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Abstract

Acute myocardial infarction (AMI) is a significant health problem owing to its high mortality rate. Heart-type fatty acid–binding
protein (h-FABP) is an important biomarker in the diagnosis of AMI. In this work, an electrochemical h-FABP immunosensor
was developed based on Cd0.5Zn0.5S/d-Ti3C2Tx MXene (MXene: Transition metal carbide or nitride) composite as signal
amplificator and core-shell high-crystalline graphitic carbon nitride@carbon dots (hc-g-C3N4@CDs) as electrochemical sensor
platform. Firstly, a facile calcination technique was applied to the preparation of hc-g-C3N4@CDs and immobilization of primary
antibody was performed on hc-g-C3N4@CDs surface. Then, the conjugation of the second antibody to Cd0.5Zn0.5S/d-Ti3C2Tx

MXene was carried out by strong π-π and electrostatic interactions. The prepared electrochemical h-FABP immunosensor was
characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), x-ray diffraction (XRD)
method, Fourier-transform infrared spectroscopy (FTIR), x-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS). The prepared electrochemical h-FABP immunosensor indicated a good
sensitivity with detection limit (LOD) of 3.30 fg mL−1 in the potential range +0.1 to +0.5 V. Lastly, low-cost, satisfactory stable,
and environmentally friendly immunosensor was presented for the diagnosis of acute myocardial infarction.
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Introduction

Myocardial infarction is the insufficient blood supply of the
heart muscle due to the blockage of the coronary arteries that
feed the heart. Acute myocardial infarction (AMI) is an im-
portant public health problem due to the fact that it is a disease
that can result in death and is generally seen in all age groups

and serious complications occur afterwards [1, 2]. h-FABP as
AMI biomarker has an important function in the therapy of
AMI [3]. When the myocardium was damaged, the release of
h-FABP into circulation during 90 min occurred, suggesting
that h-FABP detection could be easily performed in a plasma
sample. This situation is correlated with the prognosis of AMI
[4]. Up to now, several methods such as enzyme-linked im-
munosorbent assay (ELISA) [5] and fluorescence [6] were
developed for h-FABP detections. Nonetheless, these tech-
niques are not convenient because of the cost, the consump-
tion of many chemicals, and the time-consuming sample prep-
aration procedures. Thus, the development of sensitive, con-
venient, and fast analytical techniques for h-FABP detection is
significant in terms of the preliminary diagnosis of AMI.
Especially, sensitive and simple electrochemical techniques
used in place of traditional techniques have attracted interest
due to efficient operation and less chemical usage [7–9].

Immunosensors are biosensors that use antibodies as rec-
ognition elements. It is based on interactions between an
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antibody and an antigen on the surface of a transducer. The
main basis of all immunosensors is the specificity of molecu-
lar recognition of antigens to form a stable complex. With the
strong binding between these biomolecules, immunosensors
show high selectivity and very high sensitivity, making them
attractive for many applications in different fields of science
[10]. Especially, the replacement of simple electrochemical
techniques with conventional methods has gained substantial
attention due to the efficient operation feature and less chem-
ical consumption [7–9, 11–18]. For example, an amperomet-
ric immunosensor for h-FABP detection was presented based
on screen-printed carbon electrode and this amperometric
immunosensor showed a linearity range from 4.0 to
250.0 ng mL−1 with a LOD of 4.0 ng mL−1 [19]. In addition,
impedimetric immunosensor was prepared based on gold
electrode modified with 11-mercaptoundecanoic acid, sug-
gesting linearity of 98.0 pg mL−1–100.0 ng mL−1 with a
LOD of 117.0 pg mL−1 for h-FABP recognition [20].
Capacitive immunosensor based on gold electrode modified
with 11-mercaptoundecanoic acid was also constructed and
showed a LOD of 0.84 ng mL−1 for h-FABP recognition
[21]. Finally, electrochemiluminescence immunosensor for
h-FABP recognition based on 2D-nickel metal-organic frame-
work nanosheets was developed and a LOD of 44.5 fg mL−1

was obtained [22].
Because g-C3N4 with band gap of 2.7 eV has interesting

chemical properties and high stability, it has been seen as a
promising catalyst in recent years [23]. Nonetheless, owing to
its specific surface area and the recombination of electron-hole
pairs, the sensor/catalysis performance is generally limited
[24]. To improve the sensor/catalysis performances, several
techniques have been developed such as element doping
[25], morphological control [26], and coupling treatment
[27]. In addition, some studies demonstrated g-C3N4’s low
crystallinity properties owing to unreacted –NH2 groups
[28]. These –NH2 groups have been considered as structural
defects which result in low sensor/catalysis activity [29].
Hence, hc-g-C3N4 has attracted attention in comparison with
g-C3N4 owing to high crystallinity degree [30] and easy
charge transport [31]. In the same way, hc-g-C3N4’s low spe-
cific surface area and narrow electronic storage cause limited
sensor applications [32]. In order to increase its catalysis ac-
tivity, co-catalysts formation is one of the effective methods
[33]. Hence, the preparations of co-catalysts with high stabil-
ity and low cost are significant for sensor applications. Carbon
dots (CDs) as zero-dimensional nanomaterial are composed of
graphitic sp2 carbon with a size below 10 nm [30]. Owing to
their excellent physical and chemical properties, non-toxicity,
and electron transfer, CDs are generally utilized in catalysis
application [34]. Furthermore, the functional groups on CDs’
surface enable effective binding to nanomaterial/biomole-
cules. Thus, the composite formation between hc-g-C3N4

and CDs has two important functions: (i) the enhancement

of specific surface area providing easy immobilization of bio-
molecules and (ii) the promotion of electron transfer improv-
ing sensor performance.

