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A frogspawn-like Ag@C core-shell structure for an
ultrasensitive label-free electrochemical
immunosensing of carcinoembryonic antigen in
blood plasma
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A three-dimensional (3D) frogspawn-like structure was achieved by simply coating nano-carbon outside
silver nanospheres (Ag@C NFS) and used as a probe to capture the anti-carcinoembryonic antigen for
the electrochemical immunosensing of carcinoembryonic antigen (CEA), a typical biomarker of several
diseases such as gastric cancer, intestinal cancer and colon cancer. Moreover, Ag@C nanocables (AgaC
NCs) were aslo synthesized. By comparison, the globular 3D frogspawn-like structure endowed Ag@C
NFS with a larger surface area, which is preferred to improve the capability of loading antibodies, higher
water solubility, better biocompatibility and improved electrical conductivity, which was likely attributed
to the synergistic effects of Ag and crystalline graphite carbon and the different structure with more
hydroxyl groups exposed. Therefore, the resultant Ag@C NFS was used as an electrochemical
immunosensing platform to fabricate a label-free immunosensor for the analysis of CEA, which showed
an excellent immunosensing performance with a wide linear CEA detection range from 0.0001 ng mL™*
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Accepted 18th April 2021 to 100 ng mL™" and a low detection limit of 512 pg mL™". In particular, the good reproducibility, high
stability and specificity of the proposed immunosensor ensured the successful application in the

DOI: 10.1035/d1ra00910a quantitative determination of CEA in cancerous human serum samples, providing a promising alternative
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1. Introduction

In recent years, great strides have been made to reduce death
rates from cancer in virtue of various diagnostic technologies,
such as magnetic resonance (MR) imaging,' X-ray computed
tomography (CT) imaging® and photoacoustic (PA) imaging.?
However, these techniques can only detect established tumors.
In some cases, it's too late. Therefore, it's urgent to find one
method that could detect tumor markers generated by the body
or by the tumor tissue itself, rapidly and quantitatively for
cancer preliminary screening and risk evaluation.*® As one of
the most reliable and preferred tumor markers, CEA has most
typically been used to predict the potential for patients having
mammary gland, lung, or colorectal cancer, with a CEA level
above 5 ng mL™" for tumor existence in the abovementioned
organs.®” So far, although several methods have been used for
detecting CEA, such as  electrochemiluminescence
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immunoassay,® enzyme-linked immunosorbent assay (ELISA),®
photoelectrochemical immunoassay® and radioimmuno-
assay,"" the fairly high required time or costs limit their further
application to some extent.”” As a preferred alternative, elec-
trochemical immunosensors have been widely used for testing
CEA and some other tumor markers due to their high efficiency,
low cost and miniaturized operating equipment.”**® As an
important type of electrochemical immunosensor, label-free
electrochemical immunosensors have a big advantage over
labeled (sandwich-type) electrochemical immunosensors
because of their simpler architecture.”””*®* Compared with
labeled immunosensors, label-free electrochemical immuno-
sensors don't require a complicated labeling process. In other
words, label-free electrochemical immunosensors could
directly monitor the binding process of antibody-antigen
interaction by amperometric measurements or electrochemical
impedance spectroscopy without the involvement of secondary
antibodies.***#*° Therefore, more and more attention has been
paid to the application of label-free electrochemical immuno-
sensors in the field of tumor marker detection.?*>* In addition,
the detection principle of the electrochemical immunosensor is
specific binding of antibodies (Ab) and antigens (Ag), ensuring
a fairly high specificity.*
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To make the designed electrochemical immunosensor with
a satisfactory detection limit and high sensitivity, it is critical
to explore optimal electrode materials that can not only
accelerate charge transfer on the surface of the electrode but
also can provide a high specific surface area to anchor more
antibodies. To date, noble metal nanomaterials, such as gold
nanorods,* palladium nanocubes® and silver nanoparticles,>
were commonly used for electrode materials because of their
favourable electrical conductivity and biocompatibility,
among which silver nanomaterials were the most commonly
used, owing to their relatively low price for raw materials and
comparable conductivity. Unfortunately, silver nanomaterials
are apt to agglomerate and very easily denaturate when
exposed to moist air.>®* To address this dilemma, functional
shells were usually constructed to protect the metal cores from
agglomeration, as well as to improve their sensitivity for the
detection of substances.>””® As a promising candidate, carbon
coating is of great research significance. On the one hand, the
as-formed carbon coating could enhance the electrical
conductivity through the cooperative effects with inner metal
cores. On the other hand, the carbon shell is to a great extent
the security umbrella of its inner silver NPs.”® Moreover, the
hydrophilic hydroxyl groups on the carbon shell could signif-
icantly promote the composite's water solubility and
biocompatibility.>

