune reaction between Anti-CA125 and CA125, larger non-conductive
immune complexes would be formed on the surface of GCE, which might reduce the
electron transfer efficiency, leading to a decrease in DPV electric signal. Furthermore,
as could be seen from Figure 4, compared with N-tGO/CS@AuNPs/GCE and CMWC-
NTs/CS@AuNPs/GCE, the N-rGO@CMWCNTs/CS@AuNPs/GCE could obtain a larger
AL (Al =1y — Ip, Iy was the peak current in the absence of CA125, I;, was the peak current in
presence of 0.1 ng mL~! CA125), presenting a better electrochemical performance.
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Figure 3. Cyclic voltammetry curves of bare GCE (curve a), N-TGO@CMWCNTs/GCE (curve b), N-
rGO@CMWCNTs/CS@AuNPs/GCE (curve ¢), Anti-CA125/N-rGO@CMWCNTs/CS@AuNPs/GCE
(curve d), BSA/Anti-CA125/N-rGO@CMWCNTs/CS@AuNPs/GCE (curve e), CA125/BSA / Anti-
CA125/N-rGO@CMWCNTs/CS@AuNPs/GCE (curve f), N-rGO/CS@AuNPs/GCE (curve m),
CMWCNTs/CS@AuNPs/GCE (curve n).
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Figure 4. Differential ~ pulse  voltammetry curves of BSA/Anti-CA125/N-

rGO@CMWCNTs/CS@AuNPs/GCE  (curve a), CAI125/BSA/Anti-CA125/N-+tGO@ CMWC-
NTs/CS@AuNPs/GCE (curve b), BSA/Anti-CA125/CMWCNTs/CS@AuNPs/GCE (curve c),
CA125/BSA/Anti-CA125/CMWCNTs/CS@AuNPs/GCE ~ (curve  d), BSA/Anti-CA125/N-
rGO/CS@AuNPs/GCE (curve e) and CA125/BSA/Anti-CA125/N-rGO/CS@AuNPs/GCE (curve f).
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3.4. Optimization of Experimental Conditions

In order to obtain a highly sensitive and specific immunosensor for CA125 detection,
experimental conditions were supposed to be optimized. The thickness of modified ma-
terials was an important factor affecting the experiment. When the amount of materials
was too small, a complete and compact film could not be formed on the electrode surface,
and the electrical signal amplification effect would correspondingly be weakened. When
the amount of materials was too large, on one hand, their instability would be aggravated,
and they could even fall off from the electrode surface; on the other hand, they would
gather with each other, block the active sites on their surface, and reduce the efficiency of
combination and reaction with other substances. Therefore, 2 uL, 3 uL, 4 uL, 5 uL, and
6 uL of N-rGO@CMWCNTs were chosen to be added on the electrode surface, respectively;
then, DPV was performed to observe the current signal Al, and the max current signal
was observed at 4 pL. Similarly, the optimal amount of CS@AuNDPs was determined to
be 5 pL. The incubation time and incubation concentration of Anti-CA125 were also key
factors affecting the experimental results. If the incubation time was too short, Anti-CA125
would not fully bind to AuNPs; if the incubation time was too long, the biological activity
of Anti-CA125 would be reduced. Meanwhile, as the incubation concentration gradually
increased, the binding sites for Anti-CA125 were gradually saturated. Continuing to in-
crease the concentration of Anti-CA125 would lead to the non-specific binding between
them and reduce their binding efficiency with CA125. Therefore, 3h, 6 h, 12 h, 16 h, and
24 h of incubation time and 10 pg mL~1, 25 ug mL~1, 50 ug mL~1, 75 ug mL~1, and 100 ug
mL~! of incubation concentration were selected to be optimized. It turned out that the
maximum current signals appeared at incubation time of 12 h and incubation concentration
of 50 pg mL~!. These results were shown in Figure 5.

A 1B

2 3 4 5 6 2 3 4 5 6
Volume of N-rGOBCMWCNTs (uL) 404 Volume of CS@AuNPs (nL)

3 & 12 16 4

10 25 50 75 100
Incubation time of Anti—CA125 (h) Concentration of Anti—CA125 (pg ml™l)

Figure 5. Optimization of experimental conditions (A) volume of N-rGO@CMWCNTSs; (B) volume of
CS@AuNPs; (C) incubation time of Anti-CA125; and (D) concentration of Anti-CA125.

