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A three-dimensional hierarchical nanohybrid based on Cu-Au bimetallic nanocrystals integrated carbon nano-
tube arrays vertically grown on carbon spheres was successfully developed as an active platform for sensing
application. Such nanohybrid can provide abundant active sites and act as an exceptional platform for im-
mobilizing highly dense and well-dispersed carcinoembryonic antibody (anti-CEA) to sensitively detect CEA, an
emerging biomarker of various cancer diseases. Due to the unique nanoarchitecture with altered electronic
structure of Cu-Au bimetallic catalyst and enhanced interactions between components, such nanohybrid based

biosensor demonstrated excellent electrochemical performance towards CEA detection with great sensitivity,
wide linear detection range (0.025-25 ng/mL), very low limit of detection (0.5 pg/mL), and good selectivity. The
results imply that this sensor has great potential to offer essential information for cancer diagnosis and man-
agement with great clinical importance.

1. Introduction

The presence of protein biomarkers in blood serum as early re-
cognition signal of disease has been commonly investigated for diag-
nosis and therapy. Carcinoembryonic antigen (CEA) is a serum protein
that is considered as a key factor associated with various cancers, in-
cluding colon cancer, lung cancer, breast cancer, and ovarian cancer
(Becerra et al., 2016; Jayanthi et al., 2017; Tiernan et al., 2013;
Verberne et al., 2016). Meanwhile CEA concentrations in non-smoking
person and smoking healthy person have been found to be around 2.5
and 5 ng/mlL, respectively (Sajid et al., 2008; Zhu et al., 2013), elevated
CEA level has been observed in a cancer patient with growth or re-
currence of a tumor (Gao et al., 2017). Therefore, detecting serum CEA
level enables for early cancer diagnosis and a subsequent successful
treatment. Various methods have been used to detect serum CEA level,
including radioimmunoassay (Kato and Torigoe, 1977), fluorescence
and optical trapping (Hasanzadeh and Shadjou, 2017; Li et al., 2017a,
2017b; Qin et al., 2017; Qiu et al., 2017), immunocytochemical method
(Nakopoulou et al., 1983), field-effect transistor-based (FET-based)
nanobiosensor (Bao et al., 2017), plasmonic nanoimmunosensor (Ahn
et al., 2017), and love wave biosensor (Li et al., 2017a, 2017b).
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However, these methods have disadvantages such as radiation dangers,
time-consuming, complex procedure, and high cost of instrument. Thus,
other alternatives that are easy to use with portability, rapidity, accu-
racy, and cost effectiveness are needed.

Recently, CEA detection through electrochemical approach has
shown great potential (Liu et al., 2015; Su et al., 2017; Yang et al.,
2017; Zhou et al., 2014). However, the decreased stability of electro-
chemical sensor due to low biocompatibility of immobilization platform
surface is a critical issue (Skladal, 1997). Weak biological response
signals produced by interactions between antibody and antigen also
lead to reduced sensitivity (Chikkaveeraiah et al., 2012). Therefore,
developing high control and reliable analytical parameters of an elec-
trochemical platform surface that can effectively immobilize antibody
proteins and sensitively convert biological response into a measurable
electrochemical signal is very important.

