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This work describes the development of a platform based on bismuth oxyiodide (BiOI),
sulfur-doped graphitic carbon nitride (S-g-C;N,), and bismuth-doped sodium tantalate perovskite
(Bi-NaTaO,) for zero-biased photoelectrochemical immunosensing of cardiac troponin I (cTnl)
biomarker. The spectroscopic, structural, morphological, and compositional characteristics of the
photoelectrochemical (PEC) materials were evaluated by Raman and Fourier-transform infrared
spectroscopy (FTIR), powder X-ray diftraction (PXRD), scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDS). Electrochemical impedance (EI) measurements
were performed under the incidence and absence of light to investigate the effects of photons on the
charge transfer resistance of the photoelectrochemical platform. The influence of the cTnl biomarker
on the photoelectrochemical response of the anti-cTnl antibody-modified photoelectrochemical
platform (anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/FTO) was evaluated by measuring the photocurrent
of the system. The immunosensor presented a linear response range from 1 pg mL™! to 50 ng mL"!,
mean recovery percentage between 95.98 and 99.78% in real human serum samples, and selectivity

for the cTnl biomarker.
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Introduction

Acute myocardial infarction (AMI) is one of the highest
causes of death in the world due to its high mortality
rates among all cardiovascular diseases.! AMI refers to
ischemic cardiac necrosis resulting from acute obstruction
of a coronary artery. Symptoms of AMI include chest
pain, measuring variations in the electrocardiogram, and
changes in the concentration of cardiac biomarkers.>*
Tumor necrosis factor-o. (TNF-a), interleukin-6 (IL-6),
interleukin-1 (IL-1), lipoprotein-associated phospholipase
(LP-PL), myeloperoxidase (MPO), C-reactive protein
(CRP), myoglobin, and cardiac troponins (cTn) are among
the most important cardiac biomarkers.>*

The c¢Tn biomarkers are subdivided into cardiac
troponin C (¢TnC), I (cTnl), and T (¢TnT).> Among
them, the cTnl has the highest sensitivity and specificity
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for detecting acute myocardial infarction,” making it
the standard for AMI diagnosis.*” The level of c¢Tnl
concentration in normal patients can be as low as around
1 pg mL"', but it can be increased to values as high as about
0.1 ng mL" in cases of acute heart failure.®

It has been proposed several methods for detecting cTnl
biomarkers, including fluorescence microscopy exploiting
a fluoro-microbead guiding chip,’ 2D-chromatographic
immunosensor based on fluorescent nano-tracer,!
nanozyme-linked immunosorbent assay for dual-modal
colorimetric and ratiometric fluorescent detection,'’
wavelength/intensity modulation based surface plasmon
resonance (SPR),">?immunomagnetic separation technology-
assisted surface plasmon resonance,'*and quantification of
cTnl based on immunoaffinity enrichment strategy and
isotope dilution (ID) liquid chromatography-tandem mass
spectrometry.' These methods are reliable, sensitive, and
robust; however, they are time-consuming and require
trained personnel which difficult their use for point-of-
care testing.
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Electrochemical and photoelectrochemical (PEC)
systems have emerged as promising methods for
biomarkers monitoring in a variety of samples due to their
simple instrumentation, high sensitivity, low cost, fast
response, and portability.'>'* In PEC systems, a photoactive
material is photoexcited by light, producing electron-hole
pairs, whose separation and the subsequent charge transfer
can give rise to photocurrent and photovoltage.?*?! These
systems can operate with high sensitivity due to the high
signal-to-noise ratio of photoelectrochemical methods
since the excitation source does not interfere on the
response of the detector.*?! Therefore, there is a heightened
interest in developing photoactive materials capable of
light absorption and with high photoelectric conversion
efficiency.??

Perovskite oxides such as sodium tantalate (NaTaO,)
have attracted considerable interest due to their excellent
chemical stability, non-toxicity, catalytic activity, structural
versatility, good thermal stability, and efficient charge
separation.?*? However, pristine NaTaO, has a wide band
gap, ca.4.0eV, which difficult its applicability under visible
light.*® Several strategies have been proposed to enhance
the photoelectrochemical activity of sodium tantalates
under visible light, such as doping with foreign elements
and the combination of perovskites with visible-light-active
materials.?”?8

Utilizing eco-friendly materials, two distinct strategies
were employed to enhance the visible-light activity
of NaTaO, using two distinct approaches. Several
elements, including cobalt, chrome, copper, nitrogen,
iron, and bismuth, have been utilized for doping NaTaO,
as one of the most appropriate strategies to modify the
microstructure of the perovskite and effectively enhance
the visible light absorption capacity of NaTaQ,.?"-*%
Bismuth doping of NaTaO; has been successfully applied
in photocatalysis under visible light irradiation.*! Thus,
the first strategy was doping the sodium tantalate with
bismuth using a eutectic mixture of KCI and NaCl to
produce the bismuth-doped NaTaO; (Bi-NaTaO,) at lower
temperatures than that exploited in solid-state synthesis.
The second one was to combine bismuth-doped NaTaO,
with sulfur-doped graphitic carbon nitride and bismuth
oxyiodine.