MXene has attracted important attention as a result of a
new material group including nitrides and transition metal
carbides [35, 36]. For instance, titanium carbide (Ti3C2)
shows high metallic conductivity and good surface properties.
This metallic conductivity provides surface heterojunctions
between MXene and semiconductor interface [37]. This sur-
face heterojunction is an electron reservoir to allow the sepa-
ration potential. Furthermore, some surface terminations such
as O, OH, and/or F formed by the etching process demonstrate
important redox-active sites [38]. Because of these properties,
Ti3C2 MXene as a co-catalyst shows significant sensor/
catalysis performance [39, 40].

In recent years, Cd0.5Zn0.5S as a semiconductor
photocatalyst shows perfect light-harvesting potential [41].
Pure CdS has corrosion effect, resulting in recombination rate
of charge carrier [42]. Because of this, the combination of CdS
with ZnS to form Cd0.5Zn0.5S can prevent its limited applica-
tions. Especially, owing to Zn2+ having ion radius of 0.074 nm
smaller than Cd2+ (0.097 nm), stronger connection among
atoms occurs and this situation increases CdS’s stability and
activity [43].

Herein, it was aimed to develop a unique sandwich-type
electrochemical immunosensor based on Cd0.5Zn0.5S/d-
Ti3C2Tx MXene composite as signal amplificator and hc-g-
C3N4@CDs as electrochemical sensor platform to be utilized
for h-FABP detection. After the preparation of hc-g-
C3N4@CDs by a facile calcination technique, the efficient
immobilization of primary antibody was performed by π-π
stacking interactions. Then, the hydrothermal treatment was
carried out for the preparation of Cd0.5Zn0.5S/d-Ti3C2Tx

MXene composite. The high sensitivity together with a shorter
detection time for h-FABP sensing was successfully achieved
owing to the unsurpassed electrochemical features of the pro-
posed immunosensor. Moreover, this work paves the way for
early diagnosis of acute myocardial infarction, as well as a
rational environmentally benign route for synthesizing of hc-
g-C3N4@CDs and Cd0.5Zn0.5S/d-Ti3C2Tx MXene with mini-
mal waste.

Experimental

Materials

h-FABP standard solution, monoclonal primary antibody (h-
FABP-Ab1), monoclonal secondary antibody (h-FABP-Ab2),
alpha-fetoprotein (AFP), platelet-derived growth factor
(PDGF-BB), cardiac troponin I (cTnI), bovine serum albumin
(BSA), copeptin (COP), carcinoembryonic antigen (CEA),
human immunoglobulin (IgG), myoglobin (MYG), cardiac
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troponin T (cTnT), dicyandiamide (DCYA), citric acid (CA),
ethylenediamine (EDAM), titanium aluminum carbide
(MAX, Ti3AlC2) powder, tetrabutylammonium hydroxide
(TBAOH), Zn(Ac)2.H2O, Cd(Ac)2.4H2O, and thioacetamide
were acquired from Sigma-Aldrich. As supporting electrolyte
and dilution buffer, 0.1-M phosphate-buffered saline (PBS)
solution at pH of 7.0 was used.

Physicochemical and electrochemical characterization
instruments

The surface morphologies of samples were investigated both
by ZEISS EVO 50 SEM and JEOL 2100 TEM. The XRD
patterns were recorded via Rigaku X-ray diffractometer using
Cu-Kα radiation at λ = 0.154 nm. XPS and FTIR analysis
were acquired by PHI 5000 Versa Probe and Bruker Tensor
27 FT-IR (with DTGS detector), respectively. Furthermore, to
assess the electrochemical performance of the immunosensor,
the electrochemical measurements including differential pulse
voltammetry (DPV), CV, and EIS techniques were conducted
on Gamry Reference 600 work-station (Gamry, USA).

Synthesis of nanocomposites

After the preparation of DCYA (4.0 g) solution in ultra-pure
water (50.0 mL) under strong stirring for 90 min, the obtained
solution was transferred into alumina crucible. Then, several
Ni foams were added to the above solution. The crystallization
of the solution including DCYA and Ni foams was performed
at 75 °C for 15 h. After that, the crucible was transferred in a
muffle furnace and heating treatment was carried out at
600 °C for 90 min. Finally, the obtained hc-g-C3N4 was treat-
ed with HCl solution (10.0 mol L−1) to remove Ni foams two
times. b-g-C3N4 was also prepared by thermal polycondensa-
tion of DCYA (4.0 g) in a muffle furnace at 600 °C for 90min.

After the preparation of CA (2.0 g) aqueous solution in
ultra-pure water (50.0 mL), EDAM (600.0 μL) was added to
this solution and strongly stirred. The solution was transferred
to a Teflon steel autoclave and the heating treatment was per-
formed at 250 °C for 6 h. After cooling to 25 °C, the dialysis
bag was utilized for the elimination of the impurities for 70 h.
Lastly, CDs (1.0 mg mL−1) were obtained and kept at 25 °C.
hc-g-C3N4@CDs composite was prepared by adding DCYA
(4.0 g) and CDs (10.0 mL, 1.0 mg mL−1) into several Ni
foams. Then, the same heating and Ni foams’ removal were
performed for obtaining of hc-g-C3N4@CDs composite.

hc-g-C3N4@CDs as electrochemical sensor platform
with h-FABP-Ab1 and h-FABP immobilizations

