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Abstract
A sandwich-type sensitive voltammetric immunosensor for breast cancer biomarker human epidermal growth factor receptor 2
(HER2) detection was prepared. The electrochemical immunosensor was developed based on gold nanoparticles decorated
copper-organic framework (AuNPs/Cu-MOF) and quaternary chalcogenide with platinum-doped graphitic carbon nitride (g-
C3N4). Cu2ZnSnS4 nanoparticle (CZTS NP) quaternary chalcogenide with platinum (Pt)-doped g-C3N4 composite (Pt/g-C3N4)
was tagged as CZTS NPs/Pt/g-C3N4. AuNPs/Cu-MOF composite was successfully synthesized by amidation reaction between
AuNPs functionalized with amino group and Cu-MOFs containing carboxylic acid. After the conjugations of primer HER2
antibody and antigen HER2 protein to AuNPs/Cu-MOF as sensor platform, CZTS NPs/Pt/g-C3N4 composite was prepared by
one-pot hydrothermal method. After immune reaction of 30 min, the prepared HER2 immunosensor was characterized by
transmission electron microscopy (TEM), scanning electron microscopy (SEM), x-ray diffraction (XRD) method, x-ray photo-
electron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). The developed immunosensor showed high sensitivity with a detection limit of 3.00 fg mL−1.
Additional properties of the voltammetric immunosensor are high selectivity, stability, reproducibility, and reusability.
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Introduction

HER2 can facilitate excessive breast cancer cell growth and is
one of the most significant diagnostic biomarkers. The devel-
opment of about 35% of breast cancer tumors is mainly
corresponded to HER2’s overexpression [1]. These HER2-
positive breast cancers are responsible for about 35% of breast
cancers. Hence, HER2’s fast analysis improves the effective-
ness of treatment [2, 3]. According to literature, while HER2
content in the blood of healthy people is between 2.0 and
15.0 ng mL−1, the amount of HER2 increases up to
75.0 ng mL−1 in breast cancer patients [4, 5]. Lately, the
fluorescent-based detection methods including in situ hybrid-
ization (FISH) have been utilized for HER2 gene expression
to determine the presence of HER2 protein on the cell.

Nonetheless, the biopsy tissue exemplification and expensive
instruments can be needed in immunohistochemistry (IHC)
and FISH methods, causing a limited application for HER2
recognition [6, 7]. Hence, the simple and sensitive analysis
techniques are of great importance for HER2 recognition.
Lately, the new-type immunosensors based on voltammetry
started to attract great attention in the terms of high selectivity,
sensitivity, and low cost [8–15]. Even, some voltammetric
biosensors for HER2 recognition have presented by using
different nanoparticle systems [16, 17]. There are two-type
voltammetric immunosensors including sandwich type con-
taining label and label-free. To obtain sensitive biosensor sig-
nals, the sandwich-type immunosensors are especially used
and applied to the complex samples [18]. In the preparation
of sandwich-type immunosensors, the primer (capture) anti-
body is firstly immobilized to any sensor platform such as
electrochemical surface. Then, the analyte (target) antigen
sandwiched between the primer and detection (seconder) an-
tibodies. However, the type of nanomaterial/composite conju-
gated capture and seconder antibodies is very important to
observe the sensitive sensor signals [9]. For example, label-
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free electrochemical immunosensor based on Fe3O4 nanopar-
ticles into an amino-functionalized MOF (Fe3O4@TMU-21)
and multi-walled carbon nanotubes was prepared for HER2
detection. Thus, a linear relation of 1.00–100.00 ng mL−1 and
detection limit (LOD) of 0.30 pg mL−1 were recorded [3].
Secondly, cerium oxide-monoclonal antibody bioconjugate-
based electrochemical immunosensing was performed for
HER2. After the immobilization of this bioconjugate on a
carbon-AuNPs electrode, the prepared immunosensor was ap-
plied to human serum plasma, and LOD of 34.90 pgmL−1 was
obtained [19]. Then, lead sulfide quantum dots-conjugated
secondary HER2 antibody (Ab2-PbS QDs) was designed
and used for electrochemical immunosensing of HER2. The
developed immunosensor demonstrated a linear relation of
1.00–100.00 ngmL−1 and LOD of 0.28 ngmL−1 [20]. In other
study, DNA self-assembly amplification generating electric
current was developed for HER2 detection. In this study, a
sandwich-type aptamer and a DNA primer could form a long
one-dimensional DNA which was treated with molybdate for
generation of electrochemical current. According to the ob-
tained results, the prepared aptasensor for HER2 detection in
serum was highly correlated with ELISA measurements [21].
Finally, an aptamer-based colorimetric technique based on
AuNPs was developed for HER2 detection. The aptamers
were conjugated on AuNPs by adsorption-desorption colori-
metric approach and HER2 selectively connected to the
aptamers conjugated with AuNPs. Hence, LOD of 20.00 nM
was obtained for HER2 detection [22].

Metal-organic frameworks (MOFs) are constructed by uni-
fication of metal ions with organic ligands having highly or-
dered structures. Due to specific surface area, low density, and
porosity structure, MOFs have started to attract great attention
[23]. They are used as a sensor amplification especially in
drug delivery, electrochemistry applications, and energy stor-
age [24–26]. In addition, MOFs have been currently utilized
for significant substances’ analyses [27]. Nonetheless, the in-
compatibility betweenmetal nanoparticles such as AuNPs and
MOFs occasionally result in sensor application problems. The
incorporation of functional groups such as –NH2 on metal
nanoparticles can enhance the compatibility, providing a sta-
ble nanoparticles on MOFs. Hence, the materials including
MOFs suggest a chance to prepare enzyme-free voltammetric
sensors [28].