The interest in environmentally friendly visible-light-
active materials for developing photoelectrochemical
and photocatalytic systems has increased. In this sense,
g-C;N, stands out as a metal-free visible-light-active
material of moderate band gap (2.7 eV), low toxicity
and high chemical stability, which can be synthesized
by thermal condensation of very common and low-cost
precursors.*>¥ Nevertheless, the photocatalytic activity of
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g-C,N, is still significantly inhibited by its low visible light
harvesting and inefficient separation of photogenerated
charge carriers.’** Therefore, several routes have been
proposed to improve the photocatalytic performance of
g-C;N,, such as sulfur doping (S-g-C;N,) to produce a
graphitic carbon nitride with a narrower band gap, higher
conductivity, higher mobility, and better separation of
photogenerated pairs.3

Recently, bismuth oxyiodide (BiOI) has also
attracted the attention of researchers for its excellent
visible light response, exhibiting a reduced band gap
ca. 1.7-1.9 eV.¥*" Nonetheless, despite these features, the
rapid recombination between photogenerated electrons
and holes limits the practical photocatalytic applications
of BiOI.**#! Thus, using BiOI with S-g-C;N, and
Bi-NaTaO, can improve the visible light activity, stability,
and charge transfer by combining the properties of these
different materials. Inspired by these facts, this work
proposes for the first time, to the best of our knowledge,
the use of BiOI/S-g-C;N,/Bi-NaTaO, for the development
of anovel photoelectrochemical platform (BiOI/S-g-C;N,/
Bi-NaTaO,/FTO) for immunosensing of cardiac troponin I
biomarker, which opens up a novel horizon for finding
more tantalum oxide based perovskite sensitized materials
in PEC bioanalysis.

Experimental
Reagents and chemicals

All solutions were prepared by using reagents of
analytical grade. The reagents were used without additional
purification steps. Fluorine doped tin oxide coated glass slides
(FTO), tantalum pentoxide(V) (Ta,O;), bismuth oxide(III)
(Bi,0;), bismuth nitrate (Bi(NO,);), chitosan (1%),
acetic acid (CH,COOH), glutaraldehyde (5%), tert-
butylhydroquinone (TBHQ), bovine serum albumin
(BSA) (1%), 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (HEPES), monoclonal troponin-I
antibodies (anti-cTnl) and troponin-I (cTnl) were
purchased from Sigma-Aldrich (Sdo Paulo, Brazil).
Potassium iodide (KI), sodium carbonate (Na,CO,),
thiourea (CH,N,S), potassium chloride (KCI), sodium
chloride (NaCl), monobasic sodium phosphate (NaHPO,),
sodium hydroxide (NaOH), boric acid (H;BO,),
phosphoric acid (H;PO,), disodium phosphate (Na,HPO,),
and citric acid (C4HgO,) were acquired from Isofar-
Indistria e Comércio de Produtos Quimicos Ltda (Duque
de Caxias, RJ, Brazil). The solutions were prepared with
water purified in an OS100LXE system from GEHAKA
(Sao Paulo, Brazil).
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Synthesis of the bismuth iodate (BiOl), sulfur-doped
carbon nitride (S-g-C;N,), bismuth-doped sodium tantalate
(Bi-NaTa0,), and BiOl/S-g-C,;N,/Bi-NaTaO,

Sodium tantalate (NaTaO,) with a theoretical doping
of bismuth of 5% (Bi-NaTaO;) was obtained by adapting
previously published works.?”#* Briefly, the synthesis
of Bi-NaTaO, powder was performed using molten salt
synthesis. Ta,0;, Na,CO,, Bi,0,, KCI, and NaCl were
mixed, put in a corundum crucible, and calcined in a muffle
furnace at 750 °C for 2 h. Sodium chloride and potassium
chloride (NaCI-KCl) salts were mixed in a weight ratio of
1/1 in order to work with the molten salt at a temperature
lower than the melting temperature of the pure salts. The
bismuth theoretical content was 5 mol%, while Na/Ta
ratio was 1.05. The obtained powder was washed and
centrifugated with water to remove the KCl and NaCl, and it
was left to dry at 80 °C for 2 h to get the Bi-NaTaO, powder.

