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of NbS2 nanoflakes on carbon
fibers by atomic layer deposition for ultrasensitive
cardiac troponin I detection†

Yazhou Huang, *a Yunfei Zhang,a Junyan Lv,a Yinfeng Shao,a Dongfang Yangb

and Yuan Congc

The sensitive detection of cardiac troponin I (cTnI) is of great significance for the early diagnosis of acute

myocardial infarction (AMI). Herein, in order to fabricate an electrochemical biosensor for ultrasensitive

cTnI detection, atomic layer deposition (ALD) was employed to directly deposit NbS2 nanoflakes (NFs) on

carbon fiber paper (CFP). Due to the self-limiting reaction of ALD, NbS2NFs were deposited uniformly

and accurately on the surface of carbon fibers by controlling the number of ALD cycles, which ensured

ultrasensitive detection. Precise regulation of the nanoscale morphology and electrochemical

performance of NbS2 nanoflakes via ALD cycles was observed in depth. Owing to the high surface area

and conductivity, an anodic/cathodic current of ∼3.01 mA of NbS2NFs/CFP can be obtained.

Subsequently, an electrochemical biosensor based on the excellent performance of NbS2NFs/CFP was

fabricated. The ultrasensitive detection of cTnI in a linear range of 1 fM to 0.1 nM with a detection limit

of 0.32 fM was achieved.
1. Introduction

Acute myocardial infarction (AMI) with high mortality and
morbidity is an extremely time-sensitive disease.1–3 Cardiac
troponin I (cTnI) has been proved to be a typical biomarker of
AMI owing to its superior sensitivity and specicity for
myocardial damage.4 Therefore, the sensitive detection of cTnI
is of great signicance in the early diagnosis of AMI. Among
many cTnI detection methods such as enzyme-linked immu-
nosorbent assay (ELISA),5,6 eld-effect transistor-based biosen-
sors,7 uorescence,8 electrochemiluminescence (ECL),9

radioimmunoassay (RIA)10 and surface plasmon resonance
(SPR) biosensors,11 electrochemical (EC) detection is one of the
most promising choices owing to the high sensitivity and low
background noise.12–17 As it should be, the high sensitivity of
electrochemical detection highly depends on the surface
material on the working electrode and its manufacturing
method.

Two-dimensional (2D) transition metal dichalcogenide
(TMDC) materials18 have promising prospects in detecting
ology, Nanjing 211167, People's Republic
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biological molecules including miRNA,19–22 protein23 and
others,24–27 because of their excellent stability, biological
affinity, and large surface area. However, there are obvious
problems for traditional 2D TMDCs such as MoS2,28 WS2 (ref.
29) and ReS2.30 Firstly, the detection response current of the
electrode is insufficient owing to their poor conductivity from
the semiconductor structures. In order to improve the response
current, they are oen mixed with other high conductivity
materials, such as graphene,31 MXenes,21 etc.,32 which leads to
a decrease in the detection accuracy and stability. In addition,
due to the 2D structure, conventional modication methods
that physically adsorb materials on the electrode surface by van
der Waals force, such as drop coating,33,34 chemical vapor
deposition (CVD)35,36 and hydrothermal,37,38 easily lead to the
agglomeration of materials on the electrode surface rather than
uniform distribution. More seriously, the agglomerations
induce additional impedance and make the material easy to fall
off from the electrode surface during the detection process,
which destroy the detection accuracy and stability of the elec-
trode. Therefore, it is necessary to nd a new material and
manufacturing method to promote 2D TMDCs in detecting
biomolecules.

Hence, NbS2, a new type of 2D TMDC, is paid attention to. It
not only has the advantages of traditional 2D TMDCs, including
stability, biological affinity and a large surface area, but also has
the high conductivity of metal owing to its zero band gap
structure, which makes it an ideal material to build an elec-
trochemical detection platform.39,40 In addition, the develop-
ment of atomic layer deposition (ALD) technology makes it
© 2023 The Author(s). Published by the Royal Society of Chemistry
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possible to manufacture 2D material sensing electrodes.41,42

Thanks to self-limiting chemical reactions, ALD can accurately
control the deposition process and avoid the agglomeration of
materials on the surface of the electrode.43–46 Therefore, it is
timely and meaningful that employing ALD to manufacture
a NbS2 sensing electrode for ultrasensitive cTnI detection.