Metal chalcogenide as an inorganic molecule is composed
of electropositive metal cation/cations and one chalcogen such
as sulfides, selenides, and tellurides. Currently, due to the
physico-chemical and electrochemical properties, metal chal-
cogenides have attracted attention. Generally, alkali/alkaline-
earth metals and transition metals can form unique chalcogen-
ides. Especially, empty d-orbitals in transition metals result in
chalcogenide formation with different structures and compos-
ites such as binary (MoSe2), ternary (MoSSe), and quaternary
(Cu2ZnSnS4). In addition, the chalcogenides have perfect

properties such as high conductivity and electrocatalytic ac-
tivity, exclusive mechanical properties [29, 30]. Especially,
Cu2ZnSnS4 has important interest because of its catalytic ac-
tivity and large optical properties. Hence, Cu2ZnSnS4 has
been currently used as a potential candidate in sensor applica-
tions [31].

g-C3N4 as a carbon-nitrogen based nanomaterial has cur-
rently attracted important interest owing to biocompatibility,
specific surface area, low cytotoxicity, and chemical inertness.
In addition, g-C3N4’s modification with metal nanoparticles
such as gold and platinum can significantly enhance catalytic
performance and electron transfer in comparison with pristine
g-C3N4 [32–34].

In this study in comparison with previous reports, HER2
detection has been performed for the first time with a higher
precision and sensitivity using gold nanoparticles decorated
Cu-MOF and Cu2ZnSnS4 NPs/Pt/g-C3N4 composite.
Currently, metal nanoparticles and MOFs are embedded to
enhance biosensors/sensors’ performances. The traditional
preparation techniques of metal nanoparticles/MOF compos-
ites are in situ preparation of nanoparticles into MOFs or
nanoparticles’ direct coatings on MOFs. We performed
AuNPs coatings on MOFs via the stable hydrogen bonds be-
tween AuNPs and Cu-MOF, providing the high stability of
AuNPs/Cu-MOF composite in comparison with the other
metal nanoparticles/MOFs [35, 36]. In preparation of CZTS
NPs/Pt/g-C3N4, one-pot hydrothermal method was carried out
with minimal waste generation and high reaction efficiency.
Hence, an environmentally friendly immunosensor was con-
structed for HER2 detection. Finally, the prepared
immunosensor can provide a chance in the terms of early
detection of breast cancer via this study.

Experimental section

Materials

Antigen HER2, capture antibody1-HER2 (primer, anti-HER2-
Ab1), detection antibody2-HER2 (seconder, anti-HER2-Ab2),
bovine serum albumin (BSA), Mucin 1 (MUC1), hepatitis B
surface antigen (HBS), carcinoembryonic antigen (CEA), hu-
man immunoglobulin (IgG), melamine, chloroplatinic acid
(H 2P tC l 6 ) , t h i o u r e a (CH4N2S ) , CuC l 2 . 2H 2O ,
Zn(CH3COO)2.2H2O, SnCl2.2H2O, gold (III) chloride
trihydrate (HAuCl4·3H2O), Na3C6H5O7

.2H2O, L-cysteine, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), and CuSO4·5H2O, 1,3,5-
benzenetricarboxylic acid (BTCA) were purchased from
Sigma-Aldrich. Phosphate-buffered saline (PBS, 0.1 M,
pH 7.0) as supporting electrolyte and dilution buffer were also
utilized.
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Instrumentation

SEM and XRD images were obtained by using ZEISS EVO
50 SEM analytical microscopy and Rigaku X-ray diffractom-
eter, respectively. JEOL 2100 TEMwas utilized for obtaining
TEM images. FTIR measurements were obtained by Bruker
Tensor 27 FT-IR with DTGS detector. XPS analysis was car-
ried out by using PHI 5000 Versa Probe. In addition, differ-
ential pulse voltammetry (DPV), CV, and EIS measurements
were performed by using reference 600 workstation (Gamry,
USA).

Preparation of Cu-MOF and AuNPs/Cu-MOF
composite

CuSO4·5H2O solution (0.01 mmol), NH3·H2O (1.0 mL), and
BTCA solution (0.01 mmol) were mixed at 25.0 °C under
strong stirring for 45 min. Then, the prepared solution was
transferred into Teflon autoclave at 100 °C during 12 h.
After cooling treatment, the centrifugation at 10,000 rpm cre-
ated a blue precipitation (Cu-MOFs). Cu-MOFs was washed
with methanol and dried at 30.0 °C for 12 h [37].

AuNPs having the mean diameters of 20–25 nm were pre-
pared by using Na3C6H5O7

.2H2O as reducing agent and
HAuCl4·3H2O as precursor agent in harmony with literature
[38]. Then, L-cysteine solution (0.1 mM, 250.0 μL) was
added into AuNP solution under strong stirring during 6 h.
After centrifugation treatment, –NH2-AuNPs was collected
and washed with methanol.

After the preparation of Cu-MOF (0.25 g) dispersion in
ethanol (25.0 mL), NHS/EDC mixture (1:1, v/v) was added
into the above dispersion, and the obtained solution was
mixed for 30 min. Finally, AuNPs/Cu-MOF composite was
formed with incorporation of –NH2-AuNPs on Cu-MOFs.
The preparation steps of AuNPs/Cu-MOF are shown on
Scheme 1.