A typical three-electrode setup was utilized for electrochemi-
cal characterizations. The glassy carbon electrode (GCE), Ag/
AgCl (saturated KCl), and platinum (Pt) wire electrodes were

used as the working electrode, the reference electrode, and the
counter electrode, respectively. Before electrochemical mea-
surements, glassy carbon electrodes were polished according
to our previous paper [44]. Then, hc-g-C3N4@CDs composite
dispersion (30.0 μL) was dropped on the polished GCEs.
After the removing treatment of solvent by IR lamp, hc-g-
C3N4@CDs composite–modified GCE was prepared (hc-g-
C3N4@CDs/GCE). Subsequently, the immobilization of h-
FABP-Ab1 was performed by dropping h-FABP-Ab1 disper-
sion (20.0 μL, 50.0 μg mL−1) on hc-g-C3N4@CDs/GCE at
37.0 °C for 20 min (h-FABP-Ab1/hc-g-C3N4@CDs/GCE).
Then, BSA (2.0% w/v) was incubated on h-FABP-Ab1/hc-g-
C3N4@CDs/GCE at 37.0 °C for 20 min to remove non-
specific interactions (BSA/h-FABP-Ab1/hc-g-C3N4@CDs/
GCE). For h-FABP protein immobilization on BSA/h-
FABP-Ab1/hc-g-C3N4@CDs/GCE, various h-FABP proteins
(0.01, 0.05, 0.10, 0.20, 0.50, and 1.00 pg mL−1) were
interacted separately with BSA/h-FABP-Ab1/hc-g-
C3N4@CDs/GCE for 20 min at 37.0 °C and tagged as h-
FABP/BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE. Finally, h-
FABP/BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE was stored
in 0.1 M PBS (pH 7.0).

Preparation of d-Ti3C2Tx MXene, Cd0.5Zn0.5S, and
Cd0.5Zn0.5S/d-Ti3C2Tx MXene composites

The purchased Ti3AlC2 MAX phase was subjected to
etching treatment of aluminum layer in 6.0-M HCl/LiF
solution at 30 °C for 20 h [39, 40, 45]. After collection
of the etched MAX phases via an ultrasonic treatment,
Ti3C2TX MXene dilution (20.0 mg mL−1) in ultra-pure
water was prepared. The obtained MXene was tagged as
Ti3C2Tx MXene (Tx is surface terminations such as O,
OH, and/or F). After the strong stirring of multilayered
Ti3C2TX MXene in TBAOH solution (10.0 mg mL−1,
15.0 mL) at 25 °C for 25 h, the centrifugation was
carried out at 15000 rpm. The collected Ti3C2TX

MXene was washed in ultra-pure water to remove
TBAOH residues. After that, the collected Ti3C2TX

MXene was subjected to ultrasonic treatment for
45 min, providing delaminated Ti3C2Tx MXene (d-
Ti3C2TX MXene) [46].

Following the preparation of aqueous solution includ-
ing in Zn(Ac)2.H2O (10.0 mmol) and Cd(Ac)2.4H2O
(10.0 mmol), thioacetamide (30.0 mmol) and EDAM
(15.0 mL) were added into this aqueous solution under
vigorous stirring during 45 min. Afterward, the as-
obtained mixture was placed to a Teflon-lined autoclave
and heat treatment was conducted at 200 °C. Finally,
as-obtained Cd0.5Zn0.5S was washed with ultra-pure wa-
ter, followed by drying overnight.

For the preparation of composites, firstly, aqueous
solution including Zn(Ac)2.H2O (10.0 mmol) and
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Cd(Ac)2.4H2O (10.0 mmol) was prepared. After that,
thioacetamide (30.0 mmol) and d-Ti3C2TX MXene were
added into the above aqueous solution under argon at-
mosphere for 90 min. A series of Cd0.5Zn0.5S/x wt% d-
Ti3C2Tx MXene (x: 1, 3, 5, and 7) was prepared with
altering the amount of d-Ti3C2TX MXene. After that,
the prepared series was subjected to hydrothermal treat-
ment at 180 °C for 20 h. After centrifugation treatment,
Cd0.5Zn0.5S/x wt% d-Ti3C2Tx MXene was collected and
dried overnight.

Cd0.5Zn0.5S/d-Ti3C2Tx MXene as signal amplificator
with h-FABP-Ab2 conjugation

Firstly, h-FABP-Ab2 dispersion (20.0 μL, 50.0 μg mL−1)
was prepared and conjugated to Cd0.5Zn0.5S/d-Ti3C2Tx

MXene via magnetic stirring at 37.0 °C for 20 min.
Afterward, the Ab2 bioconjugates (Cd0.5Zn0.5S/d-Ti3C2Tx

MXene/h-FABP-Ab2) were collected by centrifuging at
5000 rpm for 40 min.

Electrochemical measurements

Sandwich-type electrochemical immunosensor was pre-
pared by antibody-antigen interactions between h-
FABP/BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE and
Cd 0 . 5Zn 0 . 5S / d -T i 3C 2Tx MXene / h - FABP -Ab 2 .
Cd0.5Zn0.5S/d-Ti3C2Tx MXene/h-FABP-Ab2 dispersion
(20.0 μL, 10.0 mg mL−1) was dropped on h-FABP/
BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE at the immune
reaction time of 20 min. Lastly, the final version of the
developed immunosensor was dried at 25.0 °C and
stored in 0.1 M PBS (pH 7.0, 2.0 mL) for 30 min.
After that, the developed immunosensor such as work-
ing electrode was used for electrochemical measure-
ments in 0.1 M PBS (pH 7.0, 2.0 mL) containing 1.0-
mM H2O2 solution. All electrochemical measurements
were conducted in argon-saturated electrolyte. After the
application of the potential scan in the range of +0.1/+
0.5 V for DPV measurements, the voltammograms at
+0.30 V were evaluated. Scheme 1 demonstrated the
preparation procedures such as hc-g-C3N4@CDs,
Cd0.5Zn0.5S/d-Ti3C2Tx MXene, the immobilizations of
proteins, and the final electrochemical immunosensor.

Sample preparation

h-FABP free plasma samples were supplied from Blood Bank
in TURKEY. Sample preparation protocol was explained in
detail on Supplemantary Data [47].