In this work, ALD was employed to directly and precisely
deposit NbS2 nanoakes (NFs) on carbon ber paper (CFP) to
fabricate an electrochemical biosensor for ultrasensitive cTnI
detection. Precise regulation of the nanoscale morphology and
electrochemical performance of NbS2NFs via ALD cycles was
observed. Then, the structure, mechanism and sensitivity of the
biosensor were observed by various means.

2. Experimental
2.1. Materials

Carbon ber paper (CFP, TGP-H-60) was purchased from Toray.
Potassium chloride (KCl, 99.5%) and potassium
hexacyanoferrate-II trihydrate (K4[Fe(CN)6]$3H2O, 99.5%) were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Niobium chloride (NbCl5, 99.8%), hydrogen
tetrachloroaurate trihydrate (HAuCl4$3H2O, 99.9%) and potas-
sium hexacyanoferrate-III (K3[Fe(CN)6], 99.5%) were purchased
from Aladdin (Shanghai, China). Phosphate buffer solution
(PBS, pH 7.4) and 6-mercaptohexanol (MCH) were purchased
from Sigma Aldrich (Shanghai, China). Nitrogen (N2, 99.999%)
and hydrogen sulde (H2S, 99.5%) were purchased from Nanj-
ing Special Gas Co. Ltd Cardiac troponin I (cTnI), horseradish
peroxidase (HRP), myoglobin (MB), nucleolin (NCL), and thio-
lated cTnI aptamer (AcTnI): 5′-SH-(C)6-CGTGCAGTACGC-
CAACCTTTCTCATGCGCGCTGCCCCTCTTA-3′ were purchased
from Sangon Biotech Co., Ltd (Shanghai, China).
Fig. 1 Schematic showing the fabrication of the electrochemical biosen

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2. Fabrication of the electrochemical biosensor based on
ALD-constructed NbS2NFs/CFP

As shown in Fig. 1, NbS2 NFs were rstly deposited on the
surface of carbon ber paper (CFP, 0.25 cm2) by ALD. NbCl5 and
H2S were selected as Nb and S sources for ALD respectively. An
ALD cycle consists of four steps: feeding NbCl5 (0.5 s), purging
NbCl5 (10 s), feeding H2S (0.5 s), and purging H2S (10 s). The
corresponding two self-limiting reactions can be given as
follows.

ðAÞ Nb� SH*þNbCl5/Nb� S�NbCl*4 þHCl

(B) NbCl* + H2S / Nb–SH* + HCl + S

where * denotes the surface species. Due to the self-limiting
chemical reactions, the depositing process of NbS2NFs can be
accurately controlled by the number of ALD cycles. During the
ALD process, the reaction chamber and NbCl5 were kept at 430
and 130 °C respectively. In addition, the pressure of the reaction
chamber was controlled at 10 hPa, and 100 sccm of N2 was used
as the carrying and purging gas.

In order to assemble the cTnI aptamer (AcTnI) probe, Au
nanoparticles (AuNPs) were electrodeposited on NbS2NFs/CFP
in 20 mL electrolyte solution composed of 0.02 g HAuCl4$3H2-
O and 0.15 g KCl at a constant potential of −0.2 V for 200 s.
Then, 15 mL AcTnI probe (1 mM) solution was dripped and
assembled on the surface of NbS2NFs/CFP with AuNPs (named
AcTnI/Au/NbS2NFs/CFP). The unbound AuNPs were lled by 6-
mercaptohexanol (MCH) to avoid nonspecic adsorption,
through adding 15 mL MCH solution (1 mM) on AcTnI/Au/
NbS2NFs/CFP (named MCH/AcTnI/Au/NbS2NFs/CFP). Thus, the
sor and its detection of cTnI.