AuNPs/Cu-MOF composite as electrochemical sensor
platform with anti-HER2-Ab1 and antigen HER2
immobilizations

After dropping of AuNPs/Cu-MOF composite (25.0 μL) on
clean glassy carbon electrode (GCE), the solvent on electrode
surface was removed by IR lamp and AuNPs/Cu-MOF-mod-
ified GCE was developed (AuNPs/Cu-MOF/GCE). The im-
mobilization process of primer antibody was carried out by
amino gold affinity between anti-HER2-Ab1 and AuNPs/Cu-
MOF/GCE. For this aim, anti-HER2-Ab1 dispersion
(25.0 μL, 25.0 μg mL−1) was dropped on AuNPs/Cu-MOF/
GCE and left at 37.0 °C for 30 min [39] and tagged as anti-
HER2-Ab1/AuNPs/Cu-MOF/GCE. Then, anti-HER2-Ab1/
AuNPs/Cu-MOF/GCE was washed with pH 7.0, 0.1 M PBS
to remove non-interacting proteins at 37.0 °C for 60 min. In

order to eliminate non-specific interactions, BSA (2.0% w/v)
solution was incubated on anti-HER2-Ab1/AuNPs/Cu-MOF/
GCE at 37.0 °C for 30 min. After washing with pH 7.0, 0.1 M
PBS and distinct antigen HER2 proteins having different con-
centration were immobilized on anti-HER2-Ab1/AuNPs/Cu-
MOF/GCE for 30 min at 37.0 °C and tagged as HER2/anti-
HER2-Ab1/AuNPs/Cu-MOF/GCE. In order to remove non-
interacting proteins, HER2/anti-HER2-Ab1/AuNPs/Cu-MOF/
GCE was washed with 0.1 M PBS (pH 7.0).

Preparation of g-C3N4, Pt/g-C3N4 composite, CZTS
NPs, and CZTS NPs/Pt/g-C3N4

After the transfer of melamine (5.0 g) into an alumina crucible,
the annealing treatment was applied at 600 °C during 3 h
(rising rate of 3 °C min−1). Then, the obtained bulk form
was cooled to 25 °C and grounded in a mortal. Lastly, a
faint-yellow polymeric powder (g-C3N4) was kept in a closed
environment [40]. Pt/g-C3N4 composites including distinct Pt
amounts were prepared by photo-deposition method, and
H2PtCl6 was utilized as platinum source. After preparation
of g-C3N4 solution (1.0 mg mL−1) in the mixture of ultra-
pure water/methanol (1:1), g-C3N4 solution was slowly added
into H2PtCl6 dispersion (0.20 mg mL−1) under ultra-
sonication treatment for 30 min. After that, photo-deposition
treatment was applied to g-C3N4/H2PtCl6 dispersion for 15 h.
The obtained product was washed with ultra-pure water for
three times and dried at 70 °C. Finally, the obtained powder
was calcined at 550 °C for 1 h, providing 5.0 wt% Pt/g-C3N4

composite. The same procedure was applied to Pt/g-C3N4

composites with different Pt ratios, denoting as xPt/g-C3N4

where x was 5.0, 2.5, and 1.0 wt%.
In typical hydrothermal technique, CuCl2.2H2O

(4.0 mmol), Zn(CH3COO)2.2H2O (2.0 mmol), SnCl2.2H2O
(2.0 mmol), and CH4N2S (2.0 mmol) were dissolved in the
mixture of ultra-pure water/ethanol (1:1) under strong stirring
for 2 h at 70 °C. After transferring of the dispersion into a
Teflon-autoclave, the heating treatment was applied at 250 °C
for 15 h. After cooling process at 25 °C, the precipitates
(CZTS NPs) were washed with ultra-pure water and stored
in a closed environment [41].

The one-pot hydrothermal method was also utilized for the
preparation of CZTS NPs/Pt/g-C3N4. Firstly, 5.0 wt% Pt/g-
C3N4 (1.0 g) and CZTS NPs (10.0 g) were mixed in ultra-pure
water/ethanol (1:1) under ultra-sonication for 45 min. After
the suspension was transferred into a Teflon-autoclave, the
heating treatment at 250 °C for 12 h was performed. Then,
the product was cleaned with ultra-pure water and dried at
80 °C. Finally, the composite was calcined at 450 °C for
1 h, and the obtained composite was named as CZTS NPs/
5.0 wt% Pt/g-C3N4. The preparation steps of CZTS NPs/Pt/g-
C3N4 are shown on Scheme 1.
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CZTS NPs/Pt/g-C3N4 as signal amplification with anti-
HER2-Ab2 conjugation

After preparation of anti-HER2-Ab2 (25.0 μL, 25.0μg mL−1),
the seconder antibody was added into CZTS NPs/5.0 wt% Pt/
g-C3N4 (25.0 μL, 30.0 mg mL−1) dispersion under magnetic
stirring at 37.0 °C for 30 min. Centrifugation process was
carried out at 15,000 rpm during 45 min, and CZTS NPs/
5.0 wt% Pt/g-C3N4 conjugated to anti-HER2-Ab2 (CZTS
NPs/5.0 wt% Pt/g-C3N4/anti-HER2-Ab2) was preserved in
pH 7.0, 0.1 M PBS.

