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Abstract
Pentraxin-3 (PTX-3) is one of the newly discovered tumor biomarker, especially in the diagnosis of lung cancer. The function-
alized multi-walled carbon nanotubes (MWCNTs) and gold nanowires (AuNWs) nanocomposites decorated the PTX-3 biosen-
sor were reported in this work, realizing ultrasensitive detection of PTX-3 in human serum through simple and effective non-
enzymatic reaction. The PTX-3 biosensor has excellent electrochemical activity and biocompatibility through carbon and metal
nanomaterials. Compared with pure MWCNTs, the MWCNTs combined with AuNWs which shows a wide range of detection
(0.001–1000 ngml-1), higher sensitivity (17.10μA/(ngml-1)/cm2) and lower detection limits (0.16 pgml-1, S/N = 3). Meanwhile,
gold nanomaterials are one of the most stable noble metal nanomaterials and MWCNTs possess large electroactive surface area,
which can greatly improves the stability (96.3%, after 3 weeks) and repeatability (RSD = 0.51%). This work remarkably extends
the utilization of MWCNTs and AuNWs in the construction of biosensors in the fields of biosensing and medical diagnosis.
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Introduction

Carbon is an important element in extensive scientific research in
various sciences, and carbon nanotubes (CNTs) have received
great attention. CNTs have unique electrical, mechanical, and
surface properties [1–3], and can be divided into single-walled
carbon nanotubes and multiwalled carbon nanotubes
(MWCNTs), in which MWCNTs can be seen as composed of
multi-layer graphene crimp [4, 5]. CNTs are tubular structures,
have sufficiently high strength, excellent thermal, and chemical
properties, smaller density than graphene. Thus, CNTs have great
potential in biomedical applications [6–8]. CNTs have excellent
electrochemical activity, biocompatibility, and large specific sur-
face area, which can be used as a biomolecule immobilized car-
rier and an ideal electron transfer medium to construct an elec-
trochemical sensor [9, 10]. CNTs can also be used to improve the

performance of polymer composites, especially in combination
with noble metal nanomaterials, which can significantly improve
the analytical performance of the sensor [11, 12]. Gold-based
structures such as gold nanoparticles and gold nanowires
(AuNWs) have been extensively used in the construction of
sensing devices in the field of chemistry and biochemistry, where
gold nanowires have excellent optical, electrical, and mechanical
properties [13–15]. As a one-dimensional metal nanostructure,
AuNWs can synthesize different aspect ratios according to dif-
ferent strategies, with vertical dimensions up to several tens of
microns [16–18]. It has the advantages of high aspect ratio, large
specific surface area, and anisotropy, and also has good biocom-
patibility. Metal-doped CNTs are potential materials for electro-
chemical sensors and a variety of biomedical applications, which
can obviously enhance the sensing performance and the conduc-
tivity of the electrochemical sensors. Moreover, it also shows an
excellent stability and repeatability [19–21].

Pentraxin-3 (PTX-3) acts as a soluble pattern recognition re-
ceptor in the innate immune response, which is also important for
acute inflammation period response protein [22, 23]. In the past
decade, PTX-3 has emerged as a candidate new biomarker of
inflammation, including clinical use of cancer-related inflamma-
tion [24], especially lung cancer [25], as it better reflects local and
systemic inflammatory processes compared with other
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inflammationmarkers. The level of PTX-3 is low (< 2 ngml-1) in
normal human, and PTX-3 rapidly (6 ~ 8 h after induction peak)
significantly increased (up to 200–800 ng ml-1) in the inflamma-
tory and infection [26]. Meanwhile, PTX-3 is overexpressed in
some malignancies, and the serum level is associated with the
severity of the disease [27, 28].

Many analytical techniques have been developed for the
detection of serum PTX-3 levels, including chemilumines-
cence [29], enzyme-linked immunosorbent assays (ELISA)
[30], radioimmunoassay [31], and mass spectrometry [32].
These conventional detection techniques are widely used,
but each has its advantages and disadvantages, the most obvi-
ous of which is the need for expensive instruments and com-
plex operating procedures. In addition, ELISA is a universal
method based on antigen-antibody specific recognition, which
is widely used in clinical testing. However, this method is
affected by a number of factors, which would be resulted it
in a lower sensitivity. Undoubtedly, simple, fast, and sensitive
detection methods are more beneficial for PTX-3 detection.
Based on this, we aimed to develop a highly sensitive, easy to
operate biosensor to successfully avoid the drawbacks of cur-
rent clinical testing methods. With the continuous develop-
ment of biosensors, electrochemical methods have strong ap-
peal and the ability to detect different types of biomarkers [33,
34]. For example, electrochemical sensor with MWCNTs-
chitosan has been used to determine the indole in plasma
[35], an electrochemical immunosensor with Fe3O4@Au for
detection of alpha fetoprotein [36] and the poly (2-
aminothiophenol)-Au nanoparticles modified gold electrode
to fabricate an electrochemical immunosensor for
carcinoembryonic antigen detection [37]. In addition, label-
free non-enzyme detection can also be applied to the develop-
ment of cell capture technology, which is also a new method
in the application of biological detection and analysis [38, 39].