Herein, a three dimensional (3D) frogspawn-like structure
core-shell nanocarbon coated silver nanosphere (Ag@C NFS)
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was directly constructed by a one-pot solvothermal method with
the assistance of hexadecyl trimethyl ammonium bromide
(CTAB) and utilized to capture anti-CEA (Ab) for the construc-
tion of a label-free electrochemical immunosensor for CEA
detection, as shown in Scheme 1. For comparison, nanocarbon
coated silver nanocables (Ag@C NCs) were synthesized and
used to fabricate a label-free electrochemical immunosensor for
CEA detection as well. It was found that the Ag@C NFSs
demonstrated obviously better electrochemical properties and
higher Ab loading capacity than Ag@C NCs, which was likely
ascribed to the larger surface area, better biocompatibility,
faster electron transfer as a result of different structures
between Ag@C NFSs and Ag@C NCs and the synergistic effect of
silver and nanocarbon. As expected, the obtained label-free
immunosensor performed well in the detection of CEA in
terms of sensitivity, selectivity, reproducibility and stability,
indicating great potential for the quantitative detection of other
tumor markers.

2. Materials and methods

2.1. Reagents and materials

Ascorbic acid (AA), CTAB, glycerol, sulfuric acid (H,SO,),
sodium phosphate monobasic dihydrate (NaH,PO,-2H,0),
phosphate buffered solution (PBS) and sodium phosphate
dibasic dodecahydrate (Na,HPO,-12H,0) were purchased from

Aladdin Reagents Company (Shanghai, China).
O
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Scheme 1 Schematic illustration of (A) the preparation of Ag@C NFSs and (B) the fabrication of the Ag@C NFS-based electrochemical

immunosensor for CEA detection.
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Polyvinylpyrrolidone K30 (PVP K30), silver nitrate (AgNO;),
gamma alumina powder, potassium ferrocyanide trihydrate
(K4Fe(CN)s-3H,0), potassium ferrocyanide (KzFe(CN)y), and
potassium chloride (KCl) were gained from Sinopharm Chem-
ical Reagent Company (Shanghai, China). CEA antibody, CEA,
PSA, human IgG, AFP and bovine serum albumin (BSA) were
provided by Shanghai Linc-Bio Science Co. Ltd. All the reagents
used in the experiments were of analytical grade and used as
received. Double distilled water was provided by automatic
double pure water distillation equipment (Shanghai Yarong
Biochemical Instrument Factory) for the preparation of all
aqueous solutions.

2.2. Apparatus

All electrochemical performance parameters are tested on an
Autolab PGSTAT 100 potentiostat/galvanostat (Shanghai Nano
Industrial Co., Ltd, China). A three electrode system with
a platinum wire electrode as the counter electrode, a saturated
calomel electrode (Hg/Hg,Cl,) as the reference electrode and
a glassy carbon electrode (GCE) as the working electrode was
used. The water contact angle was measured using the contact
angle system OCA (Beijing Eastern-Dataphy Instruments Co.,
Ltd, China). Scanning electron microscopy (SEM) images and
energy dispersive spectroscopy (EDS) spectra were obtained
using a field emission SEM (Zeiss, Germany). Transmission
electron microscopy (TEM) images were recorded using a JEOL
JEM 2100F transmission electron microscope (TEM). X-ray
powder diffraction (XRD) was tested using a Rigaku Ultima IV

500 nm
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X-ray diffractometer from 5° to 80°. Fourier transform infrared
(FT-IR) spectra were measured on a Nicolet 380 FT-IR spectro-
photometer. Ultraviolet-visible absorption spectra were recor-
ded on a UV-1900 spectrophotometer (Shimadzu, Japan). The
hydrodynamic diameter was measured using a NanoBrook
90Plus Particle Size Analyzer.

2.3. Preparation of frogspawn-like Ag@C NFSs

The Ag@C NFSs were synthesized by a one-pot hydrothermal
method.”* Briefly, 0.0849 g AgNO; and 0.0546 g CTAB were
completely dissolved in 30 mL double-distilled water with the
assistance of magnetic stirring and ultrasonication. Then, the
solution mixture was mixed with 10 mL of 0.03522 g mL " AA
solution under sonication to obtain a homogeneous solution.
Afterward, the final solution mixture was transferred to a 50 mL
Teflon-lined autoclave and then maintained at 160 °C for 24 h
after being well sealed. When the autoclave cooled to room
temperature naturally, the resulting brown products were
collected through centrifugation, washed with distilled water
three times, and finally placed in a freeze-dryer for 6 h to remove
all residual moisture.