Nanomaterials have played critical roles in the fabrication of bio-
sensors with improved analytical performance (Kumar et al., 2015;
Maduraiveeran and Jin, 2017). Among these, gold nanoparticles (Au
NPs) have shown high promise due to their unique physicochemical
properties (Chen et al., 2015; Li et al., 2014; Priyadarshini and Pradhan,
2017). Au NPs are known to have excellent conductivity, leading to
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enhanced electron transfer between redox center and electrode surface
(Young et al., 2016). Au NPs can also improve electroactive sites of
biosensor electrode, thereby exhibiting a very wide linear detection
range (Thanh et al., 2016; Wu et al., 2017). In addition, good bio-
compatibility, high surface free energy, and ability to capture large
amounts of proteins due to high affinity of Au with —NH, and —SH
groups existing on molecules’ structures offer high stability and sensi-
tivity for immunosensors (Xu and Han, 2004). To further enhance ac-
tive sites of Au NPs, another metal can be incorporated with Au in a
bimetallic nanostructure to finely tune catalytic properties due to the
modification of metallic surface properties. In this context, bimetallic
nanostructures show remarkably improved optical, catalytic, and elec-
tronic properties compared to their monometallic counterparts
(Andolina et al., 2013; Kim et al., 2014; Thanh et al., 2017a, 2017b).
These bimetallic nanocrystals might be more suitable as biomolecule
labeling tags for electrochemical biosensing applications comparing to
monometallic Au NPs (Jia et al., 2015; Tao et al., 2011; Zhang et al.,
2016). In this regard, bimetallic Cu-Au nanocrystals have recently at-
tracted considerable attention because of their high activity with low
cost of Cu (Bracey et al., 2009; Gawande et al., 2016; Vickers et al.,
2017). The combination of Au and Cu can decrease the high cost of Au
and improve active surface area of Au toward sensing applications. In
addition, it has been confirmed that the use of a promising supporting
substrate for attaching metal NPs can enhance electroactive surface
area of metal catalyst (Kauffman et al., 2010; Lam and Luong, 2014;
Tan et al., 2013; Wildgoose et al., 2006), thus amplifying the final
sensitivity of sensor. By this means, uniformity and sizes of NPs can be
effectively controlled using an exceptional platform of hierarchical
porous carbon-based material. Recent reports have shown that vertical
growth of aligned CNTs on micro-carbon spheres (CSs) can achieve
intrinsic properties of building block with outstanding advantages, in-
cluding high conductivity, large surface area, high roughness factor,
and good mechanical behavior (Li et al., 2016a, 2016b; Piao et al.,
2006; Xiang et al., 2007). Therefore, the incorporation of Cu-Au NPs
onto a CNTs-CSs hybrid holds great promise as an excellent platform for
immobilizing anti-CEA molecules, thereby achieving highly sensitive
sensing toward CEA.

In the current work, we developed a novel platform based on Cu-
Au/CNTs-CSs hybrid for CEA electrochemical sensing application. CEA
detection was based on peak current change of linear sweep voltam-
metric (LSV) measurement before and after CEA-anti-CEA reaction
using potassium ferricyanide (K4[Fe(CN)g]) as a redox probe. The Cu-
Au/CNTs-CSs nanohybrid demonstrated to be an excellent platform for
enhancing output signals of CEA sensors at high sensitivity with low
limit of detection (LOD).

2. Materials and methods
2.1. Materials

Hydrogen tetrachloroaurate (HAuCl,3H,0, = 99.9%), copper ni-
trate (Cu(NO3)y6H50), B-cyclodextrin (97%), uric acid (UA, =99%),
glucose (= 99.5%), ascorbic acid (AA, = 99.5%), sodium dihydrogen
phosphate (NaH,PO,H,0, = 98%), sodium monohydrogen phosphate
(NapHPO4, =99%), potassium ferricyanide (K4Fe(CN)g), urea, dopa-
mine, lyophilized bovine serum albumin (BSA), immunoglobulin G
(IgG, 95%), c-reactive protein (CRP), carcinoembryonic antigen (CEA),
and anti-CEA were purchased from Sigma Aldrich Chemicals Co. (USA).
CEA ACCEL ELISA Kit was purchased from Cosmojin Tech Co. (Korea).
Potassium chloride (KCl, > 99.5%) was obtained from Samchun Co.
(Korea). Ultra-pure water obtained with an EYELA Still Ace SA-2100E1
filter from Tokyo Rikakikai Co. (Japan) was used throughout all ex-
periments.
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2.2. Synthesis of CSs

The procedure to synthesize CSs began with the use of 60 mL DI
water containing 8 g of glucose in an 80 mL Teflon lined-autoclave for a
hydrothermal process at 190°C for 7h. The obtained product was
cleaned three times with DI water followed by freeze-drying process to
obtain CSs powder.