Results and discussion

Principle of electrochemical h-FABP immunosensor
based on Cd0.5Zn0.5S/d-Ti3C2Tx MXene and hc-g-
C3N4@CDs

In this study, electrochemical h-FABP immunosensor based
on core-she l l h igh-c rys ta l l ine graphi t i c ca rbon
nitride@carbon dots as sensor platform and Cd0.5Zn0.5S/d-
Ti3C2Tx MXene as signal amplificator was prepared. A facile
calcination tecnique was applied to the preparation of hc-g-
C3N4@CDs. However, van der Waals interactions between
carbon-nitrogen layers in hc-g-C3N4 can prevent charge trans-
fer, causing some limitations on sensor performance. Hence,
provided that surface heterojunctions are created, this sensor
performance can be enhanced. In this study, the surface
heterojunctions between hc-g-C3N4 and CDs were formed
by π-π stacking interactions, providing the efficient immobi-
lization of h-FABP-Ab1 [48].

In the preparation process of signal amplificator, d-
Ti3C2TX MXene was firstly introduced into Zn(Ac)2.H2O
and Cd(Ac)2.4H2O aqueous solutions. Then, Cd2+ and Zn2+

ions started to efficiently adsorb on Tx (O, OH, and/or F)
terminations on MXene structure and thioacetamide as sulfur
source was coordinated with Cd2+ and Zn2+ ions. After the
conversion of fluorine terminations in d-Ti3C2Tx MXene into
oxygen/hydroxyl terminations and the decomposition of
thioacetamide during hydrothermal treatment, S2− anions
were released and these released S2− anions were again coor-
dinated with Cd2+ and Zn2+ ions onMXene surface, providing
growth of Cd0.5Zn0.5S on d-Ti3C2TxMXene. Thanks to strong
π-π and electrostatic interactions between h-FABP-Ab2 and
Cd0.5Zn0.5S/d-Ti3C2Tx MXene, a novel electrochemical h-
FABP immunosensor having high stability was prepared.
Lastly, the performance of electrochemical h-FABP
immunosensor was monitored using H2O2 as redox probe
which converted into O2 at about +0.30 V [49].

Characterizations of d-Ti3C2Tx MXene and
Cd0.5Zn0.5S/d-Ti3C2Tx MXene composites

Firstly, SEM images of Ti3AlC2MAX and d-Ti3C2TxMXene
were demonstrated in Fig. S1. According to SEM image of
Ti3AlC2 MAX (Fig. S1A), the bulk and cluster particles were
observed. However, after etching of aluminum from Ti3AlC2

MAX phase, the delaminated and homogeneous structure was
obtained (Fig. S1B). Hence, this delaminated formation pre-
vents agglomeration, providing the formation of cluster parti-
cles. Figure 1a also shows the XRD patterns of Ti3AlC2MAX
and d-Ti3C2Tx MXene. The XRD peaks at 9.23°, 18.13°, and
38.12° relating to (002), (004), and (104) planes confirmed the
presence of Ti3AlC2 MAX, respectively [49]. Nonetheless,
XRD peak at 38.12° belonging to Ti3AlC2 MAX completely
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disappeared for d-Ti3C2Tx MXene. Moreover, XRD peaks at
9.23° and 18.13° belonging to Ti3AlC2 MAX got wider at
smaller angles owing to interlayer spacing expansion,
confirming the successful preparation of d-Ti3C2Tx MXene
[50]. In addition, the presence of Tx groups (O, OH, and/or
F) on XPS spectrum of d-Ti3C2TX MXene verified the
fluorine-terminated structure of d-Ti3C2TX MXene (Fig.
S2A) and the observed absorption peaks at 267 nm and

773 nm for optical properties of d-Ti3C2TXMXene confirmed
the successful synthesis of delaminated MXene (Fig. S2B)
[40]. Raman spectra (Fig. S3) were recorded for Ti3AlC2

MAX and d-Ti3C2TX MXene. According to Raman spectrum
of Ti3AlC2 MAX, the peaks a and b were attributed to Al–Ti
vibrations and the peaks c and d were corresponded to Ti–C
vibrations [51]. However, peaks a and b almost disappeared,
whereas the intensities of peaks c and d became weaker after

Scheme 1 Preparation procedure of voltammetric h-FABP immunosensor
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etching treatment. The disappearance of peaks a and b showed
the successful etching treatment of Ti3AlC2 MAX, providing
the formation of d-Ti3C2TX MXene. Nonetheless, the weak
peak intensities in relation to peaks c and d were corresponded
to Ti–C vibrations owing to MXene’s thinner layer [52].
According to Fig. 1b, XRD peaks at 25.93°, 27.58°, 29.27°,
38.39°, 46.17°, 49.97°, and 54.45° were corresponded to
(100), (002), (001), (102), (110), (103), and (112) planes of
Cd0.5Zn0.5S, respectively (Fig. 1b). The majority of specific
bands relating to Cd0.5Zn0.5S and d-Ti3C2Tx MXene on XRD
patterns of all prepared composites including different
amounts of MXene was observed. For instance, XRD peaks
at 9.23° and 18.13° belonging to d-Ti3C2TX MXene were
observed on all Cd0.5Zn0.5S/d-Ti3C2Tx MXene composites
and the intensities of these peaks at 9.23° and 18.13° increased
in proportion to the amount of d-Ti3C2TX MXene.

Figure 2a demonstrates TEM image of Cd0.5Zn0.5S, sug-
gesting an obvious aggregation with a mean particle size of
20–25 nm. According to SEM (Fig. 2b) and TEM (Fig. 2c)
analysis of Cd0.5Zn0.5S/7wt%d-Ti3C2Tx MXene, the rod-like
morphology of composite was observed. Finally, HRTEM
image (Fig. 2d) indicated the crystal structures of
Cd0.5Zn0.5S and d-Ti3C2Tx MXene having 0.318 nm [53]
and 0.259 nm [54], respectively.