In this paper, we demonstrated a novel non-enzymatic elec-
trochemical biosensor platform that combined the unique prop-
erties of functionalized MWCNTs and AuNWs for the ultra-
sensitive detection of serum PTX-3. MWCNTs-AuNWs nano-
composites possess a larger surface area, significant electrocat-
alytic activity, and good stability, which would immobilize
more biomolecules, improving the electrochemical signal of
the biosensor effectively. A remarkably simple and one-step
functionalization of the nanocomposites was developed for im-
mobilization of anti-PTX-3 antibody and it can directly detect
the PTX-3 antigen content by the specificity recognition be-
tween the antigen and the antibody. Differential pulse voltamm-
etry (DPV) is one of the effective techniques for analyzing the
kinetic transduction mechanism of PTX-3 antigen-antibody in-
teractions. This is an electrochemical biosensor that used
MWCNTs-AuNWs nanocomposites to directly detect PTX-3
antigens, which shows high sensitivity for the quantitative de-
termination of PTX-3 in human serum and has considerable
potential in clinical and diagnostic applications.

Experimental

Chemical and reagents

MWCNTs (outside diameter: 7–15 nm) were purchased from
Shenzhen Nanotech Port Ltd. Co. (Shenzhen, China). The bare
AuNWs (≥ 50 μg ml-1) at 30.0 nm diameter and 4500.0 nm
length (aspect ratio of approximately 150) that was in distilled
water with excess CTAB capping agent, 1-ethyl-3-(3-
dimethyllaminopropyl) carbodiimidehydrochloride (EDC), N-
hydroxysuccinimide (NHS), bovine serum albumin (BSA),and
N,N-dimethylformamide (DMF) were obtained from Sigma-
Aldrich (USA). PTX-3 and anti-PTX-3 were purchased from
Sino Biological Port, Ltd., Co. (Beijing, China). 0.01 M
phosphate-buffered saline (PBS) was prepared in Millipore-Q
water (≥ 18.2 MΩ) as washing buffer, contained 2.7 mMKCl,
14 mM KH2PO4, 87 mM Na2HPO4,and 136.7 mM NaCl (pH
7.4). The remaining materials were received without further pu-
rification and purchased in analytical grade from Chuandong
Chemical (Group), Ltd., Co. (Chongqing, China).

Synthesis of functionalized MWCNTs and MWCNTs-
AuNWs nanocomposites

The MWCNTs (10 mg) was added to 100 ml of concentrated
HCL and heated under reflux with magnetic stirring for 8 h to
remove the metal catalyst. The purified MWCNTs were placed
in 100 ml of concentrated mixture acids (HNO3:H2SO4 = 1:3,
v/v) and ultrasonicated at room temperature for 10 h. After com-
pletion of the ultrasonication, it was washed with distilled water
until neutral to obtain the short carboxylatedMWCNTs (COOH-
MWCNTs) and stored after it was dried.

The COOH-MWCNTs (0.5 mg ml-1) was dispersed in
DMF for 30 min by ultrasonication to form a homogeneous
and stable slurry solution. Then, the AuNWs solution
(AuNWs:COOH-MWCNTs = 1:1, v/v) was added and stirred
at room temperature for 12 h to obtain MWCNTs-AuNWs
(MAuNWs), which were stored at 4 °C prior to use.

Fabrication of the electrochemical biosensor

The GCE (φ = 3 mm) is used as working electrode. It was
polished with 0.03 μm and 0.05 μm alumina slurry on a
microcloth polishing pad until mirror-like. Then, it was washed
with ethanol and deionized water and dried with nitrogen.
Finally, the functionalized MAuNWs were carefully dropped
on to the surface of the cleaned GCE, and the electrodes were
dried at a room temperature to obtainMAuNWs/GCE. For com-
parison, the COOH-MWCNTs electrode was prepared by the
same procedure.