Nanoscale Adv., 2023, 5, 830–839 | 831
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sensing platform was built. Different concentrations of cTnI can
be captured by the AcTnI probe owing to the specic binding
(named cTnI/MCH/AcTnI/Au/NbS2NFs/CFP), and then detected
through the decrease of electrochemical current owing to the
steric hindrance effect.
2.3. Techniques

The morphology, chemical elements and crystal structures of
as-constructed NbS2NFs/CFP were observed by various means,
including atomic force microscopy (AFM, Dimension Icon,
Bruker), scanning electron microscopy (SEM, S-4800, Hitachi),
high resolution transmission electron microscopy (HRTEM,
Talos F200X G2, FEI), energy dispersive spectroscopy (EDS, S-
4800, Hitachi), X-ray photoelectron spectroscopy (XPS,
EscaLab-250Xi, Thermo Fisher), Raman spectroscopy (Reex,
Renishaw) and X-ray diffraction (XRD, D8 Advance, Bruker).
Before TEM characterization, the samples were ground into
powder and transferred on a copper grid. HRTEM was per-
formed using an accelerating voltage of 200 kV. Raman spec-
troscopy was carried out by using excitation light of a 532 nm
laser with 0.8 mW power and 1 mm spot. XRD was carried out
with Cu Ka radiation (l = 1.54 Å) at 40 mA and 45 kV. The XPS
source is Al Ka (hy = 1486.6 eV) with a power of 22.8 W.

All the electrochemical tests were carried out by using
a three-electrode electrochemical cell (CHI660E, CH Instru-
ments), which employed a saturated calomel electrode (SCE)
Fig. 2 AFM images of NbS2 films obtained by 10 (a), 30 (b), and 50 (c) ALD

832 | Nanoscale Adv., 2023, 5, 830–839
and a Pt wire as reference and counter electrodes, in an elec-
trolyte solution composed of 5 mM [Fe(CN)6]

3−/4−, 0.1 M KCl
and 0.1 M PBS. The electrochemical properties of NbS2NFs/CFP
were observed by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and chronocoulometry (CC),
respectively. CV was performed in a range of −0.2 and 0.6 V at
a scan rate of 50 mV s−1. EIS was performed from 0.1 to 100 kHz
at the open circuit voltage. Chronocoulometry was performed in
an electrolyte solution composed of 0.1 mM [Fe(CN)6]

3− and 1M
KCl with an initial potential of 0 V and a nal potential of 0.4 V.
Finally, the detection performance of the sensor for cTnI was
evaluated by using the peak current of differential pulse vol-
tammetry (DPV) in a range of −0.2 and 0.6 V.
3. Results and discussion
3.1. Deposition of NbS2 nanoakes by ALD

In order to evaluate ALD, NbS2 was rstly deposited on at SiO2.
The deposition process of NbS2 can be accurately controlled by
the ALD cycle, because of the self-limiting chemical reactions.
NbS2 lms obtained by 10, 30 and 50 ALD cycles on SiO2

substrates were scanned by AFM. As shown in Fig. 2(a)–(c) and
S1,† with the increase of ALD cycles from 10 to 50, NbS2 showed
the typical process of nucleation, growth, and lm formation.
Then, the changes of the thickness, particle diameter and
coverage of NbS2 with the number of ALD cycles were observed
cycles. (d) Thickness of the NbS2 film against the number of ALD cycles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in detail. When the number of ALD cycles increases from 10 to
30, the thickness, particle diameter and coverage increase from
∼1.5 nm, ∼3.3 nm and 18% to ∼14.5 nm, ∼23 nm and 48%
respectively. Aer adding another 20 cycles, the thickness,
particle diameter and coverage increase to ∼23.7 nm, 30 nm
and 83%. Growth-per-cycle (GPC) was usually employed to
evaluate ALD. As shown in Fig. 2(d), the GPC of 0.58 nm is close
to the single layer thickness (∼0.6 nm) of natural NbS2,44 indi-
cating the excellent performance of ALD.