Then, XPS analysis (Fig. S4) was performed to show the
bonding states and chemical compositions of Cd0.5Zn0.5S/
7wt%d-Ti3C2TxMXene composite. According to XPS survey
spectra (Fig. S4A), Ti, C, Cd, Zn, S, and O elements’ presence
suggested that the fluorine-terminated d-Ti3C2TXMXene was
successfully converted to oxygen-terminated d-Ti3C2TX

MXene after hydrothermal treatment [55]. Ti2p’s high-
resolution XPS spectrum showed (Fig. S4B) that the peaks
at 464.58, 459.93, 458.08, and 454.86 eV were attributed to
Ti-O (2p1/2), Ti-C (2p1/2), Ti-O (2p3/2) and Ti-C (2p3/2), re-
spectively [53]. According to C1s high-resolution XPS

spectrum (Fig. S4C), the peaks at 285.10 and 286.18 eV were
corresponded to C–C and the C–O bonds, respectively. In
addition, the specific peaks at 287.94 and 280.89 eV were
attributed to O–C=O and C–Ti, respectively [56]. For Cd3d
high-resolution spectrum (Fig. S4D), the peaks at 404.91 and
412.05 eV relating to Cd3d5/2 and Cd3d3/2, respectively, dem-
onstrated the valence state (2+) of cadmium element.
Figure S4E indicated S2p high-resolution spectrum at
162.05 and 163.07 eV, providing S2p3/2 and S2p1/2 of S2−,
respectively [57]. Finally, Zn2p high-resolution spectrum
demonstrated two peaks at 1021.87 and 1045.07 eV corre-
sponding to Zn2p3/2 and Zn2p1/2, respectively (Fig. S4F)
[58]. Hence, XPS results confirmed the successful synthesis
of Cd0.5Zn0.5S/oxygen-terminated d-Ti3C2TX MXene
composite.

Characterizations of hc-g-C3N4, bulk-g-C3N4 (b-g-
C3N4), CDs, and hc-g-C3N4@CDs composite

XRD patterns (Fig. 3a) were obtained for the investigation of
the crystal structures of hc-g-C3N4, b-g-C3N4 and hc-g-
C3N4@CDs composite. According to XRD pattern of b-g-
C3N4, two different peaks at 13.1° and 27.1° were observed,
suggesting (100) and (002) crystallographic planes of g-C3N4,
respectively. This situation corresponds to aromatic systems’
in-plane structural packing and interlayer superposition reflec-
tion [59]. For hc-g-C3N4, a similar pattern with higher angles
was obtained. However, the intensity of the peak correspond-
ing to (002) plane increased in comparison with b-g-C3N4

owing to the increases of condensation/crystallization and
the decrease of interfacial space [60]. In addition, the peak at
25.8° was attributed to the typical peak of carbon materials on
XRD pattern of CDs (Fig. S5A) [61]. For XRD pattern of hc-
g-C3N4@CDs composite, the obvious peak at 25.8° related to
CDs appeared, confirming the successful synthesis of hc-g-

Fig. 1 aXRD patterns of Ti3AlC2MAXand d-Ti3C2TxMXene. bXRDpatterns of Cd0.5Zn0.5S and all prepared composites including different amounts
of MXene
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C3N4@CDs composite. FTIR spectra were obtained for hc-g-
C3N4 and hc-g-C3N4@CDs composite (Fig. 3b). The absorp-
tion bands on 3000–3400 cm−1, 1100–1650 cm−1, and
810 cm−1 were corresponded to O–H/N–H stretching, CN
heterocycle stretching, and heptazine stretching on FTIR spec-
trum of hc-g-C3N4, respectively. The peaks at 3450 and
1629 cm−1 were attributed to –OH and –C=O groups’
stretching, respectively on FTIR spectrum of CDs (Fig.
S5B) [62]. Especially, on FTIR spectrum of hc-g-
C3N4@CDs composite, similar typical absorption peaks con-
firmed that basic structure was preserved without any changes
after the incorporation of carbon dots into hc-g-C3N4.

XPS analysis (Fig. 4) was carried out to determine chemi-
cal compositions of hc-g-C3N4@CDs composite. According
to Fig. 4a, C, N, and O elements’ presence demonstrated the
successful synthesis of hc-g-C3N4@CDs composite. The

peaks at 284.12, 285.95, and 287.91 eV onC1s spectrumwere
corresponded to graphite sp2 C–C bonds [63], sp2 C atoms of
s-triazine rings attached to NH groups (C-NHx) [64], and sp2

C atoms bonded to N in aromatic ring (N-C=N) [65], respec-
tively. On N1s spectrum (Fig. 4b), the peaks at 398.23,
400.08, 401.27, and 403.93 eV were attributed to sp2N atoms
on C-N=C group, sp3 N atoms on H-N-(C)3 group, NH
groups, and the effect of charge (Fig. 4c) [66]. Finally, the
peaks at 531.23, 532.69, and 534.13 eV were attributed to
O–H, C–O, and C=O, respectively on O1s spectrum
(Fig. 4d). Hence, these peaks confirmed oxygen-containing
functional groups of carbon dots [67].

Specific surface areas of hc-g-C3N4 and hc-g-C3N4@CDs
were obtained by N2 adsorption-desorption isotherms (Fig.
S6). Brunauer Emmett Teller (BET) plots demonstrated type
IV isotherm for hc-g-C3N4 and hc-g-C3N4@CDs, indicating

Fig. 3 a XRD patterns of hc-g-
C3N4, b-g-C3N4 and hc-g-
C3N4@CDs composite. b FTIR
spectra of hc-g-C3N4 and hc-g-
C3N4@CDs composite

Fig. 2 a TEM image of
Cd0.5Zn0.5S. b SEM image and c

TEM image of Cd0.5Zn0.5S/
7wt%d-Ti3C2Tx MXene. d
HRTEM image of Cd0.5Zn0.5S/
7wt%d-Ti3C2Tx MXene
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the formation of mesoporous material [68]. BET values were
calculated as 20.4 and 32.19 m2 g−1 for hc-g-C3N4 and hc-g-
C3N4@CDs, respectively. These results showed that hc-g-
C3N4@CDs composite with larger specific surface area pro-
vides more efficient immobilization capacity and surface-
active areas for sensor applications.