2.3. Synthesis of CNTs on CSs

Prior to synthesize CNTs on CSs, a solution of copper nanoparticles
(Cu NPs) was prepared according to procedure described previously
(Thanh et al., 2018). It was then separated into two parts. CSs were
deposited with Cu catalyst by adding them into one part of Cu solution
under magnetic stirring condition for 3h. Subsequently, Cu NP de-
posited CSs were collected by centrifugation and washed with water
several times followed by freeze-drying process. These Cu NP/CSs were
loaded into a quartz tube of a CVD system for CNT synthesis at 800 °C
for 20 min under atmosphere pressure of Ar (500 sccm), H, (50 scem),
and C,H, (35 sccm) followed by a rapid cooling process.

2.4. Synthesis of Cu-Au NPs/CNTs-CSs hybrid

Prior to synthesis of Cu-Au NPs/CNTs-CSs hybrid, CNT-CSs powder
was deposited with Cu NPs by immersing in another part of Cu NP
solution under mild magnetic stirring condition for 3h. After Cu NP
deposited CNTs-CSs sample was annealed under Ar (100 sccm) and Hy
(50 sccm) environment at 400 °C for 1h, the material was placed in
5mM HAuCl, solution for 3 min for a galvanic reaction. The material
was then collected by filtering and washed with water several times to
remove unreacted agent. Fig. S1 schematically illustrates the synthesis
procedure of Cu-Au NPs/CNTs-CSs hybrids.

2.5. Characterization

An electrochemical analyzer CHI 660D workstation (CH Instruments
Inc., USA) was used for all electrochemical experiments. In this context,
a three-electrode electrochemical system consisting of a modified glassy
carbon electrode (GCE, diameter of 3 mm), a Pt plate, and Ag/AgCl as
working, counter, and reference electrodes, respectively, was used. To
prepare working electrode, 10 pL ink solution of ethanol containing Cu-
Au NPs/CNTs-CSs hybrid (2 mg/mL) was drop-casted on the GCE sur-
face followed by drying at ~ 25°C for 2h. Then 10 pL of anti-CEA
antibody solution (20 ug/mL) was dropped on the surface of Cu-Au
NPs/CNTs-CSs/GCE and incubated at ~ 25 °C for 50 min followed by
gently washing with 0.1 M phosphate-buffered saline (PBS) (pH = 7.4).
After that, 10 pL of BSA solution (2 mg/mL) was added on the modified
GCE surface and incubated for 50 min to block extra sites and reduce
non-specific adsorption at ~ 25°C. The sensor was obtained after
washing with PBS solution (pH = 7.4). To detect CEA, 6 uL of CEA
solution at a specific concentration was dropped onto the surface of
sensor followed by incubation for 50 min at ~ 25°C. The sensor was
washed with PBS and then stored at ~ 4°C prior to electrochemical
measurements.

The performance of the sensor toward CEA detection was probed
with K4[Fe(CN)¢] redox agent in 0.1 M PBS solution and monitored by
cyclic voltammetry (CV) and different pulse voltammetry (DPV). Effects
of interferents such as urea, dopamine (DA), uric acid (UA), glucose,
and ascorbic acid (AA) on CEA detection were also explored using DPV
technique.

To determine the possibility of using Cu-Au NPs/CNTs-CSs for CEA
detection in real sample, different CEA concentrations in human serum
spiked PBS solution were applied. In a typical procedure, blood serum
was diluted 1000-fold with 0.1 M PBS followed by spiking with three
different known CEA concentrations (5, 10, and 15 ng/mL). Recoveries
of CEA concentrations were recorded by measuring peak current
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Fig. 1. (a and b) FE-SEM images of as-synthesized CSs; (c) Cu NPs deposited CSs; (d-f) CNTs growth on surface of CSs.

response in DPV.