The sulfur-doped graphitic carbon nitride (S-g-C;N,)
was synthesized by adapting previously published works.*
Briefly, 4 g of thiourea was heated in a partially covered
alumina crucible up to 550 °C for 2 h. After cooling to
room temperature, the dark yellow powder (S-g-C;N,) was
ground with a pestle and mortar.

The synthesis of the BiOI/S-g-C,N,/Bi-NaTaO, includes
grinding the solid reactants and hydrolysis.* Briefly, 0.1 g
of Bi-NaTaO,, 0.1 g of S-g-C;N,, 0.484 g of Bi(NO;), and
0.17 g of KI were grounded with a mortar and pestle for
40 min at room temperature, until the formation of a black
paste. Then, 70 mL of distilled water was mixed with the
paste, stirred for 30 min, kept at rest for 2 h, and the solid
was recovered by centrifugation and dried at 80 °C in the
oven for I h.

Construction of the BiOI/S-g-C;N,/Bi-NaTaO,/FTO PEC
immunosensor

The BiOI/S-g-C;N,/Bi-NaTaO,/FTO modified platform
was constructed employing the conventional doctor
blade method.*“* A BiOl/S-g-C,N,/Bi-NaTaO, paste
(30 mg/50 pL) was sonicated for 30 min, and 10 pL of
this paste was dropped on the FTO substrate of an active
area of 0.6 cm? The BiOI/S-g-C;N,/Bi-NaTaO,/FTO was
left to dry at room temperature for 30 min and calcined at
about 300 °C for 10 min on a hot plate. After cooling the
modified platform to room temperature, 20 pL of chitosan
(1%) in 1% acetic acid was then drop-casted onto the
surface of the BiOI/S-g-C,N,/Bi-NaTaO4/FTO and dried
at room temperature.

In order to bond chitosan to an anti-troponin I antibody
(anti-cTnl), glutaraldehyde was chosen as the crosslinking
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agent. Then, 1 pg mL! anti-cTnl stock solution was
prepared by dissolving the anti-cTnl in 0.1 mol L-!
phosphate buffer solution (PB). 10 uL of a solution,
prepared by mixing 10 pL of anti-cTnI (500 ng mL™") and
10 uL of a glutaraldehyde solution (0.5%), was dropped
on the surface of the BiOl/S-g-C;N,/Bi-NaTaO,/FTO
platform. The anti-cTnl modified platform (anti-cTnl/
BiOI/S-g-C;N,/Bi-NaTaO,/FTO) was let to dry at room
temperature. The concentration of the anti-cTnl antibody
was varied from 50.0 to 1000 ng mL-'. As shown in
Figure S1 (Supplementary Information (SI) section), the
current reaches an almost constant value of 500 ng mL"!
anti-cTnl antibody. The saturation of loaded antibodies
hinders the electron transfer efficiency of the electrode.
Therefore, 500 ng mL! of anti-cTnl antibody was used for
further experiments.

After this step, the anti-cTnl/BiOl/S-g-C;N,/Bi-NaTaO/
FTO PEC immunosensor was incubated with 10 uL of BSA
(1%) for 10 min in order to block non-specific sites of the
anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/FTO immunosensor.
The immunosensor was washed with deionized water
for about 7 s to remove weakly adsorbed species. The
immunorecognition of the cTnl biomarker by the anti-cTnl/
BiOI/S-g-C;N,/Bi-NaTaO,/FTO was performed by
incubating the immunosensor with 10 uL of cTnl solutions
for 10 min.

X-ray diffraction, Fourier transform infrared, Raman,
scanning electron microscopy measurements

The X-ray diffractograms (XRD) were performed
with a Bruker D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany), equipped with the LynxEye linear
detector, using Cu Ko (A = 1.5406 A) operating at 40 kV
and a current of 40 mA. The X-ray diffractograms were
performed in a 20 ranging from 15-90° with a counting time
of 0.5 s, step size of 0.02° and Bragg-Brentano geometry.

Raman measurements were performed with a Horiba-
Jobin-Yvon triple spectrometer, model T64000 (Kyoto,
Japan), operating in the single mode and equipped with a
liquid-N,-cooled charge-coupled device detector. A green
532 nm line from a solid-state laser (LAS-532-100 HREV)
operating at 14 mW was employed for excitation, and the
slit was adjusted to give a resolution of 2 cm!. An Olympus
microscope with an MPLN 50x objective lens was used to
focus the light beam on the photoelectrochemical platforms.
The intensity of the laser on the photoelectrochemical
platform was adjusted with a neutral density (ND) filter
0.6 (25% transmission). The spectra of the samples were
obtained after 5 acquisitions of 30 s each, at each range of
the grade spectral dispersion.
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A Shimadzu spectrophotometer, IR model Prestige-21
(Kyoto, Japan), was used to obtain the Fourier-transform
infrared spectroscopy (FTIR) spectra, covering the range
400-4000 cm™. The samples were prepared in pellet form
by mixing the sample with KBr. The mixtures were pressed
in specific molds with a pressure of 10 to 15 kpsi, thus
forming a pellet.