Finally, TEM and HRTEM images of hc-g-C3N4@CDs
were obtained to investigate the microstructure of hc-g-
C3N4@CDs (Fig. 5). Hence, two-dimensional nanosheet
structure of composite is shown in Fig. 5a. In addition, accord-
ing to Fig. 5b with different magnification, the uniform incor-
poration of CDs on hc-g-C3N4 was observed. According to
HRTEM images (Fig. 5c and d), the interplanar spaces of
0.22 nm and 0.34 nm attributing to (100) and (002) planes
for CDs and hc-g-C3N4, respectively, were obtained. Thus,
the successful dispersion of CDs on hc-g-C3N4 was
confirmed.

Electrochemical characterizations of sensor platform
and signal amplificator

The CV measurements were conducted in 1.0-mM
[Fe(CN)6]

3− solution containing 0.1 M KCl to characterize
the electrochemical sensor platform behavior of hc-g-
C3N4@CDs composite (Fig. 6a). As can be seen in “Curve

a” obtained for bare GCE, the anodic and the cathodic peaks
were appeared at around +0.50 V and + 0.25 V, respectively.
After the modification of GCE with hc-g-C3N4, these anodic/
cathodic peaks became more evident as a result of high crys-
tallinity structure of hc-g-C3N4 and easy charge transport
(curve b) [31]. Lastly, when hc-g-C3N4@CDs-modified
GCE was used, higher peak currents and smaller peak

potential difference (ΔEp = Epa − Epc) were observed on
curve c owing to CDs’ good chemical stability and fast elec-
tron transfer. In addition, CDs’ oxygen-containing functional
groups providing larger surface area contributed to this elec-
trocatalytic effect [69]. Then, the important electrocatalytic
decreases occurred after primer antibody’s immobilization
on curve d due to the ability of electron transfer blocking of
primer antibody. Moreover, more electrocatalytic decreases
were observed after BSA incubation (curve e) and h-FABP
protein immobilization (curve f). Hence, we can say that the
decorations of primer antibody, BSA, and h-FABP protein to
hc-g-C3N4@CDs/GCEwere succesfully carried out for sensor
platform development.

To verify CV results, EIS measurements are recorded in
Fig. 6b. After modification of GCE with hc-g-C3N4 and CDs,
the obvious electrical conductivities increased, showing easier
electron transfer (curves b and c on Fig. 6b). In the same way,
the incorporations of primer antibody, BSA, and h-FABP pro-
tein to hc-g-C3N4@CDs/GCE resulted in electrode resistance
increases (curved, e, and f on Fig. 6b). Finally, both CV and
EIS measurements confirmed the successful sensor platform
construction with primer antibody, BSA, and h-FABP protein.

For the investigation of electrocatalytic effects of a series of
Cd0.5Zn0.5S/x wt% d-Ti3C2Tx MXene (x: 1, 3, 5 and 7) com-
posites on the developed immunosensor performance, EIS
graphs of Cd0.5Zn0.5S/1wt%d-Ti3C2TxMXene/GCE,
Cd0.5Zn0.5S/3wt%d-Ti3C2TxMXene/GCE, Cd0.5Zn0.5S/
5wt%d-Ti3C2TxMXene/GCE, and Cd0.5Zn0.5S/7wt%d-
Ti3C2TxMXene/GCE were obtained (Fig. 6c). According to
EIS graphs, since the electron transfer resistance on
Cd0.5Zn0.5S/7wt%d-Ti3C2TxMXene/GCE is the lowest, the
best electrocatalytic effect occurs on Cd0.5Zn0.5S/7wt%d-

Fig. 4 a XPS survey spectrum of
hc-g-C3N4@CDs composite and
high-resolution XPS spectra of b
C1s, c N1s, and d O1s
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Ti3C2TxMXene/GCE. Thus, we selected Cd0.5Zn0.5S/7wt%d-
Ti3C2TxMXene composite for the preparation of signal
amplificator in this study. Also, the experimental data were
fitted to standard randles equivalent circuit including solution
resistance (Rs), charge transfer resistance (Rct), and constant
phase element (CPE) for Cd0.5Zn0.5S/x wt% d-Ti3C2Tx

MXene (x: 1, 3, 5, and 7) composites.
In addition, for characterization of the prepared signal

amplificator step-by-step, various electrochemical
immunosensors including different signal amplificators such
as 7wt%d-Ti3C2TxMXene and Cd0.5Zn0.5S/7wt%d-
Ti3C2TxMXene were prepared and DPV measurements were
performed (Fig. 6d). For this aim, FABP/BSA/h-FABP-Ab1/
hc-g-C3N4@CDs/GCE was seperately exposed to an immune
reac t ion of 20 min wi th h-FABP-Ab 2 , 7wt%d-
Ti3C2TxMXene/h-FABP-Ab2, and Cd0.5Zn0.5S/7wt%d-
Ti3C2TxMXene/h-FABP-Ab2. DPV measurements were per-
formed in 1.0 mM H2O2 in pH 7.0, 0.1 M PBS, and in the
absence of H2O2. Owing to Ti3C2TxMXene’s high metallic
conductivity, efficient charge-carrier transfer, redox activation
sites, and good surface properties [38, 40, 49], more electro-
catalytic effect occurred on curve c in comparison with curve
b. Finally, due to significant catalysis effect of Cd0.5Zn0.5S
[41] and important synergistic effect between Cd0.5Zn0.5S
and 7wt%d-Ti3C2TxMXene, the higher current signals (curve
d) on Cd0.5Zn0.5S/7wt%d-Ti3C2TxMXene/h-FABP-Ab2 were
found in comparison with 7wt%d-Ti3C2TxMXene/h-FABP-