3. Results and discussion
3.1. Morphological and structural characteristics

Fig. S1 shows the overall procedure for preparing Cu-Au NPs/CNTs-
CSs hybrid. First, monodispersed Cu NPs were adsorbed on the surface
of as-prepared CSs. CNT bundles were then vertically grown on CSs by
CVD method. Finally, Cu-Au NPs were anchored on CNTs surface using
a galvanic reaction. Fig. 1 shows representative FE-SEM images of
materials at each step for the synthesis of hybrid materials. Fig. 1a and
b clearly show uniform and spherical solid CSs with a diameter of
2-3 um. After Cu NPs were incorporated into CSs, uniform Cu NPs were
evenly distributed on the surface of CSs. Corresponding histogram of
diameter for Cu NP catalysts indicated that the diameter mainly dis-
tributed in the range of 10-15nm (Fig. S2). As shown in Fig. 1d and e,
high density of CNT forest with the length in micrometer range has
vertically grown all over CSs, completely covering whole CSs. High
magnification FE-SEM image confirmed that the average diameter of
CNTs was about 20-30 nm.

The morphology of the Cu-Au NPs/CNTs-CSs nanohybrid was stu-
died by FE-SEM and high-resolution TEM (HR-TEM). Fig. 2a shows FE-
SEM image of the CS covered by numerous CNTs functionalized with
Cu-Au NPs. High magnification SEM images indicated that uniform size
of Cu-Au NPs were homogeneously anchored on CNT surface. This was
more pronounced by HR-TEM images, further showing the uniform
distribution of metal NPs on the surface of CNTs (Fig. 2d and e). STEM-
energy dispersive X-ray (STEM-EDX) line profile elemental mapping for
metal NPs showed the presence of Cu (blue line) and Au metal (red
line), revealing the formation of a bimetallic nanostructure (Fig. 2f).
Such successful achievement of uniform small Cu-Au NPs with high
surface to volume ratio and surface energy attached on CNTs-CSs hy-
brid can provide a more stable surface for immobilizing biomolecules
with good retention of their biological activities, thereby capturing
more antigens for enhanced sensing performance (Altintas et al., 2014).
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XRD characterization was conducted to investigate the crystallinity
of as-prepared materials (Fig. 3). It can be seen that there is a broad
diffraction peak at 20 of 21.6° originating from partially amorphous
structure of CSs sample (Zhang et al., 2014). The sharper and stronger
peak located at higher 26 of 25.3° for hybrid materials compared to CSs
was due to the growth of crystal CNTs on the surface of CSs (Kim et al.,
2011). Specific peaks at 43.2, 50.4, and 73.9° corresponded to lattice
planes of (111), (200), and (220), respectively, from Cu catalysts in
CNTs-CSs after growing CNTs (Rout et al., 2016). In the case of Cu-Au
NPs/CNTs-CSs hybrid, in addition to Cu diffraction peaks, specific peak
from Au can be observed, suggesting that bimetallic NPs consist of both
Au and Cu phases. It is interesting to notice that typical oxide peaks of
CuO and Cu,0 phase at 61.7° and 37.5°, respectively, are absent in the
hybrid spectra, indicating the formation of an oxide free Cu-Au bime-
tallic system (Yin et al., 2011).

Raman and XPS analyses were also conducted to investigate the
structural characteristics and surface properties of as-prepared mate-
rials. The obtained results were shown and detail discussed in
Supporting information (Figs. S3 and S4).

3.2. CEA sensing application

The electrochemical sensor toward CEA detection was prepared as
shown in Fig. 4a. For electrochemical characterization, CV measure-
ments of CSs, CNTs-CSs, Cu-Au NPs/CNTs-CSs, Anti-CEA/Cu-Au NPs/
CNTs-CSs, and BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs modified GCE
were investigated in 0.1 M KCl containing 5 mM K4[Fe(CN)¢] at a scan
rate of 50mVs~' (Fig. 4b). CSs modified GCE gave a pair of redox
peaks attributed to redox reaction of K,[Fe(CN)g]. Compared with CSs/
GCE, an increase in peak current intensity was observed on CNTs-CSs/
GCE due to the presence of CNTs, which significantly improved elec-
troactive surface area and electrical conductivity. By varing the loading
of Cu catalyst deposited on CSs, the influence of grown CNT density on
electrochemical behavior of CNTs-CSs/GCE was evaluated. It was found
that the CNTs-CSs sample was achieved by depositing CSs with Cu
catalyst in 40mL of the as-prepared solution exhibited better



D.T. Tran et al.