Electrochemical measurements

Finally, electrochemical measurements were performed by
the developed sandwich-type voltammetric immunosensor
occurring the antibody-antigen interactions between CZTS
NPs/5.0wt%Pt/g-C3N4/anti-HER2-Ab2 and HER2/anti-
HER2-Ab1/AuNPs/Cu-MOF/GCE. For the immune reac-
tion, CZTS NPs/5.0wt%Pt/g-C3N4/anti-HER2-Ab2

dispersion (25.0 μL, 30 mg mL−1) was dropped on sensor
platform for 30 min. Lastly, the developed immunosensor
(CZTS NPs/5.0wt%Pt/g-C3N4/anti-HER2-Ab2/HER2/an-
ti-HER2-Ab1/AuNPs/Cu-MOF/GCE) was preserved in
0.1 M PBS. 0.1 M PBS (pH 7.0, 2.0 mL) as supporting
electrolyte containing 1.0 mM H2O2 solution was prepared
for electrochemical measurements. After working potential
was applied in the range of 0.0/+0.6 V for DPV measure-
ments, the voltammograms were recorded at +0.40 V.
Before electrochemical measurements, argon gas
(99.999%) was passed to remove dissolved oxygen for
15 min. In addition, the used parameters for DPV were
frequency of 50 Hz, pulse amplitude of 20 mV and scan
increment of 3 mV.

Sample preparation

HER2 free plasma samples were supplied fromBlood Bank in
TURKEY. Sample preparation protocol was explained in de-
tail on Supplementary Data [42].

Scheme 1 Preparation procedure of electrochemical sensor platform, signal amplification and voltammetric immunosensor
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Results and discussion

Principle of voltammetric HER2 immunosensor based
on AuNPs/Cu-MOF and CZTS NPs/Pt/g-C3N4

In the preparation of gold nanoparticles decorated Cu-MOF,
benzene-1,3,5-tricarboxylate (BTC3−) ligands serve as μ4-bis-
monodentate and bidentate coordination style to five-
coordinated Cu(II) centers for trigonal bipyramidal formation.
Four BTC3− ligands also link to four Cu(II) centers into a 28-
membered ring and Cl− bridges two neighboring Cu(II) cen-
ters to create small 6-membered ring into 28-membered ring.
Hence, 28-membered rings’ growth via edge-sharing results
in two-dimensional sheet along ab-plane. The amination reac-
tion of AuNPs with L-cysteine forms –NH2 groups onAuNPs.
These –NH2 groups create the stable hydrogen bonds between
–NH2 groups and –COO groups of Cu-MOF, providing the
stabilization of the prepared AuNPs/Cu-MOF composite. In
addition, –COO groups of Cu-MOF are activated by NHS/
EDC mixture, and this activation provides the formation of
AuNPs/Cu-MOF composite via amide bond. Finally, AuNPs/
Cu-MOF serves as capture antibody1-HER2’s immobilization
via amino-gold affinity [43] and conductivity enhancement on
sensor platform.

CZTS NPs/Pt/g-C3N4 composite as signal amplification is
prepared by one-pot hydrothermal method with high efficien-
cy between Pt/g-C3N4 and CZTS NPs. CZTS NPs/Pt/g-C3N4

composite is developed by the co-catalyst behavior of CZTS
NPs and Pt NPs on g-C3N4 sheets, providing a high surface
area and efficient charge separation. The synergistic effect
between quaternary chalcogenide’s electropositive metal cat-
ions and functional groups of detection antibody2-HER2 pro-
vided a stable conjugation by strong electrostatic interactions.

H2O2 as a redox probe was chosen because of its usage in
biomolecules’ medical diagnosis [44]. The continuous oxida-
tion of H2O2 into O2 at about +0.40 V was monitored by the
prepared HER2 voltammetric immunosensor including anti-
gen HER2 proteins with different concentrations.

Characterizations of gold nanoparticles decorated Cu-
MOF (AuNPs/Cu-MOF) as sensor platform

XRD spectra were firstly obtained for characterizations of Cu-
MOF and AuNPs/Cu-MOF (Fig. 1a). The characteristic peaks
corresponding to Cu-MOF were observed in harmony with
literature [45], confirming the high purity of the synthesized
Cu-MOF. AuNPs/Cu-MOF also demonstrated an analogous
XRD pattern, and the diffraction peaks located at 37.92° and
44.73° were attributed to (111) and (200) planes of cubic
AuNPs [46, 47]. Thus, the similar and different XRD peaks
showed AuNP presence and the structural stability of Cu-
MOF in AuNPs/Cu-MOF. FTIR spectra of Cu-MOF and
AuNPs/Cu-MOF showed that the absorption peaks belonging

to BTC3− ligand verified the presence of Cu-MOF (Fig. 1b).
The peak at 1620 cm−1 attributing to OH–C=O stretching
vibration and the absorption bands at 1500–1200 cm−1 cor-
responding to C=O of carboxyl groups indicated the incor-
poration of BTC3− ligand on Cu-MOF and AuNPs/Cu-
MOF composite [37]. The absorption bands attributing to
C=C stretching of benzene structure were emerged at
1559 cm−1 and the absorption bands at 950–550 cm−1 were
owing to C–H bending of benzene structure [48]. Finally,
the band at 1650 cm−1 confirmed the presence of –NH2

groups on AuNPs/Cu-MOF composite [49]. The morpho-
logical properties of Cu-MOF and AuNPs/Cu-MOF com-
posite were also investigated by SEM measurements.
According to Fig. 1c, Cu-MOF had column-type shape with
average size of 120–410 nm. Lastly, many granular reliefs
on Cu-MOF surface confirmed AuNPs’ expansion on Cu-
MOF (Fig. 1d).