Prior to anti-PTX-3 antibody immobilization, the prepared
electrodes were treated with EDC-NHS cross-linked solution
for 2 h to activate the -COOH groups of the MWCNTs to be
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converted to -NH2 groups. EDC/NHS (4 mM: 1 mM) cross-
linked solution was prepared in PBS buffer. After completion
of the activation, 10 μL of anti-PTX-3 antibody (200 ng ml-1)
was dropped onto the electrode surface and incubated overnight
at 4 °C. The antibody can be covalently attached to the surfaces
by -COOH with -NH2 of MWCNTs, and AuNWs can also pro-
mote Au-S interaction with the thiol groups of the antibody Cys
residue, thereby increasing the affinity of the anti-PTX-3 anti-
body to the MAuNWs. Subsequently, 10 μL of the BSA (1%)
solution was dropped onto the electrode surface and incubated at
37 °C for 1 h to eliminate the unbound non-specific binding sites.
The electrodes were washed thrice with PBS buffer before each
step to remove unbound reagents. The prepared BSA/anti-PTX-
3/MAuNWs/GCE electrode was stored at 4 °C before further
use.Meanwhile, the BSA/anti-PTX-3/MWCNTs/GCE electrode
was prepared using the same preparation strategy.

Electrochemical measurements

The electrochemical measurement was performed using a three-
electrode system consisting ofAg/AgCl saturatedwithKCl as the
reference electrode, the platinum wire as the auxiliary electrode,
and the modified GCE as the working electrode. The electro-
chemical workstation AUTOLAB PGSTAT302 (Metrohm
Technology Co., Ltd., Switzerland) was used as a redox probe
in 0.01 M phosphate-buffered saline (PBS, pH 7.4) containing
5 mM [Fe(CN)6]

3-/4-. Cyclic voltammetry (CV, a potential range

of − 0.1 V to 0.6 V at 50 mV s-1) and electrochemical impedance
spectroscopy (EIS, applied frequency from 100000 to 0.1 Hz
with 0.01 V amplitude) are used to characterize the progressive
fabrication of immune electrodes. DPV (potential scan from −
0.25 V to 0.55 V with 0.005 V amplitude) was used for the
assessment of different concentrations of biosensor. The electro-
chemical response of the PTX-3 antigen standard solution at a
concentration of 0–1000 ngml-1was performed and the change in
current was recorded as a function of the antigen concentration to
develop a high sensitivity, high selectivity, low detection limit,
and stable immunosensor. These external experimental parame-
ters should be optimized, including (a) the antigen incubation
time, (b) the temperature of experiment, and (c) pH value of
supporting electrolyte. The results are presented in the
“Supporting information” section (Fig. S-1). The following were
optimized experimental conditions for satisfied results: (a) the
antigen incubation time of 45 min, (b)the temperature of 37 °C,
and (c) pH value of 7.5.

Results and discussion

Characterization of the structure and morphology

The synthesis process of MAuNWs is shown in Fig. 1a.
Meanwhile, as seen from the images of the field emis-
sion scanning electron microscopy (FE-SEM, JSM-

Fig. 1 a The synthesis of the MWCNTs-AuNWs nanocomposites, FE-SEM image of bMWCNTs, c AuNWs, dMWCNTs-AuNWs nanocomposites
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7800F, JEOL, Japan), MWCNTs are uniformly and sta-
bly dispersed in DMF solution (Fig. 1b),the diameter
and length of the bare AuNWs are consistent with the
introduction of the chemical reagents (Fig. 1c), and
MWCNTs and AuNWs are tightly complexed by phys-
ical adsorption (Fig. 1d). Figure 2a shows the focus
image of MAuNWs along (energy dispersive X-ray
spectroscopy, EDS, JSM-7800F, JEOL, Japan), which
were presented Au (Fig. 2b), carbon (Fig. 2c), and ox-
ygen (Fig. 2d).

Electrochemical behavior of the fabricated biosensor

The bioelectrochemical sensor self-assembly process is shown
in Fig. 3a and the CV and EIS studies were conducted to

elucidate the electrochemical behavior of various modified
electrodes. Figure 3b shows the change in the current and
potential of the electrodes under cyclic modification at a point
in the range of − 0.1Vto 0.6 V, which is performed in a 5 mM
[Fe(CN)6]

3-/4- solution. Compared with MWCNTs/GCE
(curve b) electrode, the peak current ofMAuNWs/GCE (curve
c) electrode is obviously increased, and the current of the two
electrodes is higher than that of the bare electrode (curve a).
Compared with pure MWCNTs, MAuNWs provides an alter-
native conductive path because of the inclusion of AuNWs,
thereby improving the electrical transfer kinetics.
Subsequently, the successful addition of anti-PTX-3 antibody
and BSA resulted in a significant reduction in current because
of the reduced insulation performance of the protein and the
further deterioration of the electrochemical current. EIS

Fig. 2 a The EDS focus image of the MWCNTs-AuNWs nanocomposites. The EDS analysis of b Au, c carbon, d oxygen
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measured the charge transfer resistance of each assembled
immunoelectrode; the greater the resistance, the greater the
diameter of the semicircle was observed. The results of EIS
(Fig. 3c) are consistent with CV, which confirms that the
working principle of PTX-3 biosensor is consistent with the
principle scheme.