Biosensors and Bioelectronics 119 (2018) 134-140

Fig. 2. (a) FE-SEM images of Cu-Au NPs functionalized CNTs-CSs hybrid; (b and c) High magnification FE-SEM images of Cu-Au NPs anchored on CNT surface; (d and
e) HR-TEM of Cu-Au NPs functionalized CNT surface; (f) STEM-EDX line profile elemental mapping of Cu-Au NPs on CNT surface.
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Fig. 3. XRD patterns of CSs, CNTs-CSs, Cu-Au NPs/CNTs-CSs hybrid.

electrochemical response as compared to samples, in which CSs were
deposited by catalyst from 40 mL of solutions containing lower and
higher Cu content (Fig. S5). The enhanced electrochemical properties
were more pronounced when CNTs-CSs hybrid was combined with Cu-
Au NPs. An impressive increase in peak current intensity and low peak-
to-peak separation (AE) indicated that Cu-Au NPs could provide ne-
cessary conductive pathways for accelerating electron transfer between
the redox probe and the surface of electrode. Therefore, Cu-Au NPs/
CNTs-CSs hybrid material can be used as an effective platform for im-
mune sensing application. To optimize suitable amount of Cu-Au NPs/
CNTs-CSs for the best electrochemical behavior of electrode, different
amounts of Cu-Au NPs/CNTs-CSs ink solution was immobilized on bare
GCE surface. As shown in Fig. S6, when 10 uL of Cu-Au NPs/CNTs-CSs

ink solution was used, peak current intensity and AE values had optimal
responses. The use of higher volume of Cu-Au NPs/CNTs-CSs ink so-
lution decreased the electrochemical behavior of electrode because it
may lead to growth of film thickness, thereby increasing charge transfer
resistance at interfaces (Li et al., 2016a, 2016b). After anti-CEA was
deposited on Cu-Au NPs/CNTs-CSs modified GCE, significant reduction
of peak current intensity and larger AE value can be clearly observed.
This indicated that anti-CEA layer was successfully immobilized over on
electrode surface, thus effectively hindering electron transfer ability.
Additionally, when BSA was applied on electrode surface to block
nonspecific binding spots, it also efficiently acted as an electron and
mass transfer blocking layer, significantly hindering communication of
redox probe with the electrode surface (Giiven et al., 2014). In parti-
cular, successful capture of CEA on modified electrode surface by
forming immunocomplex layer between CEA and anti-CEA was con-
firmed by critical reduction of peak current (Fig. 4c) (Feng et al., 2013),
indicating that the proposed sensor was successfully prepared.

DPV is an effective and sensitive approach to study sensing perfor-
mance of as-prepared sensor toward CEA. As shown in Fig. 5a, BSA/
Anti-CEA/Cu-Au NPs/CNTs-CSs/GCE exhibited a high anodic current
response. Compared to BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs/GCE, the
current response of CEA/BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs/GCE
was dramatically decreased, implying significant prohibition of elec-
trical conductivity due to effective immobilization of CEA on the
modified GCE surface. To achieve good performance of the as-prepared
sensor, effects of some parameters including incubation time and pH
have been investigated. Fig. S7a shows that the best behavior of the
sensor can be obtained at pH 7.4. This was due to the fact that proteins
can keep their bioactivities at neutral pH environment whereas their
activity or linkage can be significantly decomposed in alkaline or acid
environment, leading to reduced stability (Li et al., 2015; Tian et al.,
2016; Wang et al., 2015). Regarding the effect of incubation time, Al
value was rapidly increased when incubation time was prolonged from
10 to 50 min. It was then minorly decreased, demonstrating completion
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Fig. 4. (a) Schematic illustration of electrochemical sensor fabrication for CEA detection; (b) CV curves of different modified GCE in 0.1 M KCl containing 5 mM
K4[Fe(CN)e] at a scan rate of 50mV s~ '; (¢) CV curves of BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs modified GCE without and with the presence of 25ng/mL CEA in