Characterizations of g-C3N4, CZTS NPs, Pt/g-C3N4, and
CZTS NPs/Pt/g-C3N4 composites as signal
amplification

The morphological features of all samples were firstly inves-
tigated by using SEM measurements. Figure 2a demonstrated
irregular two-dimensional nanosheet structure belonging to g-
C3N4’s bulk form. Nonetheless, CZTS NPs, having flower-
like agglomerates, were comprised of many nanoplates with
an average size of 120–140 nm (Fig. 2bs). SEM images (Figs.
2c, d, and e) of Pt/g-C3N4 composites showed curly, bulky,
and two-dimensional nanosheet structures with an average
size of 5–10 nm and Pt/g-C3N4 composites’ structures were
distinct in comparison with g-C3N4 including solid agglomer-
ates. The well dispersion of Pt NPs on g-C3N4 surfaces was
also seen, and no significant distinctions could be observed on
morphological features of Pt/g-C3N4 composites with the in-
crease of Pt amounts. According to SEM image (Fig. 2f) of
CZTS NPs/5.0 wt% Pt/g-C3N4, the composite was composed
of irregular agglomerates having spherical particles.
Moreover, SEM image of CZTS NPs/5.0 wt% Pt/g-C3N4

showed the obvious incorporation and coating of flower-like
CZTS NPs on 5.0 wt% Pt/g-C3N4 composite. After the con-
jugation of anti-HER2-Ab2 on CZTS NPs/5.0 wt% Pt/g-C3N4

composite, the observed cloudy clusters indicated the specific
interaction between seconder antibody and the final composite
(Fig. 2g). According to EDS image (Fig. 2h), the presence of
elements such as C, N, Pt, Cu, Zn, Sn and S was confirmed on
composite structure.

Secondly, TEM measurements were carried out to investi-
gate the morphological properties of all samples. The thread
and porous structure was shown for g-C3N4 on Fig. S1a.
According to Fig. S1b, the well dispersion of Pt NPs on g-
C3N4 surface was demonstrated, and the lattice space of
0.21 nm belonging to (111) plane of Pt NPs was obtained.
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Fig. 1 (a) XRD patterns and (b)
FTIR spectra of Cu-MOF and
AuNPs/Cu-MOF composite,
SEM images of (c) Cu-MOF and
(d) AuNPs/Cu-MOF composite

Fig. 2 SEM images of (a) g-C3N4, (b) CZTS NPs, (c) 1.0 wt% Pt/g-C3N4, (d) 2.5 wt% Pt/g-C3N4, (e) 5.0 wt% Pt/g-C3N4, (f) CZTS NPs/5.0 wt% Pt/g-
C3N4, (g) CZTS NPs/5.0 wt% Pt/g-C3N4/anti-HER2-Ab2, and (h) EDS spectra of CZTS NPs/5.0 wt% Pt/g-C3N4
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Figure S1C verified flower-like agglomerates of CZTS NPs.
Figure S1D shows that g-C3N4 having thread and porous
structure acted as substrate for Pt NPs and CZTS NPs. The
dark areas on the layered structure were also corresponded to
the agglomerated CZTS NPs. Moreover, Pt NPs’ distribution
with an average size of 4–9 nm verified the decoration on g-
C3N4 sheets. In addition, the close interface (demonstrated by
white area line) between 5.0 wt% Pt/g-C3N4 and CZTS NPs
resulted in effective charge transfer, and thus, the catalytic
performance could be obviously improved.

FTIR spectra were obtained to investigate the structural
properties relating to inter- and intra-bonds in g-C3N4, xPt/g-
C3N4, and CZTS NPs/5.0 wt% Pt/g-C3N4 composite (Fig.
S2A). Absorption bands related to amine groups and –OH
stretching of adsorbed water were observed in the range of
3000–3400 cm−1 [50, 51]. Absorption bands in range of
1100–1650 cm−1 were corresponded to sp3 C–N breathing
and sp2 C=N stretching modes [52] . In addition, the bands
at 810–815 cm−1 and 890 cm−1 were attributed to triazine
ring’s breathing and N–H deformation modes, respectively
[53]. Furthermore, the absorption bands at 441, 1088, and
1731 cm−1 were corresponded to stretching vibrations of Zn-
N, C=S, and C=O, respectively, on CZTS NPs of composite
[54, 55]. Thus, it is concluded that the structure of graphitic
carbon nitride could not significantly change with the incor-
poration of CZTS NPs and PtNPs. In addition, the structural
properties of g-C3N4, 5.0 wt% Pt/g-C3N4, and CZTS NPs/
5.0 wt% Pt/g-C3N4 were highligted by XRD (Fig. S2b). The
intensive peak at 27.30° was attributed to (002) plane of
heptazine units of g-C3N4 [51]. Besides the peak located at
27.30°, two additional peaks at 39.70° and 45.80° were attrib-
uted to (111) and (200) planes of platinum, respectively, indi-
cating Pt NPs’ presence on g-C3N4. The peaks at 29.40°,
33.60°, 49.12°, and 55.22°, attributing to (112), (200), (220),
and (312) planes, confirmed CZTS NP presence on
composite.