Then NbS2 was deposited on carbon ber paper (CFP) to
construct the sensing electrode. The SEM images of bare CFP
and NbS2NFs/CFP obtained by 10, 30, 50, 70 and 100 ALD cycles
are shown in Fig. 3(a)–(f), which exhibit the precise growth
process of NbS2 nanoakes under the control of the ALD cycle.
According to Fig. 3(b), NbS2 rstly nucleates uniformly on the
CFP surface by 10 ALD cycles. It was further grown into NbS2
nanoparticles aer another 20 cycles, and its density also
increased signicantly at the same time (as shown in Fig. 3(c)).
Then, when the number of ALD cycles reached 50 (Fig. 3(d)),
NbS2 nanoakes of ∼300 nm appeared on the basis of NbS2
nanoparticles. This is an important moment meaning that NbS2
nanoakes have been successfully built on the CFP surface by
ALD. However, it is obvious that the CFP substrate is not
completely covered by the NbS2 nanoakes. As shown in
Fig. 3(e), the NbS2 nanoakes increased to ∼500 nm aer 70
Fig. 3 SEM images of bare CFP (a) and NbS2NFs/CFP obtained by 10 (b), 3
spectra of 70-NbS2NFs/CFP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
ALD cycles, and they almost completely and uniformly covered
the CFP substrate. Undesirably, the agglomeration of NbS2
nanoakes appeared on the surface of CFP when the ALD cycles
increased to 100 (as shown in Fig. 3(f)), which is not recom-
mendable. Therefore, NbS2 nanoakes on CFP obtained by 70
ALD cycles were preliminarily employed as the sensing
electrode.

The NbS2 nanoake structure may signicantly increase the
surface area of CFP and bind more AcTnI probes, thus
improving the sensitivity in the electrochemical detection
process. In addition, compared with the traditional 2D TMDCs
such MoS2, WS2, ReS2, etc., NbS2NFs will hardly induce addi-
tional resistance and reduce the response current of electro-
chemical detection, owing to its high conductivity.47 Therefore,
the excellent properties of NbS2NFs/CFP including stability,
biological affinity, a large surface area and high conductivity
make it an ideal electrochemical sensing electrode. SEM results
show that NbS2 nanoakes can be accurately constructed by
ALD by controlling the number of cycles, thus avoiding the
agglomeration of materials on the electrode surface and
providing a guarantee for the accuracy and stability of the
subsequent electrochemical biosensor.

In addition, the chemical elements of as-deposited NbS2
nanoakes by 70 ALD cycles were observed by EDS. As shown in
Fig. 3(g), the S/Nb ratio is 1.56 indicating that the NbS2
0 (c), 50 (d), 70 (e), and 100 (f) ALD cycles. ESD (g), Raman (h) and XRD (i)

Nanoscale Adv., 2023, 5, 830–839 | 833

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00827k


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 2
/2

0/
20

26
 1

0:
18

:5
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanoakes are sulfur decient. This can be attributed to the low
temperature (450 °C) and the high efficiency (21 s per cycle) of
the ALD process.42 Raman (Fig. 3(h)) and XRD (Fig. 3(i)) of
NbS2NFs/CFP and bare CFP were also carried out at room
temperature. As shown in Fig. 3(h), the NbS2 peak at 321 cm−1

belongs to E2 mode, and the peak at 381 is from its E1 mode.
According to Fig. 3(i), the (002) peak at 14.6° in the XRD spec-
trum conrms the 2H phase structure of NbS2.47

The structures of the as-deposited NbS2 nanoakes by 70
ALD cycles were further observed by TEM. Fig. 4(a) shows the
NbS2 nanoakes with a thickness of ∼300 nm on the CFP. The
elemental mapping under HAADF conrms the compositions of
Nb and S of NbS2 (Fig. 4(b)). According the HRTEM images in
Fig. 4(c) and (d), a layer structure with a spacing of 0.6 nm can
be clearly observed. In addition, the chemical elements were
Fig. 4 (a) TEM image of NbS2NFs/CFP. (b) High-angle annular dark-field (
Nb, and S, respectively. (c and d) HRTEM images of the local area in (a).