3.5. Linear Range and Detection Limit

Under the optimal experimental conditions, the constructed immunosensor was tested
by DPV to test its linear range and detection limit. As shown in Figure 6, when there was
no CA125, the current signal was the largest; with the increase of CA125 concentration, the
current signals gradually decreased. When the concentrations of CA125 were in the range
of 0.1 pg mL~1-100 ng mL~!, there was a clear linear relationship between the change of
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DPV current signal AI (Al =1y — Ip, Iy was the peak current in the absence of CA125, I, was
the peak current in the presence of CA125) and the logarithm of CA125 with different
concentrations (IgC pg mL~!). The linear equation was Al = 8.0577 IgC + 17.151, and the
correlation coefficient (r) was 0.997. The detection limit of this method was acquired by the
ratio of three times standard deviation of the blank to the slope of standard curve (5/N = 3),
which was 0.04 pg mL~!.

— Opg/ml
—0.1pg/ml 01 B
—— lpg/ml
—— 10pg/ml 50

1004 A

Y=8.0577X+17.151

10°pg/ml
P r=0.997

300
-10°pg/ml 40

10'pg/ml

200 ——10°pg/ml

T (unA)

100

v T - T T T v T T 7 0 T T — T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 -l 0 1 2 3 4
E (V) CA125:1gC (pg/ml)

o

Figure 6. (A) DPV signals of CA125 with different concentrations; (B) the calibrated curve of the
immunosensor toward different concentrations of CA125.

The analytical performance of the constructed immunosensing platform was compared
with other reported electrochemical immunosensors for the CA125 assay, shown in Table 1.
It could be seen that the immunosensing platform constructed in this research presented a
lower detection limit and a wider linear range.

Table 1. Comparison of different electrochemical immunosensors for CA125 detection.

Type of Inmunosensor Method Linear Range LOD Reference
PAMAM/ AuNP-3DrGO- . . . 4
MWCNT nanocomposite modified GCE SwWv 0.5mU mL™"'-75 U mL 6 pU mL [7]
ZnO nanorods-Au nanoparticles nanohybrids b 1
modified GCE cv ; 25 ngmk [23]
AuNPs/GR modified SPCE LSV © 1mUmL™'-100 UmL™! 0.34mUmL"™! [24]
Cactus-like MnO, functionalized nanoporous 1 1 1
gold modified GCE SWvV 10 mU mL™'-50 U mL 3.5mUmL [25]
Metal sulfide quantum dot nanolabels and d 1 1 1
trifunctionalized magnetic beads modified GCE SWASV 10mUmL™-50 U mL SmUmL 26]
Thionine and gold nanoparticles supported on
heteroatom-doped graphene DPV ¢ 32mUmL~1-10 U mL~! 0.28 UmL™! [27]
nanocomposites modified GCE
Benzothiophene derivative modified GCE DPV Ing mL~1-100 ng mL~! 9.6 pg mL~1 [28]
Gold-vertical graphene/TiO, nanotube 1 1 1
modified GCE Drv 0.0l mUmL™"-1UmL 0.1 pUmL [29]
CMK-3(Au/Fc@MgAI-LDH)n multilayer DPV 10 mU mL~1-1000 U mL " 4mUmL"! [30]
nanocomposites modified GCE
Nickel hexacyanoferrate
nanocubes/polydopamine Drv 0.1 pg mL™1-1 pg mL~! 0.076 pg mL~! [31]
functionalized graphene modified GCE
FA, H-PANI and CS-HCl modified GCE SWV 1pgmL~1-25ng mL~! 0.25 pg mL~! [32]
Electrochemical aptasensing platform based
on combination SWV 50 pg mL~!-50 ng mL~! 5pgmL~! [33]
of target-triggered SDA and aptamer recognition
Hybridization chain reaction and 1 1 1
biotin-streptavidin signal amplification strategy brv 0-2pgmL~"~1 ng mL 0.08 pg mL (341
N-TGO@CMWCNTs/ DPV 0.1 pg mL~1-100 ng mL 0.04 pg mL ! This work

CS@AuNPs modified GCE

2 Square wave voltammetry; P Cyclic voltammetry; ¢ Linear sweep voltammetry; 4 Square wave anodic stripping
voltammetry; ¢ Differential pulse voltammetry.
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3.6. Reproducibility, Stability, and Selectivity

To test the reproducibility of the constructed immunosensor, three glassy carbon
electrodes prepared by the same method were used to measure 0.1 ng mL~! CA125. The
relative standard deviation (RSD) of the assay results as shown in Figure 7A was 4.23%,
which indicated that the proposed immunosensor had a good reproducibility.