Figure 3d shows the electrochemical behavior of the anti-
PTX-3/MAuNWs immunoelectrode at a scanning rate of 20–
180 mV/s. Redox currents move toward higher and lower
potentials as the scan rate increases, and the curves of upper
and lower are symmetrical, which indicating that this redox
reaction is reversible. The linear changes in the peak current of
the anode and cathode and the square root of the scanning rate
indicate the diffusion process of electrons and follow the equa-
tion below.

I a ¼ 3:081� 10−4 A s mv−1
� �

scan rate mV s−1
� �1=2h i

þ 2:968� 10−5;R2 ¼ 0:97;

Ib ¼ 3:652� 10−4 A s mv−1
� �

scan rate mV s−1
� �1=2h i

−2:970

� 10−5;R2 ¼ 0:98:

Analytical performance of the biosensor for PTX-3

The electrochemical response characteristics of the pre-
pared BSA/anti-PTX-3/MAuNWs immunoelectrode to
the PTX-3 antigen concentration were obtained using
DPV technique in a 5 mM [Fe(CN)6]

3-/4- solution (Fig.
4a). Figure 4b shows the DPV response of the

Fig. 3 a The fabrication of PTX-3
biosensor, b CV and c EIS re-
sponses of the different electrodes
in 5 mM [Fe(CN)6]

3-/4- solution:
bare GCE (curve a), MWCNTs/
GCE (curve b), MAuNMs/GCE
(curve c), anti-PTX-3/ MAuNMs/
GCE (curve d), BSA/anti-PTX-3/
MAuNMs/GCE (curve e). dAnti-
PTX-3/ MAuNMs/GCE at differ-
ent scane rate (20–180 mV/s)

Fig. 4 a The sample preparation
and detection process of the PTX-
3 biosensor, b DPV analysis of
the BSA/anti-PTX-3/MAuNMs/
GCE biosensor for linear range
concentration of PTX-3 antigen
from 0.001–1000 ng ml-1, c linear
relationship between DPV peak
current change vs. the logarithm
of PTX-3 concentration
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immunized electrode with a target PTX-3 antigen con-
centration in the range of 0.001 ~ 1000 ng ml-1. The
peak current decreases with the increase in the target
PTX-3 antigen concentration. This result may be due
to the formation of immune complexes between the
PTX-3 antigen and the anti-PTX-3 antibody, which in-
creases the steric hindrance. Thus, redox and the diffu-
sion of the probe toward the electrode surface are
inhibited. At this concentration range, a good linear re-
lationship exists between the current value and the log-
arithm of the concentration of PTX-3 antigen (Fig. 4c).
The l i n e a r equa t i on i s i p (μA) = 107 .719–
17.1009logCPTX-3; the correlation coefficient is 0.9997.
The detection limit was obtained based on three times
the standard deviation of the blank sample/slop and was
calculated to be 0.16 pg ml-1. In addition, it was ob-
served that the response current of DPV tends to satu-
rate at higher concentrations of PTX-3 antigen (after
1000 ng ml-1) (Fig. S2). A controlled trial was conduct-
ed to examine the electrochemical response of the im-
munoreactive electrode that did not use anti-PTX-3 an-
tibody to the PTX-3 antigen (Fig. S3). However, the
corresponding current value of DPV did not change sig-
nificantly (RSD = 0.0025) at different concentrations of
PTX-3 antigen. The prepared BSA/anti-PTX-3/
MWCNTs electrode was obtained using the same detec-
tion method to obtain the electrochemical response to
the PTX-3 antigen concentration (0.1 ~ 1000 ng ml-1),
which showed narrow detection range and lower sensi-
tivity (Fig. S4). Compared with other methods, this

biosensor had a wider dynamic linear range and lower
detection limit (Table S1).