0.1 M KCl containing 5mM K4[Fe(CN)¢] at a scan rate of 50 mV s™L

of the reaction between CEA and anti-CEA after 50 min of incubation
(Fig. S7b) (Zhu et al., 2013). In another consideration, it was obviously
found that there was an increase of Al value consistent with the increase
of anti-CEA amount and Al gradually achieved a plateau state when the
anti-CEA content reached to 20 pg/mL (Fig. S8). This implies that the
sensor performance depends on the amount of immobilized anti-CEA on
the Cu-Au NPs/CNTs-CSs/GCE surface. Therefore, 20 ug/mL of anti-

CEA was selected as an optimal content for further reperiments. The
specific mechanism for immobilization of anti-CEA on the Cu-Au/
CNTs/CSs along with the formation of sensing interface was illustrated
in Fig. 5b. In this context, the formation of high Cu-Au NP density at-
tached on CNTs together with the high affinity of Au active sites with
—NH, and —SH groups existing on structure of the anti-CEA molecules
allowed a large amount of the anti-CEA molecules to easily immobilize
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Fig. 5. (a) DPV curves of BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs modified GCE without or with the presence of 25 ng/mL CEA in 0.1 M KCl containing 5 mM K4[Fe
(CN)¢]; (b) Schematic illustration for immobilization of anti-CEA and sensing interface on the Cu-Au/CNTs/CSs. (c) DPV curves of BSA/Anti-CEA/Cu-Au NPs/CNTs-
CSs modified GCE with the presence of different CEA concentrations; (d) Al vs Ccga; and (e) The calibration curve of AI vs log(Ccga)-
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Fig. 6. (a) DPV curves and (b) Change of DPV peak current intensity of BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs modified GCE in the presence of CEA and other
biomolecules as interferents in 0.1 M KCl containing 5 mM K4[Fe(CN)¢]; (c) Reproducibility and (d) Stability of as-prepared sensor after long time storage.

onto electrode surface with excellent biocompatibility. This is due to
that anti-CEA molecules can adsorb onto the Cu-Au NPs through the
covalent bonding, ionic interaction, and hydrophobic interaction
(Jazayeri et al., 2016; Xu and Han, 2004). The subsequent incubation of
electrode with BSA, a small, stable, low cost, moderately non-reactive
protein, can effectively minimize nonspecific binding sites of anti-CEA,
thus improving the binding possibility between anti-CEA and CEA
(Giiven et al., 2014). As a result, the electrode can easily combine with
abundant CEA molecules through a lock and key mechanism, thereby
reducing background noise and enhancing sensitivity and stability of
sensor.

To indicate the enhanced electrochemical sensing performance of
Cu-Au/CNTs/CSs material, DPV measurement for Au/CNTs/CSs mate-
rial was conducted in the presence of 25ng/mL CEA in 0.1 M KCI
containing 5 mM K4[Fe(CN)¢] at a scan rate of 50 mV s~ for compar-
ison. Fig. S9a indicated the peak current change (AI) value of 2.86 nA
for Au/CNTs/CSs modified GCE, which is significantly smaller than that
of Cu-Au/CNTs/CSs material (AI of 3.59 pA) (Fig. S9b). This is because
of that the hybridization of Cu and Au could effectively activate the
surface of metal NPs in Cu-Au/CNTs/CSs, thereby providing more
electroactive sites for efficiently immobilizing anti-CEA molecules.