XPS analysis was used to determine the chemical and elec-
tronic states of CZTS NPs/5.0 wt% Pt/g-C3N4 (Fig. 3). The
survey spectra (Fig. 3A) demonstrated that 5.0 wt% Pt/g-C3N4

composite was composed of Zn2p, Sn3d, S2p, Cu2p, Pt4f,
C1s, and N1s. Figure 3b showed Cu2p spectra including
two peaks at 931.2 eV and 951.1 eV for Cu2p3/2 and
Cu2p1/2, respectively. The oxidation state of Zn2+ was con-
firmed by two peaks at 1022.1 eV (Zn2p3/2) and 1045.2 eV
(Zn2p1/2) (Fig. 3c), and the oxidation state of Sn4+ was veri-
fied by two characteristic peaks at 487.1 eV (Sn3d5/2) and
494.9 eV (Sn3d3/2) (Fig. 3d). Two obvious peaks at
160.5 eV and 162.1 eV were attributed to S2p3/2 and S2p1/2,
respectively, indicating the presence of S2− oxidation state
(Fig. 3e). For C1s spectra, three peaks located at 284.8 eV,
286.2 eV, and 287.8 eV were corresponded to –C-NH2, gra-
phitic C-C, and –N-C=N bonds, respectively (Fig. 3f). The
peaks at 398.5 eV, 399.5 eV, and 401.1 eV attributing to

aromatic ring with -C-N=C, sp3 bonded N-[C]3 and –NH2

groups were shown on N1s spectra (Fig. 3g) [56]. Finally,
the peaks corresponding to 70.4 eV and 75.1 eV indicated
Pt4f7/2 and Pt4f5/2, confirming Pt (II) state [57] (Fig. 3h).
The binding energy of Pt4f7/2 attributing to Pt2+ is generally
located at 72.4 eV. Hence, the binging energy of Pt4f7/2 con-
taining in CZTS NPs/5.0 wt% Pt/g-C3N4 composite shifted to
the lower energy, indicating electron transfer from g-C3N4 to
Pt NPs [58]. Figure S3 demonstrated N2 adsorption-
desorption isotherms of g-C3N4, 5.0 wt% Pt/g-C3N4, and
CZTS NPs/5.0 wt% Pt/g-C3N4 composite. According to Fig.
S3, the whole samples had type IV isotherms, confirming
mesoporous structures of samples. The specific surface areas
(BET) were obtained as 9.12, 12.43, and 37.81 m2 g−1 for g-
C3N4, 5.0 wt% Pt/g-C3N4, and CZTS NPs/5.0 wt% Pt/g-C3N4

composite, respectively. About three times enhancement on
BET surface area belonging to 5.0 wt% Pt/g-C3N4 and CZTS
NPs/5.0 wt% Pt/g-C3N4 composite was owing to the incorpo-
ration of CZTS NPs. In addition, the pore volumes were cal-
culated as 0.052, 0.098, and 0.177 cm3 g−1 for for g-C3N4,
5.0 wt% Pt/g-C3N4, and CZTS NPs/5.0 wt% Pt/g-C3N4 com-
posite, respectively. Hence, the electrochemical activity of the
prepared composite may be increased by these large surface
areas [59]. In literature, many catalysts such as Zn-MOF [60]
and curcumin-MOF [61] were prepared according to their
usage areas as photocatalysis and bioprocess. The surface
areas of these catalysts can be higher and lower in comparison
with CZTS NPs/5.0 wt% Pt/g-C3N4 composite. However, the
one of basic aims of this study was to demonstrate the elec-
trochemical biosensor usability and the textural properties of
the prepared signal amplification (CZTS NPs/5.0 wt% Pt/g-
C3N4). Especially, a perfect sensitivity with detection limit of
3.00 fg mL−1 for HER2 detection was obtained using AuNPs/
Cu-MOF as sensor platform and CZTS NPs/5.0 wt% Pt/g-
C3N4 as signal amplification in this study. Hence, this devel-
oped immunosensor may show a new way in real clinical
cases.

Electrochemical characterizations of voltammetric
immunosensor

Firstly, electrochemical characterizations of CZTS NPs/Pt/g-
C3N4 composites containing different Pt/g-C3N4 amounts
were performed in 1.0 mM [Fe(CN)6]

3− containing 0.1 M
KCl by CV (Fig. S4A). Curve a of Fig. S4A showed a small
anodic and cathodic peak signals by using bare GCE.
Nonetheless, CZTS NPs/Pt/g-C3N4/GCE demonstrated the
enhanced anodic and cathodic peak signals in 1.0 mM
[Fe(CN)6]

3−. Even CZTS NPs/5.0wt%Pt/g-C3N4 showed the
highest electrocatalytic effect in comparison with composites
including 2.5wt%Pt/g-C3N4 and 1.0wt%Pt/g-C3N4. Thus, we
chose signal amplification including 5.0wt%Pt/g-C3N4 for
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voltammetric immunosensor development and subsequent
applications.

Secondly, electrochemical characterizations of the de-
veloped sensor platform were progressively carried out
(Fig. S4b). Curve a of Fig. S4B showed a small anodic
and cathodic peak signals by using bare GCE. The more
pronounced anodic and cathodic peak signals were ob-
served by Cu-MOF-modified GCE (Cu-MOFs/GCE)
(curve b of Fig. S4B) owing to high surface area and more
electrocatalytic tunable structure of Cu-MOFs [24, 62, 63].
Then, the increased anodic and cathodic peak signals were
observed at AuNPs/Cu-MOF/GCE (curve c of Fig. S4B)
because of the enhanced conductivity on electrode surface
[64]. After anti-HER2-Ab1’s immobilization on AuNPs/
Cu-MOF/GCE, an important decrease on signals of anodic
and cathodic peaks was observed due to electron transfer
prevention ability of capture antibody (curve d of Fig.
S4B). Then, BSA’s blocking effect caused the further de-
creases on the peak signals (curve e of Fig. S4B). Lastly,
antigen HER2’s immobilization on anti-HER2-Ab1/
AuNPs/Cu-MOF/GCE (curve f of Fig. S4B) made electron
transfer more difficult in comparison with curve e of Fig.
S4B. Hence, according to CV measurements, the incorpo-
ration of proteins such as primer, seconder, antigen, and
BSA was successfully realized on sensor platform.