Selectivity, reproducibility, and stability of the
biosensor

To verify the selectivity of the biosensor to PTX-3 antigen, the
potential effect of the interference on the sensor is a key factor
in the preparation of the biosensor. Thus, the detection of
interference is important. Using a mixture of interferons, such
as BSA, hemoglobin (Hb), insulin-like growth factors-1 (IGF-
1), C reactive protein (CRP), and the abovementioned
interferants (Fig. S5a), the peak current change caused by
the interferents (100 ng ml-1) was less than 8% compared with
the results obtained without using PTX-3 antigen (blank elec-
trode). Meanwhile, the BSA/anti-PTX-3/MAuNWs
immunoelectrode had a good response to the targeted PTX-3
antigen (10 ng ml-1), and the peak current was significantly
reduced. The results show that the prepared biosensor has
good selectivity.

The reproducibility of the biosensor was evaluated under
similar preparation conditions with the use of three
immunoelectrodes prepared in the same batch. By detecting
different concentrations of PTX-3 antigen, it can be seen that
the relative standard deviation (RSD) is 0.10% ~ 0.79%
(Table 1), indicating good reproducibility of the proposed bio-
sensor (Fig. S5b).

To investigate the stability of BSA/anti-PTX-3/MAuNWs
immunoelectrode, a test was performed every 1 week by de-
tecting PTX-3 antigen (0.1 ng ml-1) at an interval of 7 days to

Table 1 Reproducibility of the
BSA/anti-PTX-3/MAuNWs/
GCE electrodes

Concentration (ng ml-1) iP (A) Mean RSD (%)

n1 n2 n3

0 1.7316E-04 1.7341E-04 1.7350E-04 1.7336E-04 0.10

0.1 1.2279E-04 1.2243E-04 1.2389E-04 1.2304E-04 0.62

1 1.0580E-04 1.0504E-04 1.0671E-04 1.0585E-04 0.79

10 9.1133E-05 9.1380E-05 9.1661E-05 9.1391E-05 0.29

Table 2 Recovery results of
PTX-3 antigen in human samples
using proposed biosensor

Sample PTX-3 antigen concentration (ng ml-1) Recovery (%) RSD (%)

Added Found

1 0 5.96 × 10-2 0 1.61

2 0.01 9.91 × 10-2 99.1 8.52

3 0.1 0.1 104.57 5.13

4 1 1.02 101.62 2.56

5 100 97.61 97.61 4.43

6 200 207.08 103.54 7
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3 weeks (Table S2). The unused immune electrode was stored
at 4 °C. The biosensor retained 96.3% of the initial current
value after 3 weeks of storage (Fig. S6). The stability of the
prepared biosensor is acceptable.

Real sample analysis

To assess the reliability and clinical feasibility of the proposed
biosensor, the standard solution of the PTX-3 antigen was
added to the collected serum sample, diluted to different con-
centrations of PTX-3 human serum samples, and prepared
using a biosensor alone test. Each serum sample was tested
at least three times and the recovery was calculated (Table 2).
The results showed that the biosensor had a recovery rate of
97.61% ~ 104.57%, and RSD of 2.56% ~ 8.52%, thereby
indicating that it had a good accuracy. In addition, five serum
samples of different concentrations of PTX-3 antigen were
prepared in parallel and divided into two groups. The results
of the ELISA method were taken as reference values and the
PTX-3 biosensor measured the results for comparison (Fig.
5a), analysis of electrochemical methods, and ELISA correla-
tion (Table S3). The linear equation is Y = 0.01744 + 1.08358
× X, and the linear regression coefficient is 0.999 (Fig. 5b),
indicating that the two methods have good correlation.
Therefore, the proposed PTX-3 biosensor is suitable for the
detection of serum samples and provides a newmethod for the
clinical study and detection of PTX-3.

Conclusion

In summary, MAuNWs nanocomposites biosensor is ultrasensi-
tive, simple, and efficient for the label-free detection of PTX-3
antigens. AuNWs and MWCNTs can provide dual conductive
paths to improve the conductivity of the biosensor, while func-
tional groups on the surface of the electrodes can further improve
the biosensor’s biocompatibility. One-step synthesis of
MAuNWs hybrid nanocomposites can directly fix the material
with highly efficient electrocatalytic active on the electrode

surface, which avoids the addition of other electrocatalytic sub-
stances in the detection solution to simplify the operation.
Besides, the prepared BSA/anti-PTX-3/MAuNWs electrodes
have excellent redox reversibility and stability. The biosensor
has a wider detection range (0.001 ~ 1000 ng ml-1) and a lower
detection limit (0.16 pg ml-1) than other detection methods. This
paper reports the use of an electrochemical biosensor for direct
detection of PTX-3 antigens. The biosensors proposed in this
work can provide more reliable detection methods for clinical
application because of their numerous advantages. MAuNWs/
GCE biosensor platform can be used to construct more detection
methods for clinically important biomarkers.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11581-021-03911-7.
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