834 | Nanoscale Adv., 2023, 5, 830–839
also observed by XPS. According to Fig. 4(e) and (f), the peaks of
Nb 3d3/2, Nb 3d5/2, S 2p1/2 and S 2p3/2 are clearly shown at
210.68, 207.78, 165.08 and 163.88 eV respectively, which corre-
spond to Nb4+ and S2− of NbS2.47 Hence, the XPS results indicate
that NbS2 nanoakes have been successfully constructed on the
CFP.
3.2. Electrochemical performance of the NbS2NFs/CFP
electrode obtained by ALD

In order to nd the most suitable one to fabricate the cTnI
sensor, the electrochemical performance of bare CFP and as-
deposited NbS2NFs/CFP by different ALD cycles was evaluated
by a cyclic voltammetry (CV) test. According to the CV curves
shown in Fig. 5(a), for bare CFP, it can be observed that anodic/
HAADF) images of the area in (a) and its elemental mapping images of C,
XPS spectra of Nb 4f (e) and S 2p (f).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV, (b) EIS, (c)Q–t, and (d)Q–t1/2 curves of bare CFP and NbS2NFs/CFP obtained by different ALD cycles. 0, 10, 30, 50, 70 and 100 are
bare CFP, 10, 30, 50, 70 and 100 ALD cycles respectively.
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cathodic current peaks with an intensity of ∼1.03 mA appear at
0.32 and 0.16 V respectively. However, the currents were only
∼0.2 mA while a conductive glass plane with the same size (0.25
cm2) was selected as the electrode substrate.41 The reason why
CFP has such a high current intensity is its high specic surface
area from a large number of voids scattered between the carbon
bers, which can improve the contact area between the elec-
trode and the electrolyte. Therefore, the CFP electrode substrate
ensures the high sensitivity of the subsequent sensors.
However, by conventional methods, it is difficult to modify
materials accurately and uniformly on the substrate surface
with a high specic surface area like CFP. ALD can effectively
solve this problem owing to the self-limiting reaction (shown in
SEM images in Fig. 3). When NbS2 nanoakes were deposited
on the surface of CFP by different ALD cycles, there was
a signicant increase in the currents. As the number of ALD
cycles increases from 10 to 70, the intensity gradually enhances
from ∼1.51 to ∼3.01 mA, because the NbS2 nanoakes with
high conductivity further improve the contact between the
electrode and the electrolyte. However, when the ALD cycle
increases to 100, the current decreases by∼0.17mA. This can be
attributed to the agglomeration of NbS2 nanoakes on the CFP
surface (shown in Fig. 3(f)), which reduces the contact between
the electrode and the electrolyte, thus hindering the transfer of
charge in the redox process.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The electrode dynamics of as-deposited NbS2NFs/CFP were
further observed by electrochemical impedance spectroscopy
(EIS). EIS and the equivalent circuit are shown in Fig. 5(b) and S2.†
The RCT, meaning the resistance of charge transport at the inter-
face between the electrode and the electrolyte, is indicated by the
semicircle in the high-frequency region in EIS. For bare CFP, RCT
is 26.29U. When 10 ALD cycles of NbS2 nanoakes were deposited
on the surface of CFP, RCT dropped signicantly to 20.06 U. Then,
as the number of ALD cycles increases, the RCT keeps decreasing
and reaches the minimum (0.82 U) at 70 cycles, but there is an
increase at 100 cycles (1.66 U). Obviously, the trends of the redox
current and the RCT are opposite with the number of ALD cycles.
In other words, the increase of the redox current is due to the
reduction of the RCT by depositing NbS2 nanoakes on CFP. The
results of EIS indicate that the alteration of the current is mainly
caused by the change of the interface resistance, and ALD can
precisely modify the electrode by controlling the number of cycles.