2.4. Preparation of Ag@C NCs

The Ag@C NCs were prepared with the mediation of H,SO,
according to the previously reported procedure.** Typically,
0.0015 mol of glycerol and 0.015 mol of AgNO; were dissolved in
30 mL of 2 mol L™ H,SO, solution in sequence. After being
stirred evenly, the mixed solution was redirected to a 50 mL

Fig. 1 SEM images of (A) Ag@C NFSs and (C) AgQC NCs and TEM images of (B) Ag@C NFSs and (D) Ag@C NCs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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autoclave and reacted at 180 °C for 12 h in an oven to produce
the preferred Ag@C NCs.

2.5. Construction of the Ag@C NFS-based label-free
electrochemical immunosensor

The whole construction process of the electrochemical immu-
nosensor using Ag@C NFSs as an Ab capturer is clearly
demonstrated in Scheme 1. First, a bare GCE was polished with
alumina slurry with different diameters, and then ultrasonically
rinsed with deionized water to achieve a mirrored surface.
Then, 6 uL of 3.5 mg mL~" Ag@C NFS containing aqueous
solution was dropped on the pregrinded GCE and spontane-
ously dried in an incubator at 37 °C, followed by incubation
with 5 uL of 5 pg mL~* Ab. Afterwards, Ab was immobilized onto
the Ag@C NFS modified GCE by the Ag-N bond. Subsequently, 3
uL of 1% BSA solution was pipetted onto the Ab captured
electrode so as to seal the potential nonspecific active sites.
Finally, the obtained electrode was covered with 6 pL CEA at
different concentrations and then stored in a refrigerator at 4 °C
for the following detection.

3. Results and discussion

3.1. Characterization of the synthesized Ag@C NFSs and
Ag@C NCs

The morphology and structure of the obtained Ag@C NFSs and
Ag@C NCs were characterized by both SEM and TEM (Fig. 1). As
shown in Fig. 1A and B, the obtained Ag@C nanomaterials were
of frogspawn-like structure in which the silver nanosphere
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acted as a core and nanocarbon with a nearly uniform thickness
of about 60 nm as the shell. From Fig. 1C and D, it could be seen
that the silver NCs were well wrapped with the carbon nano-
coating with a similar diameter, quite smooth surface and
straight morphologic structure. The elemental mapping images
clearly show the elemental distribution of Ag and C in the
structures of both Ag@C NFSs (Fig. 2A-C) and Ag@C NCs
(Fig. 2D-F), verifying their successful synthesis.

In order to determine the actual size of the obtained Ag@C
NFSs in the aqueous solution, dynamic light scattering (DLS)
was selected to measure the hydrodynamic diameter of Ag@C
NFSs. As shown in Fig. 3A, the hydrodynamic diameter was
~225 nm, in good accordance with that recorded by SEM and
TEM. In addition, XRD was used to know more about the
crystalline structure of Ag@C NFSs. The main Bragg peaks
shown in Fig. 3B could completely match the standard face-
centered cubic crystal of Ag (PDF card JCPDS no. 87-0597).
The atomic ratio of Ag to C within Ag@C NFSs was measured to
be 26.89 and 69.41, respectively, by EDS (Fig. 3C). According to
the FT-IR spectrum of Ag@C NFSs (Fig. 3D), the wavelengths at
1647, 1773 and 2900 cm ™~ belonged to the vibrations of C=C,
C=0 and C-H groups, respectively.”®*' The absorption bands in
the range of 3300 cm ™" to 3500 cm ™" were attributed to the O-H
stretching vibration.*” The form of carbon in Ag@C NFSs was
further investigated using Raman spectroscopy. As shown in
Fig. 3E, two characteristic peaks located at 1356 cm™" and
1584 cm ™! could be easily seen that corresponded to the D band
and G band, respectively, indicative of two forms of carbon
existing within Ag@C NFSs: the disordered amorphous carbon
and the crystalline graphite carbon.*® Here, the prominent G

Fig.2 SEM images of (A) Ag@C NFSs and (D) Ag@C NCs and energy-dispersive X-ray mapping images of Ag and C in (B and C) Ag@C NFSs and (E

and F) Ag@aC NCs.