The sensing performance of such sensor toward different con-
centration of CEA was evaluated under optimized conditions. DPV re-
sults showed that the peak current was gradually decreased with in-
creasing CEA concentration (Fig. 5¢). Fig. 5d shows a plot of Al against
the presence of different CEA concentration. Apparently, Al value de-
flectively increased with increasing CEA value. In this regard, it was
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found that AI value was linearly related to logarithmic values of CEA
concentration (log (Ccga)) within the range from 0.025 to 25ng/mL
(Fig. 5e). The linear regression equation of the calibration line was
found to be Al = 1.06910g(Ccea) + 2.154, with a correlation coeffi-
cient (R?) of 0.97705. A very low LOD was found to be 0.5 pg/mL (S/
N = 3). Because normal level of CEA concentration in human serum is
around 2-5ng/ml, the electrochemical behavior of such sensor is
completely suitable for clinical analysis toward CEA detection. In order
to further demonstrate advantages of such sensor, its performance was
compared with previously reported studies (Table S1). In this context,
the proposed sensor displayed a comparable practical linear detection
range with lower LOD than previously reported studies. These results
were attributed to uniform Cu-Au NPs densely attached on a large
surface area of a 3D hierarchichal porous CNTs-CSs hybrid which not
only provided good electrocatalytic activity and high electron transfer
process, but also effectively immobilized with a large amount of bio-
molecules, thus greatly improving the probability of CEA-anti-CEA
recognition with enhanced scope of detection.

Effects of interferences on the activity of sensor toward CEA de-
tection were also evaluated by DPV measurement. In this regard, var-
ious common biomolecules presenting in human blood, including c-
reactive protein (CRP), immunoglobulin (IgG), and small molecules
(such as AA, UA, DA, urea, and glucose) were applied as interferents.
BPS solution containing 25 ng/mL CEA, 50 ng/mL of CRP, 50 ng/mL of
IgG, and 15 pg/mL of each small molecule interferent was used in this
investigation for our proposed sensor. DPV results revealed that current
response in the case without and with interferents did not show
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significant difference (Fig. 6a). Current percentage varied in the range
from 94.1% to 102.5%, implying that such sensor had good selectivity
(Fig. 6b). To evaluate the reproducibility of the proposed sensor, dif-
ferent BSA/Anti-CEA/Cu-Au NPs/CNTs-CSs modified electrodes were
prepared to detect 25 ng/mL CEA by DPV measurement. The relative
standard deviation (RSD) of peak current intensity for eight electrodes
was found to be around 6.0%, demonstrating acceptable reproducibility
of the sensor (Fig. 6¢). In addition to reproducibility of the sensor, the
stability of the sensor was also investigated by recording current re-
sponse in DPV measurements for 25 ng/mL detection after every 2 days.
As a result, the current response of sensor remained ~ 94% after 13
days, suggesting that the stability of such sensor was also satisfactory
(Fig. 6d).

To evaluate the feasibility of the sensor for real sample detection,
recovery test with different CEA concentrations in diluted serum sam-
ples was carried out. In this regard, three human serum samples diluted
1000-fold by PBS to avoid nonspecific adsorption phenomenon were
prepared in the presence of 5, 10, and 15ng/mL of CEA (Table S2).
Recoveries and RSD of results were found to be in the range of
107.2-108.3% and 5.23-8.19%, respectively. Furthermore, the analy-
tical reliability of the proposed sensor was also confirmed by detecting
CEA concentration in three clinical serum samples and was then com-
pared with the obtained results by ELISA kit. Table S3 showed that the
RSD% values between two methods were found to be from 7.1% to
8.3%, suggesting good accuracy of the proposed method for detecting
CEA in real samples.

4. Conclusion

A novel platform based on Cu-Au NPs/CNTs-CSs hybrid was pre-
pared towards highly sensitive CEA detection for the first time. The
fabricated sensor exhibited a wide linear detection range of
0.025-25 ng/mL with low LOD of 0.5 pg/mL, good reproducibility and
stability. Besides, the developed sensor showed accurate results for
detecting CEA in real samples, implying its possibility in practical ap-
plication. This was due to the formation of the unique nanostructure in
which Cu-Au bimetallic nanocrystals effectively attached on 3D hier-
archical CNTs/CSs, thereby offering abundant active sites and excellent
platform to immobilize high anti-CEA density for sensitively electro-
chemical detecting CEA. This sensitive electrochemical sensor shows
high potential to detect not just only CEA but also other agents for
effective diagnosis and management of many diseases.
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