In addition, the effective surface area (ESA) between the
electrode and the electrolyte was evaluated by using Anson's
equation:48 Q = 2nFAcD1/2t1/2 + Qdl + Qads. The Q–t and Q–t1/2

curves of bare CFP and NbS2NFs/CFP from chronocoulometry
tests are shown in Fig. 5(c) and (d). Then, the ESA was obtained
by the linear tting of the Q–t1/2 curve. The ESA of bare CFP is
1.28 cm2, which is much larger than its geometry size (0.25
cm2), owing to the large number of voids between the carbon
Nanoscale Adv., 2023, 5, 830–839 | 835
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bers in the CFP. The ESA of NbS2NFs/CFP obtained by 10, 30,
50, 70 and 100 ALD cycles is 3.08, 5.37, 7.51, 9.26 and 8.62 cm2

respectively. Obviously, NbS2 nanoakes on the surface of CFP
further increase the ESA, and the NbS2 nanoakes obtained by
70 cycles get the largest one. Hence, the improvement of the
interface resistance RCT of NbS2NFs/CFP is mainly due to the
increase of the ESA by depositing NbS2 nanoakes.

Moreover, as one of the traditional 2D TMDCs, the electro-
chemical performance of MoS2 nanoakes obtained by 70 ALD
cycles had also been observed for a contrast (Fig. S3†). Due to
the poor conductivity, the current (∼1.06 mA) of MoS2NFs/CFP
is much smaller than that of NbS2NFs/CFP (∼3.01 mA). There-
fore, the reason why NbS2NFs/CFP has such an excellent elec-
trochemical performance is the large surface area and the high
conductivity coming from the CFP substrate and the 2D NbS2
nanoake structure, which ensure high sensitivity for the
subsequent cTnI sensor. ALD-deposited NbS2NFs/CFP by 70
cycles was chose as the electrode for the subsequent fabrication
of the cTnI sensor.
3.3. Sensitivity and selectivity for cTnI sensing

As shown in Fig. 1, based on the ALD-deposited NbS2NFs/CFP
electrode, an electrochemical cTnI sensor was fabricated from
modied AuNPs (Au/NbS2NFs/CFP), an AcTnI probe (AcTnI/Au/
TaS2NFs/CFP) and MCH (MCH/AcTnI/Au/NbS2NFs/CFP),
Fig. 6 (a) DPV and (b) EIS curves of different modifiers based on NbS2
hybridization time (c) and temperature (d) on peak current (n = 3).

836 | Nanoscale Adv., 2023, 5, 830–839
respectively. Then, the sensor was used to detect cTnI
(10−10 M, cTnI/MCH/AcTnI/Au/NbS2NFs/CFP). The related DPV
and EIS curves are shown in Fig. 6(a) and (b). The peak current
of DPV and the interface resistance RCT for NbS2NFs/CFP, Au/
NbS2NFs/CFP, AcTnI/Au/NbS2NFs/CFP, MCH/AcTnI/Au/NbS2-
NFs/CFP and cTnI/MCH/AcTnI/Au/NbS2NFs/CFP are 1.79, 1.86,
1.62, 1.45, and 1.06 mA, and 0.82, 0.62, 23.75, 32.35, and 70.97
U, respectively. The results of DPV and EIS were coincident with
each other, indicating that the electrochemical sensor for cTnI
detection has been successfully fabricated. When cTnI is fed to
it, cTnI can be captured by the AcTnI probe on the surface of the
sensor owing to specic binding, and then detected through the
decrease of DPV current from the steric hindrance effect.
Moreover, as shown in Fig. 6(c) and (d), when 10−10 M cTnI was
added into the sensor, the time and temperature of hybridiza-
tion between cTnI and the AcTnI probe were optimized based
on the peak current of DPV. It can be observed that the optimal
hybridization time and temperature are 120 min and 37 °C,
which are set as the working parameters of the sensor.