Ab2. In addition, the specific surface areas of developed
immunosensors were calculated as 0.170 ± 0.04 cm2 for bare
GCE, 0.389 ± 0.03 cm2 for h-FABP-Ab2/h-FABP/BSA/h-
FABP-Ab1/hc-g-C3N4@CDs/GCE, 0.607 ± 0.01 cm2 for
7wt%d-Ti3C2TxMXene/h-FABP-Ab2/h-FABP/BSA/h-
FABP-Ab1/hc-g-C3N4@CDs/GCE, and 0.917 ± 0.03 cm2 for
Cd0.5Zn0.5S/7wt%d-Ti3C2TxMXene/h-FABP-Ab2/h-FABP/
BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE in the presence of
1.0-mM [Fe(CN)6]

3− solution by the equation (Randles–
Sevcik) of ip = 2.69 × 105 A n3/2 D1/2 C v1/2, where ip was
the current, C (mol cm−3) was [Fe(CN)6]

3− concentration, v
was the scan rate (10–500 mV s−1), and A was surface area
(cm2) (n = 1, D = 7.6 × 10−6 cm2 s−1 for [Fe(CN)6]

3−) [47].
Thus, Cd0.5Zn0.5S/7wt%d-Ti3C2TxMXene/h-FABP-Ab2 was
preferred for subsequent immunosensor applications.

Optimization for electrochemical measurements

The detailed evaluation of the effect of solution pH, immune
reaction time, and the concentration of H2O2 and Cd0.5Zn0.5S/
d-Ti3C2TxMXene/h-FABP-Ab2 solution was depicted in Fig.
S7.

Linearity range

h-FABP as a marker of cardiac muscle cell damage is a low–
molecular weight (15,000 Da) protein and is abundant in the

Fig. 5 a TEM and b TEM with
different magnification images. c,
d HRTEM images of hc-g-
C3N4@CDs composite
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cardiac muscle cell cytoplasm. Serum and pericardial fluid
levels of h-FABP were obtained as 0.0–10.0 ng mL−1 and
0.0–20.0 ng mL−1, respectively in literature [70]. In this study,
electrochemical signals linearly increased with h-FABP con-
centrations from 0.01 to 1.00 pg mL−1 (Fig. 7). The equation
of linear regression was y (I, μA cm2−) = 44.42x (h-FABP
concentration, pg mL−1) + 0.029 with correlation coefficient
of R2 = 0.9985. By means of Eq. (1) and Eq. (2), the quanti-
fication limit (LOQ) and the detection limit values were ob-
tained as 0.01 pg mL−1 and 3.30 fg mL−1, respectively.

LOQ ¼ 10:0 S=m ð1Þ

LOD ¼ 3:3 S=m ð2Þ

where S is the standard deviation of intercept and m is the
slope of calibration equation. Hence, this calibration range
showed that h-FABP level can be followed easily in cases
not only by AMI, but also by AMI related to sensitive myo-
cardial ischemia. Moreover, the developed electrochemical h-
FABP immunosensor demonstrated superior sensitivity in

comparison with other analytical techniques (Table 1). This
was attributed to Ti3C2TxMXene’s high metallic conductivity
and catalysis effect of Cd0.5Zn0.5S. In addition, as a result of
the preparation of Cd0.5Zn0.5S/7wt%d-Ti3C2Tx MXene com-
posite via hydrothermal synthesis, it can be suggested that this
work offered an environmentally benign immunosensor de-
sign by means of little waste generation.

Recovery

Recovery values of h-FABP in the presence of pH 7.0, 0.1 M
PBS containing 1.0 mM H2O2 were presented on Table S1.
These values were calculated by the Eq. (3) below:

Recovery ¼ Found h−FABP; pg mL−1=Theoretical h−FABP; pg mL−1

ð3Þ

According to Table S1 relating to the close values to
100.00%, the other agents such as PDGF-BB, AFP, cTnI,
BSA, COP, CEA, IgG, MYG, and cTnT in plasma samples

Fig. 6 a Cyclic voltammograms. b EIS reponses at (a) bare GCE, (b) hc-
g-C3N4/GCE, (c) hc-g-C3N4@CDs/GCE, (d) h-FABP-Ab1/hc-g-
C3N4@CDs/GCE, (e) BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE, and
(f) h-FABP/BSA/h-FABP-Ab1/hc-g-C3N4@CDs/GCE (scan rate of
50mV s−1) in 1.0 mM [Fe(CN)6]

3− containing 0.1MKCl. c EIS reponses
at (a) Cd0.5Zn0.5S/1wt%d-Ti3C2TxMXene/GCE, (b) Cd0.5Zn0.5S/3wt%d-
Ti3C2TxMXene/GCE, (c) Cd0.5Zn0.5S/5wt%d-Ti3C2TxMXene/GCE, and
(d) Cd0.5Zn0.5S/7wt%d-Ti3C2TxMXene/GCE in 1.0 mM [Fe(CN)6]