16342 | RSC Adv, 2021, 11, 16339-16350

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00910a

Open Access Article. Published on 04 May 2021. Downloaded on 3/22/2026 6:27:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
Ae B e O P
K “a fan we fim
oK A% Lo - tam
154 — A4000- “:: :: tan ':::. tan
- 3 = 3
3 = ]
< & = |
§10 2 §,3°°°
£ 2 @
S s 32000-
z 5 £ :
10004
o D R N R I b
100 200 300 400 S00 600 10 20 30 40 S0 60 70 80 *0 ; i’ 3 z é :
Size (d. nm) 26 (degree) Energy (keV)
D E F T ——AQGC NFSs
1584 —AGBC NCs
-~ —
2 \ .\\‘ _ /\ 3
IR T 3 V| 3
e \if I L | s / s
g|! [ ||/ cn | ' \ | \ b1
2[\od/ ¥ W\ % / :
=] \oH/ ' \
E L’{:«m i "‘J - g \ £
2 | 300 = °
[ - o
=] 2
= <

3500 3000 2500 2000 1500 1000 500 500 1000

Wavenumber (cm”)

Fig.3

1500
Raman shift (cm”)

2000 2500 400 500 600 700

Wavelength (nm)

300

(A) Hydrodynamic diameter of Ag@C NFSs. (B) XRD pattern of Ag@C NFSs. (C) The EDS of Ag@C NFSs. (D) FT-IR spectra of Ag@C NFSs. (E)

Raman spectrum of Ag@C NFSs. (F) UV-vis absorbance spectra of Ag@C NFSs and Ag@C NCs.

band means that the as-formed carbon shell was mainly
composed of highly graphitized ordered carbon, which
contributes to the fast electron transfer over the electrode.
Through the ultraviolet absorption spectrum, it could be clearly
seen that the absorption of Ag@C NCs happened at 420 nm,
while the absorption of Ag@C NFSs happened at 351 nm and
388 nm. The observations were consistent with the respective
characteristic UV-vis absorption peaks previously reported.***

3.2. The electrochemical behaviors of the Ag@C NFS
modified electrode

Both the electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) behaviours of the Ag@C NFS modified
electrode (Ag@C NFSs/GCE) were examined by comparison with
that of the Ag@C NC modified GCE (Ag@C NCs/GCE). As
depicted in Fig. 4A and B, Ag@C NFSs as a substrate material
exhibited obviously better electrochemical performances
through showing a smaller circle diameter of EIS and higher CV
peak current than Ag@C NCs, which might be because of the
significant difference in their morphology and structure. The
frogspawn-like structure endowed Ag@C NFSs with a larger
surface area and different crystal structure from Ag@C NCs,
which likely contributed to the improved electrochemical
behaviours of Ag@C NFSs/GCE. Additionally, a slight peak
potential shift was observed after electrode modifications. The
possible reason might be ascribed to the formation of different
double electric layers on the electrode surfaces modified with
different materials which might cause different over-potential
of the electrochemical reaction.

© 2021 The Author(s). Published by the Royal Society of Chemistry

In addition, the relationship between peak currents and
different scan rates was systematically studied to determine the
electroactive surface area of Ag@C NFSs/GCE, as shown in
Fig. 4C. Obviously, the redox peak currents (I) were proportional
to the square root of scan rates (v"/?) in the range of scan rate
from 50 mV s~ * to 290 mV s~ *. The regression equations of both
anodic (Ip,) and cathodic (I,.) peaks were I,,, = 199.09v"/* + 25.13
and I,. = —174.46v""> — 30.35, respectively, indicating that the
redox reaction was controlled by diffusion.*® Generally, the
electro-active surface area of the modified electrode can be
calculated according to the Randles-Sevcik equation I = 2.69 x
1054 x DYn?y'2C ¢ where n is the number of electrons
transferred in the redox reaction (n = 1), A is the electrode
electrochemical active area, D is the diffusion coefficient (6.70
x 10~%em® s~ %, 25 °C), C is the concentration of the reactant (5
x 107 mol L™ Fe(CN)s>/*7), v is the scan rate (V s~ *) and I is
the peak current (nA) of the CV measurement. Here, the electro-
active surface area of Ag@C NFSs/GCE was calculated to be
0.0827 cm®, 1.17 times higher than the initial surface area of the
bare GCE (d = 3 mm, 0.0707 cm?), suggesting that Ag@C NFSs
would greatly enlarge the surface area of the modified electrode,
leading to remarkably accelerated electron transfer on the
electrode surface. Moreover, the electron transfer rate constant
(ks) was also used to investigate the electrical conductivity of the
Ag@C NFS modified electrode. Fig. 4D shows the relationship
between peak potentials (Ep, and Ej.) and denary logarithm of
scan rate (lg »), where both E,, and E,. were linearly related to
lg v with two linear regression equations for the redox peaks
achieved as follows: E,, = 0.99721gv + 0.4493 and E,. =

RSC Adv, 2021, 11, 16339-16350 | 16343


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00910a

Open Access Article. Published on 04 May 2021. Downloaded on 3/22/2026 6:27:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