The detection performance of the as-fabricated biosensor
was further evaluated. cTnI with different concentrations from
10−10 to 10−15 M was detected by the sensor. According to
Fig. 7(a), as the concentration of cTnI increases, the DPV current
gradually decreases, due to the increase of the charge transport
resistance from the steric hindrance caused by more cTnI. The
peak current I against the logarithm concentration c of cTnI is
NFs/CFP. The equivalent circuit is shown in Fig. S2.† Influence of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of biosensing results for cTnI

Materials Detection methods Linear range (ng L−1) LOD (ng L−1) Ref.

N, Zn-G QDs ECL 0.01–1000 0.005 13
BN QDs DPV 10–5000 0.5 14
g-C3N4 QDs Fluorescence 1–10 000 0.227 49
DPVBi ECL 0.1–20 000 0.043 50
NbS2NFs/CFP DPV 0.022–2200 (1 fM–0.1 nM) 0.007 (0.32 fM) This work

Fig. 7 (a) DPV response of the biosensor to various concentrations of cTnI (from 0 to 10−10 M). (b) The response current of (a) as a function of
logarithm of concentration (n = 3). (c) Comparison of cTnI response current with other proteins (HRP, MB and NCL), indicating the excellent
selectivity of the fabricated biosensor.
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shown in Fig. 7(b). According to the linear relationship between
I and c, I = 0.34–0.07 lg c can be obtained with a correlation
coefficient R2= 0.99 and a limit of detection (LOD) of 0.32 fM (S/
N= 3). The selectivity of the sensor was evaluated by using three
other types of protein including horseradish peroxidase (HRP),
myoglobin (MB) and nucleolin (NCL) at 10−10 M. According to
Fig. 7(c), the DPV response DI of cTnI (0.39 mA) is much higher
than that of HRP (0.098 mA), Mb (0.08 mA) and NCL (0.065 mA),
indicating that the sensor has a high selectivity for cTnI.
Moreover, compared with previous reports for cTnI detection
(Table 1), the sensor based on ALD-constructed NbS2NFs/CFP is
potentially useful for the early diagnosis of AMI. Meanwhile,
ALD is a simple and controllable method that can be employed
in large-scale manufacturing of the electrochemical sensor.

3.4. Stability and serum sample analysis

Stability is important to the actual work of the sensor. In order
to evaluate the stability, the as-fabricated sensor was kept at 4 °
C for 0–8 days. As shown in Fig. S4,† aer 8 days, the current
response lost only 12.26%, indicating good stability.

Finally, in order to evaluate the possibility of application in
real samples, the performance of the as-fabricated sensor was
observed in serum. As shown in Table S1,† recoveries for cTnI
with different concentrations (100 pM, 1 pM and 10 fM) are
101.61, 93.67 and 99.23 respectively, and the relative standard
deviation (RSD) is less than 5%, indicating the effective detec-
tion of cTnI in real samples.

4. Conclusion

In summary, an electrochemical biosensor based on ALD-
deposited NbS2NFs/CFP for AMI-related cTnI detection has
© 2023 The Author(s). Published by the Royal Society of Chemistry
been successfully fabricated. Due to the self-limiting reactions,
the nanoscale morphology and electrochemical performance of
NbS2 nanoakes can be accurately and directly regulated by
controlling the ALD cycles. Therefore, the agglomerations can
be effectively avoided. An anodic/cathodic current of ∼3.01 mA
of NbS2NFs/CFP deposited by 70 cycles can be obtained owing
to its high surface area and conductivity. Then, the ultrasensi-
tive detection of cTnI in a linear range of 1 fM to 0.1 nM with
a detection limit of 0.32 fM was achieved at 37 °C with
a hybridization time of 120 min. Hence, it is potentially useful
for the early diagnosis of AMI and can be employed in large-
scale manufacturing.
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