3−

containing 0.1MKCl. Inset: Randles equivalent circuit. dDPV responses
of the proposed immunosensors incubated with 0.10 pg mL−1 FABP
protein by h-FABP-Ab2/h-FABP/BSA/h-FABP-Ab1/hc-g-C3N4@CDs/
GCE (curve b), 7wt%d-Ti3C2TxMXene/h-FABP-Ab2/h-FABP/BSA/h-
FABP-Ab1/hc-g-C3N4@CDs/GCE (curve c), and Cd0.5Zn0.5S/7wt%d-
Ti3C2TxMXene/h-FABP-Ab2/h-FABP/BSA/h-FABP-Ab1/hc-g-
C3N4@CDs/GCE (curve d) in absence of H2O2 (curve a) and in presence
of 1.0 mM H2O2
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cannot negatively affect accurate and selective determination
of h-FABP. In addition, standard addition method was applied
to plasma samples to investigate high selectivity of electro-
chemical h-FABP immunosensor and calibration equation of
standard addition method was found to be y (I, μA cm2−) =
44.49x (h-FABP concentration, pg mL−1) + 0.174. Thus, the
close slopes between the standard addition method and linear
regression method confirmed that the prepared electrochemi-
cal immunosensor selectively detected h-FABP protein in
plasma samples.

EIS technique was carried out in order to evaluate the validity
of the electrochemical immunosensor [21]. Table S2 demon-
strates the results obtained by the two different techniques for
h-FABP detection. The compared results showed that no impor-
tant difference was found between the electrochemical
immunosensor and EIS (Tcalculated > Ttabulated, p > 0.05).

Selectivity, stability, reproducibility, and reusability of
the prepared h-FABP immunosensor

In order to investigate the selectivity of prepared h-FABP
immunosensor, ten protein solution mixtures including h-
FABP, h-FABP+PDGF-BB, h-FABP+AFP, h-FABP+cTnI,
h-FABP+BSA, h-FABP+COP, h-FABP+CEA, h-FABP+
IgG, h-FABP+MYG, and h-FABP+cTnT were separately
prepared. After the development of ten electrochemical
immunosensors by these 10 protein solutions, these
immunosensors were applied to 1.0-mM H2O2 solution in-
cluding in pH 7.0, 0.1 M PBS (2.0 mL). Figure 8a demon-
strates 0.23% of relative standard deviation (RSD), providing
high selectivity.

The stability tests of prepared h-FABP immunosensor were
performed at 4.0 °C for 6 weeks in the presence of 1.0 mM

Table 1 The comparison of
electrochemical h-FABP
immunosensor with other report-
ed techniques

Material/method Linear range LOD Ref.

2D Ni-MOF 100.0 fg mL−1–1000.0 ng mL−1 44.5 fg mL−1 [22]

Immunoturbidimetric assay 2.76–115.0 ng mL−1 2.40 ng mL−1 [71]

Impedimetric immunoassay 98.0 pg mL−1–100.0 ng mL−1 117.0 pg mL−1 [20]

Capacitive immunosensor 98.0 pg mL−1–100.0 ng mL−1 0.84 ng mL−1 [21]

CL immunoassay 1.0 pg mL−1–1.0 ng mL−1 0.32 pg mL−1 [72]

Thermal sensing 1.50–75.0 ng mL−1 1.50 ng mL−1 [73]

Multiplexed chemiluminescence 0.10 pg mL−1–.0 μg mL−1 0.06 pg mL−1 [74]

Electrochemical immunosensor 0.01–1.00 pg mL−1 3.30 fg mL−1 This study

Fig. 7 Concentration effect on
immunosensor signals: (a) blank,
(b) 0.01 pg mL−1 h-FABP, (c)
0.05 pg mL−1 h-FABP, (d)
0.10 pg mL−1 h-FABP, (e)
0.20 pg mL−1 h-FABP, (f)
0.50 pg mL−1 h-FABP, (g)
1.0 pg mL−1 h-FABP. Inset:
Calibration curve for electro-
chemical h-FABP immunosensor
(potential range is +0.1/+0.5 V;
parameters are frequency of
50 Hz, pulse amplitude of 20 mV,
and scan increment of 3 mV)
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H2O2. According to Fig. 8b, the minimal changes with 0.97%
RSD verified the perfect stability of the prepared h-FABP
immunosensor (Fig. 8b). Twenty-five different h-FABP
immunosensors including 0.100 pg mL−1 h-FABP protein
were prepared for reproducibility test, and each electrochem-
ical h-FABP immunosensor was used in the presence of
1.0 mM H2O2 in 0.1 M PBS (pH 7.0). Thereby, 0.19% of
RSD suggested the reliability of the immunosensor produc-
tion procedure.

Finally, the reusability of the prepared h-FABP
immunosensor was evaluated in 1.0-mM H2O2 solution
(Fig. 8c). The obtained continuous current signals on one pre-
pared h-FABP immunosensor showed 0.79% of RSD during
50 times usage for 20 min, suggesting high reusability.

Conclusions

In conclusion, we developed the electrochemical
immunosensor for selective detection of h-FABP with the
detection limit of 3.30 fg mL−1. This performance is attributed
to the following reasons. (i) hc-g-C3N4@CDs not only
showed high crystallinity structure and larger surface area,
but also acted as ideal carrier for the efficient immobilization
of h-FABP-Ab1. (ii) Significant synergistic effect between
Cd0.5Zn0.5S and 7wt%d-Ti3C2TxMXene could facilitate elec-
tron transfer, providing enhanced sensitivity. In addition, un-
der optimal conditions, the prepared electrochemical
immunosensor showed satisfactory selectivity, stability, and
reusability. To the best of our knowledge, h-FABP protein
determination was firstly prepared based on core-shell high-

crystalline graphitic carbon nitride@carbon dots and
Cd0.5Zn0.5S/d-Ti3C2Tx MXene composite. Hence, graphitic
carbon nitride@carbon dots and Cd0.5Zn0.5S/d-Ti3C2Tx

MXene as promising functional nanocomposites may be uti-
lized for the production of new generation biosensors in the
future.
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material available at https://doi.org/10.1007/s00604-021-04838-6.
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