1000
® GCE
* AQ@C NFSS/GCE
A Ag@C NCs/GCE
8004
600- .
= Ae
(= &t
£ 400- - » e . “ e
h.‘ - .. Y -
Saaba, . 0 .
T ......A‘ L) -
ML
0 500 1000 1500
Z'(Q)
C 160
1204 1 200 mV/s
80
§ 404
£ 0]
£
3 -40 .‘
-804
120+
-160 . -

02 04 06

Potential (V)

0.8

Fig. 4

rate on the electrochemical responses of Ag@C NFSs/GCE in 5 mM [Fe(CN)

View Article Online

Paper

——GCE
—— AQ@C NFSS/GCE
—— AQ@C NCs/GCE

1504

1004

W,
o
i

Current (pA)
v

-150 v
-0.2

02 04 06 08
Potential (V)

0.0

D 0.404{—E.

—-—L

E_=0.0972Igv + 0.4493
R =0.994

E_=-0.0795 igv + 0.0357

\\—R.;oi_\

T

-0.6

10 -08
Igv (V/s)

1.2

(A) EIS and (B) CV curves of bare GCE, AgQC NFSs/GCE and Ag@C NCs/GCE recorded under the same conditions. (C) Influence of scan

6137/~ in the scanning potential range of —0.2 to 0.6 V. Scan rates

were set at 50, 80, 110, 140, 170, 200, 230, 260 and 290 mV s~ (from a to i), respectively (inset: linear relationship of Ipa (black line) and /¢ (red
line) versus v'/2). (D) The relationship between peak potentials (Epc and Ep,) and Ig v.
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where k, and k. are the slopes of E,, versus 1g v and E,. versus
lg v, respectively, « is the charge-transfer coefficient, R is
Faraday constant, n is the apparent number of electrons
transferred, v is the scan rate, T'is room temperature and AE,, is
the potential difference of the redox peaks. The final value of k;
was estimated to be 1.07 s~*, much higher than that (0.584 s~")
of the previously reported silver nanowire-polyaniline nano-
composite based electrochemical sensor, further verifying the
greatly improved electron transfer behavior of Ag@C NFSs/
GCE.*

3.3. Biocompatibility of Ag@C NFSs

The biocompatibility of Ag@C NFSs plays a crucial role in the
construction of the electrochemical immunosensor, so the
hydrophilicity, cytotoxicity and stability of the obtained

16344 | RSC Adv, 2021, 11, 16339-16350

nanocomposites were investigated to assess the biocompati-
bility. Fig. 5A and B show the contact angles of Ag@C NFSs and
Ag@C NCs before and after the immobilization of Ab. Cleary,
the contact angle of Ag@C NFSs was about 32° lower than that
of Ag@C NCs, revealing the obviously better hydrophilicity of
Ag@C NFSs. After the incubation with Ab, the contact angle of
Ag®@C NFSs greatly decreased to ~15°, while the Ag@C NCs still
showed a contact angle as high as 54°, further verifying the
excellent hydrophilicity of Ag@C NFSs favorable for immobi-
lizing biomolecules. Moreover, the cytotoxicities of both Ag@C
NFSs and Ag@C NCs were carefully examined using cancer
cells, 4T1 cells (Fig. 5D). After the incubation of 4T1 cells with
the Ag@C NFS and Ag@C NC suspensions at various concen-
trations (12.5, 25, 50, 100, and 200 pg mL ") for 24 h, the cell
viability was measured to be above 90% for Ag@C NFSs by the
Cell Counting Kit-8 (CCK-8) method within the set concentra-
tion range of Ag@C NFSs, suggesting no obvious cytotoxicity of
the Ag@C NFSs toward 4T1 cells, while the Ag@C NCs
demonstrated relatively poor biocompatibility (Fig. 5E). More-
over, the remarkable stability of Ag@C NFSs against the tested
media was observed. As shown in Fig. 5C and F, Ag@C NFSs
exhibited excellent dispersity in aqueous solution as no sedi-
mentation was seen after standing for 30 min, while obvious

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stratification was observed in the Ag@C NC aqueous solution.
All the results clearly confirmed the favorable biocompatibility
of the obtained Ag@C NFSs preffered for the fabrication of the
immunosensor. Thereby, the Ag@C NFSs were selected to
fabricate the subsequent electrochemical immunosensing
platform for CEA detection.