409
10 A B 90% Reference Value

(ua)

Al

electrode 1 electrode 2 electrode 3

Days

Figure 7. (A) Reproducibility and (B) stability of the immunosensor.

For the stability test, a modified electrode was used to measure 0.1 ng mL~! CA125.
The measurement was taken every three days, followed by repeating for 13 days. After
each measurement, the modified electrode was washed with PBS and stored at 4 °C. The
results were shown in Figure 7B, and it could be seen that the immunosensor maintained
90% of its initial signal for 10 days, which showed that the immunosensor presented
acceptable stability.

When detecting CA125 in serum, other common substances in serum might interfere
with the experimental results, so the selectivity of the immunosensor was also investigated.
In addition, 800 pg mL~! glucose (Glu), 10 pg mL~! ascorbic acid (AA), 50 ug mL~! uric
acid (UA) and 10 ng mL~! CYFRA21-1 were chosen to investigate their interference, and
these selected concentrations were similar to or higher than that in patients with lung
cancer. The results were shown in Figure 8, from which we could find that the DPV
signals of these interfering substances were much lower than that of 0.1 ng mL~! CA125,
and it was attributed to the specific recognition between Anti-CA125 and CA125. The
above results indicated that the constructed immunosensor had a good selectivity to target
analyte CA125.

1 ——ca12s
400 [ GClu
AA
I—ua
- CYFRA21-1
300
< 500 -
p—
P
100 4
0_
T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

EV)

Figure 8. Differential pulse voltammetry curves of various interfering substances and CA125.
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3.7. Analysis of Real Serum Samples

To evaluate the feasibility of the constructed immunosensor in detection of real serum
samples, a spike recovery experiment was carried out. In addition, 1 ng mL~1, 10 ng mL1,
and 100 ng mL~! CA125 standard solutions were added to healthy human serum separately,
followed by diluting 100-fold with PBS; the same measurement method as above was then
performed. The results were shown in Table 2, from which it could be found that the
recoveries were in the range of 94.5-107.7% with the corresponding RSD in the range of
3.88-7.07%, demonstrating that this method was reliable.

Table 2. Recovery results of the constructed immunosensor.

No Added Found Recover RSD
(pg mL—1) (pg mL—1) y (N =3)

1 10 10.39 103.9% 7.07%
2 100 107.72 107.7% 4.17%
3 1000 945.16 94.5% 3.88%

Moreover, serum samples from 10 patients with lung cancer were diluted 100-fold
with PBS, and then detected using this immunosensor. The results were in the range of
13.90 pg mL~1-25.88 ng mL~! with the corresponding RSD in the range of 4.65-7.22%.
These acceptable results indicated that the constructed immunosensor had potential for the
detection of serum samples in clinical.

4. Conclusions

In this research, a novel electrochemical immunosensor was fabricated by using N-
rGO@CMWCNTs/CS@AuNPs modified GCE, which could achieve ultrasensitive detection
of CA125. The N-rGO@CMWCNTs with high specific surface area and great conduc-
tivity were used as a matrix, providing a large number of binding sites for CS@AuNPs.
Meanwhile, the chemical groups from CS and CMWCNTs could react with each other,
promoting the close binding between N-rGO@CMWCNTs and CS@AuNPs, which achieved
co-amplification of electric signals and greatly improved the sensitivity of the electrochemi-
cal immunosensor. Furthermore, Anti-CA125 reacted with AuNPs via sulthydryl groups
(-SH) to form Au-S bonds, which was further able to form an immune complex with CA125.
The constructed immunosensor presented excellent performance with the linear range of
0.1 pg mL~!'-100 ng mL~! and an LOD of 0.04 pg mL~!, and it also exhibited satisfactory
reproducibility, acceptable stability, and high selectivity. In addition, the novel immunosen-
sor exhibited excellent ability for detecting CA125 in serum from lung cancer patients, and
the newly established method had great potential for early diagnosis of lung cancer.
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