According to EIS measurements in 1.0 mM [Fe(CN)6]
3−

containing 0.1 M KCl, the electrode conductivity on bare
GCE surface (curve a of Fig. S4C) was gradually increased

by Cu-MOFs/GCE (curve b of Fig. S4C) and AuNPs/Cu-
MOF/GCE (curve c of Fig. S4C). Owing to primer anti-
HER2-Ab1 immobilization, the electrode resistance increased
in harmony of CV results (curve d of Fig. S4C). Finally, elec-
trochemical conductivity on electrode surface progressively
decreased due to incorporation of BSA, antigen, and seconder
(curve e-f of Fig. S4C). Hence, CV and EIS measurements
showed that the accomplished sensor platform based on
AuNPs/Cu-MOF composite was developed for novel HER2
detection.

Finally, various immunosensors including different signal
amplifications such as 5.0wt%Pt/g-C3N4/anti-HER2-Ab2
with CZTS NPs and without CZTS NPs were prepared to
observe the effect of signal amplification (Fig. S5). Firstly,
the previous prepared sensor platforms (AuNPs/Cu-MOF/
GCE) including primer antibody and antigen HER2 were
put on an immune reaction of 30 min with CZTS NPs/
5.0wt%Pt/g-C3N4/anti-HER2-Ab2, 5.0wt%Pt/g-C3N4/anti-
HER2-Ab2, and anti-HER2-Ab2, respectively. The whole
immunosensors were tested in 1.0 mM H2O2 in pH 7.0,
0.1 M PBS, and in the absence of H2O2. The signal amplifi-
cation containing only anti-HER2-Ab2 without any 5.0wt%Pt/
g-C3N4 composite and CZTSNPs demonstrated a small signal
for 1.0 mM H2O2 at about +0.40 V (curve b of Fig. S5).
However, the signal amplifications containing 5.0wt%Pt/g-
C3N4/anti-HER2-Ab2 (curve c of Fig. S5) and CZTS NPs/
5.0wt%Pt/g-C3N4/anti-HER2-Ab2 (curve d of Fig. S5)
showed the peak signals corresponding to 6.0 μA and

Fig. 3 (a) XPS survey spectra of 5.0 wt% Pt/g-C3N4 composite, High-resolution spectra of (b) Cu2p, (c) Zn2p, (d) Sn3d, (e) S2p, (f) C1s, (g) N1s, and
(h) Pt4f
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11.0 μA, respectively, at about +0.40 V. Because of the intro-
duction of CZTS NPs, it caused a significant increase in elec-
trochemical catalytic activity as a result of higher surface area.
This synergistic effect relating to the interactions of CZTS
NPs and Pt/g-C3N4 produced a combined effect greater than
their separate effects, making the developed voltammetric
immunosensor a potential candidate in clinical applications.
In order to determine this synergistic effect, the specific sur-
face areas of developed modified electrodes were calculated
as 0.170 ± 0.04 cm2 for bare GCE, 0.508 ± 0.02 cm2 for
5.0wt%Pt/g-C3N4/GCE, and 0.938 ± 0.03 cm2 for CZTS
NPs/5.0wt%Pt/g-C3N4/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 current, C
(mol cm−3) was [Fe(CN)6]

3− concentration, v was 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−) [65]. According to the
obtained results by the whole prepared signal amplifications,
we preferred CZTS NPs/5.0wt%Pt/g-C3N4/anti-HER2-Ab2
for subsequent immunosensor application.

Optimization for voltammetric measurements

The effects of pH, immune reaction time, H2O2, and CZTS
NPs/5.0wt%Pt/g-C3N4/anti-HER2-Ab2 solution concentra-
tions were evaluated in detail on Fig. S6.

Linearity range

The obtained voltammograms at +0.4 V by developed
immunosensor were shown on Fig. 4, and the inset of Fig. 4
demonstrated the obtained calicration equation as “y (μA) =
98.994x (pg mL-1) + 1.095” based on linearity relation be-
tween immunosensor signals and HER2 concentrations. The
quantification limit (LOQ) and LOD were calculated as
0.01 pg mL−1 and 3.00 fg mL−1, respectively, by equations
below:

LOQ¼10:0 S=m ð1Þ
LOD¼3:3 S=m ð2Þ
where S is the standard deviation of intercept and m is the
slope of calibration equation. Table 1 showed the comparative
studies in terms of sensitivity. Because of the synergistic effect
between Pt NPs and CZTS NPs on g-C3N4 surface and high
specific surface, the developed voltammetric immunosensor
demonstrated the sensitive current signals, indicating a LOD
of 3.00 fg mL−1. We have also demonstrated the important
advantages of HER2 voltammetric immunosensor in this
study. Firstly, the prepared immunosensor with high selectiv-
ity was presented. Hence, the developed immunosensor had
the potential to be used in place of conventional methods
currently used. The immunosensor was also prepared under

one-pot hydrothermal conditions in this study. During the
preparation processes of sensor platform and signal amplifi-
cation, little waste generation was also observed. Hence,
cheaper, eco-friendly, and environmentally friendly
immunosensor was prepared in this study.Moreover, the anal-
ysis process was performed in the shorter time in comparison
with the other methods.