3.4. Fabrication of the Ag@C NFS-based immunosensor

CV was commonly adopted to investigate the electrode interface
properties of the immunosensor during the preparation
process. Fig. 6A illustrates the CV plots during the preparation

of the Ag@C NFS-based immunosensors. Compared with the
bare GCE the modification of Ag@C NFSs greatly improved the
current response signal of the electrode; this might benefit from
the unique 3D frogspawn-like structure of the Ag@C nano-
composite with a large conductive specific area and the syner-
gistic effect of silver cores and graphite carbon. Although the
successive immobilization of Ab, BSA and CEA weakened the
current of the modified electrode due to the introduction of
non-conductive protein molecules blocking the electron-
transfer process of the probe, the current was still high
enough for the following CEA detection. On the other hand, the
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(A) CV curves and (B) Nyquist diagram of AC impedance of bare GCE, Ag@aC NFSs/GCE, Ab/Ag@C NFSs/GCE, BSA/Ab/Ag@C NFSs/GCE,

and CEA/BSA/Ab/Ag@C NFSs/GCE by using 5.0 mM [Fe(CN)gl* 7~ as an electrochemical indicator, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Simulation parameters of the equivalent circuit components

Electrode R (Q) R (Q) Cal Zw

GCE 54.8 1030 1.2676 x 107° 0.001416
Ag@C NFSs/GCE 11.3 669 2.6506 x 10°° 0.001083
Ab1/Ag@C NFSs/GCE 51.3 903 1.4113 x 10°° 0.001562
BSA/Ab1/Ag@C NFSs/GCE 70.3 1360 2.6766 x 10°° 0.001038
CEA/BSA/Ab1/Ag@C NFSs/GCE 45.7 1790 1.9889 x 10°° 0.001349

results confirm the successful construction of the Ag@C NFS-
based immunosensors to detect CEA.

Meanwhile, the Nyquist diagram of AC impedance spec-
troscopy was also used to confirm the stepwise modification
process of the Ag@C NFS-based immunosensor (Fig. 6B). In
general, the Nyquist diagram is made of a linear portion and
semicircular portion which correspond to the diffusion process
and the electron transfer resistance (R.), respectively. As seen in
Fig. 6B, the bare GCE showed a very small semicircle, while the
semicircle diameter clearly decreased when the Ag@C NFSs
were dropped onto the spotless GCE surface by virtue of the
good electron transfer behavior of Ag@C NFSs. Subsequently,
the semicircle domain was increased in sequence with the
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successive modification of Ab and BSA, indicating the success-
ful immobilization of non-conductive biomolecules onto the
electrode. The largest semicircle diameter appeared after the
incubation of CEA with the above modified electrode, revealing
the successful specific recognition between Ab and CEA. The
model of the Randles equivalent circuit, which consists of the
resistance of solution (Ry), the charge-transfer resistance (R.),
the Warburg impedance (W), and the double layer capacitance
(CPE), was fitted as shown in Fig. 6B (inset). Moreover, the
corresponding values of stepwise modification were simulated
with the aid of ZSimpwin software and are listed in Table 1.
Obviously, the variation rule of R, was consistent with the
changes of the semicircle domain, indicative of the effective
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Fig. 7 Effects of (A) the incubation time, (B) incubation temperature, (C) pH of PBS and (D) Ag@C NFS concentration on the current response of
the Ag@C NFS-based immunosensor. Error bar refers to the relative standard deviation (RSD, n = 3).
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fabrication of the proposed Ag@C NFS-based electrochemical
immunosensor for CEA detection.

3.5. Optimization of the experimental conditions

The optimum working condition of the immunosensor is
crucial to sensitive CEA detection. Thus, the experimental
conditions of the Ag@C NFS-based immunosensor were opti-
mized by differential pulse voltammetry (DPV), including the
incubation time and temperature of CEA with Ab, the pH of PBS
and the concentrations of Ag@C NFSs. The effect of incubation
time of Ab with CEA on the electrochemical performance of the
Ag@C NFS-based immunosensor was first studied. Fig. 7A
shows that the peak current of the prepared immunosensor
increased with the time increasing from 10 to 30 min and went
down after 30 min. Thus, 30 min was selected as the optimal
incubation time between Ab and Ag. In the optimum incubation
period, the optimum incubation temperature was investigated
in the range of 20-50 °C (Fig. 7B). Clearly the highest peak
current appeared at 37 °C, preferred for the specific interaction
between Ab and Ag. A temperature lower or higher than 37 °C
was not good to maintain the biological activity of protein
molecules. Therefore, the optimal incubation temperature was
set at 37 °C for the interaction between Ab and Ag. In addition,
the acidity of aqueous buffer influences the biological activity of
protein molecules as well,* so the effect of pH on the current
response of the Ag@C NFS-based immunosensor toward CEA
was also optimized. As demonstrated in Fig. 7C, within the pH
range of 6.4-8.0 in PBS solution, the current signal increased
with pH increasing until 7.2 and irreversibly dropped after-
wards as the alkalinity increased constantly. The maximum
signal response showed up at pH 7.2 which was very close to the
physiological pH of the human body, favorable for the binding
interaction. Therefore, the PBS solution at pH 7.2 was chosen as
the detection medium of CEA. Ag@C NFSs are another unne-
glectable important factor and majorly contributed to the
immunosensing performance of the prepared immunosensor,
so the concentration of Ag@C NFSs ranging from 1 mg mL™" to
3.5 mg mL~"' was optimized to receive the best response signal

A —— blank control
100+ —— 10" ng/ml
——10" ng/ml
80+ ——107 ng/ml
——10" ng/ml
< 604 —10° ng/ml
< ——10" ng/ml
s ——10% ng/ml
£ 40-
=
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Potential (V)

Fig. 8
chemical immunosensor. Error bar = RSD (n = 3).
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to CEA detection. As shown in Fig. 7D, when the Ag@C NFS
concentration increased, the response current went up
dramatically and reached the highest at 3.5 mg mL™", but went
down with the concentration exceeding 3.5 mg mL™'. The
increase of Ag@C NFS concentration not only improved the
electrode conductivity but also boosted the affinity binding
between Ab and Ag;*”*° however, when too many Ag@C NFSs
were dropped on the electrode surface, the composite layer was
too thick to facilitate electron transfer and efficient specific
interaction between Ab and CEA. Hence, 3.5 mg mL ™" was used
as the most appropriate concentration of Ag@C NFS to fabricate
the immunosensor.

3.6. Analytical performance of the Ag@C NFS-based
immunosensor

In order to assess the detection performance of the as-prepared
immunosensor, a series of different CEA concentrations were
detected using the Ag@C NFS-based immunosensor by DPV
under the optimal experimental conditions. Fig. 8A shows the
DPV curves for the detection of CEA at concentrations ranging
from 0.1 pg mL ™" to 100 ng mL ™", where the current signal was
found to decrease gradually with the increase of the CEA
concentration. The linear equation of the Ag@C NFS-based
immunosensor toward CEA detection was y = —6.6743 1g ¢ +
66.9988 (R* = 0.996 with the limit of detection (LOD) calculated
to be 5.12 pg mL ™" (signal to noise ratio = 3), much lower than
many existing ones). Given its wide linear range and low LOD, it
is of great potential to detect CEA in the early clinical diagnosis
of tumors. Upon comparison with some previously reported
noble metal-based CEA immunoassays (Table 2), the proposed
Ag@C NFS-based electrochemical immunosensor exhibited
a significantly lower LOD and superior sensitivity for the
detection of CEA.

3.7. Selectivity, reproducibility and stability

In order to assess the reproducibility of the immunosensor, five
immunosensors were constructed to detect 10 ng mL ™" CEA. As
shown in Fig. 94, the current responses of the five replicative

B100

y = -6.6743 Log C + 66.9988
R?=0.996
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(A) DPVs and (B) calibration curve obtained by detecting CEA at different concentrations with the proposed Ag@C NFS-based electro-
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Table 2 Comparison of the analytical performance of the proposed Ag@C NFS-based electrochemical immunosensor with other existing
immunosensors for the detection of CEA®

Immunosensor Line range (ng mL ") LOD (ng mL ™) Reference
Au-TiO, film 0.2-160 0.06 41
2-C3Ny NS 0.1-150 0.06 42
rGO 0.1-5 0.05 43
Au NPs-MWCNTSs 0.4-125 0.09 44
GO/MWCNTs-COOH/Au@CeO, 0.05-100 0.02 45
NCMTs@Fe;0,@Cu silicate 0.03-6 0.00538 46
Fe;0,@Au NPs 0.001-100 0.01 19
Au@CeBig 405 5 0.01-100 0.00012 47
Au-PB 0.005-50 0.0033 48
Pt NPs@rGO@PS NSs 0.05-70 0.01 49
AuNPs/PB-PEDOT 0.05-40 0.01 50
Silicon nanoribbon 0.01-100 0.01 51
BSA-NC-rGO 0.01-200 0.067 52
Ag@C NFSs 0.0001-100 0.00512 This work

% NS: nanosheet; MWCNTs: multi walled carbon nanotubes; NCMTs: nitrogen-doped magnetic carbon microtubes; PB: Prussian blue; PS NSs:
polystyrene nanospheres; NC: nitidine chloride.