Recovery

Table S1 showed the recovery of HER2 in presence of pH 7.0,
0.1 M PBS containing 1.0 mM H2O2. The recovery was cal-
culated by the eq. (3) below:

Recovery¼Found HER2;pg mL−1=Real HER2;pg mL−1

ð3Þ

Table S1 indicated recovery values close to 100.00%,
confirming HER2 voltammetric immunosensor’s high accu-
racy in complex protein medium. Furthermore, standard addi-
tion method was applied to plasma samples to investigate high
selectivity properties of HER2 voltammetric immunosensor.
Calibration equation of standard addition method was found
as y (μA) = 98.981x (pg mL−1) + 10.189. Hence, the close
slopes between direct calibration and standard addition
methods demonst ra ted that HER2 vol tammetr ic
immunosensor had perfect selectivity in complex plasma
samples.

Selectivity, stability, reproducibility, and reusability

Six different protein solution mixtures including in HER2,
HER2 +MUC1, HER2 +HBS, HER2 + CEA, HER2 + IgG,
and HER2 + BSA were prepared to show the selectivity test
of voltammetric immunosensor. Six different immunosensors
were separately prepared by using above protein mixtures.
After that, these 6 different immunosensors were applied to
1.0 mM H2O2 solution including in pH 7.0 and 0.1 M PBS
(2.0 mL). According to Fig. S7A, 0.29% of relative standard
deviation (RSD) verified high selectivity of prepared HER2
immunosensor.

The prepared HER2 immunosensor were preserved at
4.0 °C for 7 weeks and applied to 1.0 mM H2O2 solution for
7 weeks. According to Fig. S7B, the continuous acquired
current signals during 7 weeks were about 99.02% of first
current signal. In addition, the same stability tests were repeat-
ed for the prepared HER2 immunosensor at 25.0 °C for
7 weeks and 0.13% of RSD for immunosensor signals was
obtained during 7 weeks at 25.0 °C. Hence, high stability at
4.0 and 25 °C showed that the prepared HER2 immunosensor
was suitable for clinical applications. Twenty different HER2
immunosensors containing 0.100 pg mL−1 antigen HER2
were separately also prepared to demonstrate the
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reproducibility of HER2 immunosensor and utilized for
1.0 mM H2O2 solution. 0.73% of RSD showed the high re-
producibility of the developed immunosensor. Finally, the
reusability of HER2 immunosensor was presented in
1.0 mM H2O2 solution (Fig. S7C). One developed HER2
immunosensor was used at least 50 times and 0.92% of
RSD for immunosensor signals was obtained. Thus, we suc-
cessfully preparedHER2 immunosensor having high reusabil-
ity in this study. DPV responses of the proposed HER2
immunosensor for investigations of selectivity, stability, re-
producibility, and reusability were recorded at device

parameters such as frequency of 50 Hz, pulse amplitude of
20 mV, and scan increment of 3 mV.

Conclusions

In this report, a breast cancer biomarker HER2 detection
based on gold nanoparticles decorated Cu-MOF as sensor
platform and Cu2ZnSnS4 quaternary chalcogenide with
platinum-dopped g-C3N4 composite as signal amplifica-
t ion was successful ly real ized by the prepared
vol tammetr ic immunosensor . Especia l ly , HER2
voltammetric immunosensor demonstrated a satisfactory
selectivity, stability, and reproducibility. The obtained
calibration curve was established between 0.01 and
1.00 pg mL−1 and LOD of 3.00 fg mL−1 was observed.
Moreover, due to easy, low-cost, and efficient preparation
procedure for sensor platform and signal amplification, an
environmentally friendly immunosensor was developed.
In the same way, an alternative detection method was
presented for clinical diagnosis by using breast cancer
biomarker HER2 immunosensor. Nonetheless, the addi-
tional experiments using real blood samples (not HER2
free plasma samples) from healthy and breast cancer pa-
tients should be performed to show the prepared
immunosensor’s utility in real clinical cases.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04735-y.
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Table 1 Comparison of
voltammetric HER2
immunosensor with other
techniques

Material/method Linear range LOD Ref.

Fe3O4@TMU-21 1.00–100.00 ng mL−1 0.30 pg mL−1 [3]

CdSe@ZnS 10.00–150.00 ng mL−1 2.10 ng mL−1 [66]

Streptavidin-alkaline phosphatase 7.50–50.00 ng mL−1 0.16 ng mL−1 [67]

Ab2-PbS QDs 1.00–100.00 ng mL−1 0.28 ng mL−1 [68]

Label-free 10.00–70.00 ng mL−1 1.60 ng mL−1 [69]

Label-free 10.00–100.00 ng mL−1 10.00 ng mL−1 [70]

CdSe@ZnS quantum dots 0.50–50.00 ng mL−1 0.29 ng mL−1 [71]

Potentiometric 0.10–100.00 ng mL−1 0.08 ng mL−1 [72]

EIS 0.001–10.00 ng mL−1 1.00 pg mL−1 [73]

PbS QDs 1.00–100.00 ng mL−1 0.28 ng mL−1 [20]

CZTS NPs/5.0wt%Pt/g-C3N4 0.01–1.00 pg mL−1 3.00 fg mL−1 This study

Fig. 4 Concentration effect (from 0.01 to 1.0 pg mL−1 HER2) on
immunosensor signals, Inset: Calibration curve for voltammetric HER2
immunosensor (Potential range is 0.0/+0.6 V; Parameters are frequency
of 50 Hz, pulse amplitude of 20 mV and scan increment of 3 mV)
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