immunosensors were basically the same and the RSD was less ng mL™ ' CEA, the current fluctuation was less than 5% within
than 5%, exhibiting the good reproducibility of the proposed the successive CV scans of 30 cycles, proving that the proposed
immunosensor. In addition, the stability also affects the Ag@C NFS-based immunosensor had an acceptable short-term
detection performance of the immunosensor. As shown in stability. Additionally, the long-term storage stability of the
Fig. 9B and C, after the immunosensor was incubated with 0.01 Ag@C NFS-based immunosensor was further investigated after
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Fig. 9 (A) Reproducibility and (B—C) short-term and (D) long-term stabilities of the proposed Ag@C NFS-based immunosensors. (E) Influence of
various interfering proteins on the current responses of the proposed immunosensor toward CEA. (Groups 1-5 refer to 10 ng mL~* CEA, 10 ng
mL~! CEA + 10 ng mL™* BSA, 10 ng mL~* CEA + 10 ng mL~t AFP, 10 ng mL™* CEA + 10 ng mL™* IgG and 10 ng mL™* CEA + 10 ng mL™* PSA,
respectively.) Error bar = RSD (n = 3). (F) The original CEA levels in blood samples from four cancerous patients detected with the proposed Ag@C
NFS-based immunosensors.
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Table 3 Human serum sample analysis using the proposed method and the radionuclide method

The addition
content (ng mL ")

Content of CEA in
the serum (ng mL ")

The detection
content (ng mL ")

Radionuclide

method (ng mL™) Recovery (%)

Patient I — 5.36
2.5 8.12
5 10.28
10 14.69
Patient II — 11.36
2.5 13.96
5 16.48
10 22.31
Patient IIT — 10.76
2.5 13.49
5 15.93
10 20.68
Patient IV — 15.21
2.5 17.69
5 20.21
10 25.18

storage at 4 °C. As demonstrated in Fig. 9D, the current still
retained 86.6% after 10 days, indicative of a desirable long-term
storage stability. At the same time, the selectivity of the
immunosensor is vital to detect the target marker accurately. To
probe into the selectivity of the proposed immunosensor toward
the detection of 10 ng mL ™" CEA, five interferences of BAS, AFP,
IgG and PSA at 10 ng mL ™' were chosen as co-existing inter-
ferents. Among the five groups, group 1 was CEA only at 10 ng
mL~", and the other four groups were 10 ng mL ™' CEA con-
taining 10 ng mL~" interferences, respectively. Fig. 9E shows
that the current signal of the proposed immunosensor was not
obviously interfered proteins, revealing that the Ag@C NFS-
based immunosensor possessed an admirable specificity for
CEA detection.

3.8. Real sample analysis

Given its brilliant performance, the newly proposed Ag@C NFS-
based immunosensor was used to determine the CEA level in
cancerous human serum samples in order to explore its prac-
tical application. Here, four blood samples from four cancer
patients (I-IV) were detected as shown in Fig. 9F. Obviously, the
detected CEA levels in the blood samples from these four
patients were much higher than the normal values and in good
accordance with that measured by radionuclide methods, as
illustrated in Table 3. Additionally, the standard addition
method was also used to evaluate the practicability of the
proposed immunosensor. Three CEA concentrations of 2.5, 5
and 10 ng mL™' were added in the four serum samples,
respectively with a recovery rate over 90% and up to 109.2%.
These results are further proof of the superb practical feasibility
of the label-free immunosensor using the Ag@C NFSs as an
electrochemical immunosensing platform.

4. Conclusion

In summary, a convenient and effective label-free immuno-
sensor was established for the detection of CEA in clinical

© 2021 The Author(s). Published by the Royal Society of Chemistry

5.41 —

samples with the newly prepared frogspawn-like Ag@C nano-
composites prepared by the one-pot reaction of AgNO;, CTAB
and AA. Compared with the prepared Ag@C NCs, the as-
prepared Ag@C NFSs exhibited a larger surface area, faster
electron transfer rate and better biocompatibility owing to the
different crystal structure and synergistic effect of silver and
nanocarbon, which is preferred for the fabrication of electro-
chemical immunosensors. Using the Ag@C NFSs to capture
anti-CEA, the resultant immunosensing platform demonstrated
excellent analytical performance for CEA detection in a wide
CEA concentration range with a fairly low LOD. With high
reproducibility, good stability and preferable interference
immunity, the CEA levels in four blood samples from four
cancer patients were accurately determined with the proposed
method which were highly consistent with that obtained by the
radionuclide method, implying its great potential in practical
application for early clinical cancer diagnosis. Overall, this
simple label-free immunosensor may be considered as a prom-
ising alternative to detect other biomarkers in early clinical
diagnosis.
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