The morphologies of the samples were examined with a
Quanta 250 field emission scanning electron microscope (FEI
Co., Hillsboro, USA) equipped with an Oxford X-MAX50
energy dispersive spectrometer (EDS) (Oxford, UK).

Electrochemical impedance and photoelectrochemical
measurements

All photocurrents were measured with a potentiostat/
galvanostat model PGSTAT 128N from Metrohm-Autolab
using an FTO as the working electrode, Ag/AgCl (sat. KCI)
as the reference electrode, and a gold electrode as the
counter electrode.

The electrochemical impedance spectroscopy
(EIS) measurements were carried out to evaluate the
electrochemical properties of the photoelectrodes. The EIS
measurements were performed with an Autolab PGSTAT
128N potentiostat/galvanostat (Metrohm Autolab B. V.
Utrecht, Netherlands) equipped with an FRA 2 module
controlled by FRA software (version 4.9). Bode phase
analysis was performed in 0.1 mol L' sodium sulfate.
The Nyquist and Bode plots were recorded from 1072
to 10° Hz under an AC amplitude of 0.01 V under open-
circuit potential. The effect of the light on the photocurrent
of the photoelectrochemical platforms was evaluated in
0.1 molL~! phosphate buffer containing 5 mmol L' of
TBHQ. All electrochemical measurements were performed
in the presence and absence of light from a low-cost
commercial 36 W light-emitting diode (LED) lamp in a
homemade box to control the incidence of light.

Preparation of samples and recovery tests

The applicability of the photoelectrochemical
immunosensor was evaluated in serum samples from two
healthy volunteers (a man and a woman, named sample A
and sample B, respectively) (Research Ethics Committee
on Humans from the Federal University of Maranhdo
(CAAE: 98317018.6.0000.50874)). The serum samples
were prepared by mixing 10 puL of each sample to 90 uL.
of 0.1 mol L' phosphate buffer solution (pH 7.0). The
recovery tests were performed by preparing solutions by
mixing 10 uL of each human serum sample, 10 pL of the
cTnl standard solutions, and 80 uL of 0.1 mol L' phosphate
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buffer solution (pH 7.0) to obtain samples spiked with
50 pg mL! and 20 ng mL"! of ¢Tnl. The samples were
centrifuged at 3000 rpm before being transferred to the
measurement cell for PEC analysis.

Results and Discussion

Characterization of the photoelectroactive materials by X-ray
diffraction, Fourier transform infrared, Raman, and scanning
electron microscopy measurements

Figure 1 shows the XRD patterns of Bi-NaTaO,, BiOlI,
S-g-C;N,, and BiOI/S-g-C,N,/Bi-NaTaO, composite. The
diffractogram of Bi-NaTaO; shows a series of peaks at
approximately at 26 = 22.86, 32.54, 40.14, 46.66, 52.54,
58.05, 68.06, 72.80, 77.50 and 82.05° that can be indexed
as the crystal planes of orthorhombic NaTaO,; (JCPD
73-0878).2+2530 However, low-intensity impurity peaks
due to un-reacted Ta,O5 were observed in the Bi-NaTaO,
diffractogram at about 28.42°. A small amount of Ta,Os has
been reported in sodium tantalate obtained by solid-state
synthesis** and hydrothermal synthesis.*’

20 30 40 50 60 70 80 90

BiOI/S-g-C,N,/Bi-NaTa0,

Intensity / a. u.
(0]
Q
0
&Z

Bi-NaTaO,

1 A .l ll AA_A
20 30 40 50 60 70 80 90
26/ degree

Figure 1. XRD patterns of Bi-NaTaO,, BiOI, S-g-C;N,, and BiOl/
S-g-C;N,/Bi-NaTaO;.

The BiOI diffractogram showed high-intensity peaks
at approximately 26 = 29.70, 31.73, 45.49, 55.25, and
66.36°, corresponding to the (102), (110), (200), (212),
and (214) reflection planes of the BiOI with tetragonal
crystalline symmetry (JCPDS-10-0445).44 The S-g-C;N,
diffractogram showed two distinct peaks centered at
approximately 13 and 27°. These peaks can be indexed,
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respectively, to the (100), corresponding to the in-plane
structural packing of tri-s-triazine moieties, and (002),
representing an interplanar stacking of aromatic carbon
nitride (CN) units, reflection planes.?¢5*3!

The peaks observed in the BiOl/S-g-C;N,/NaTaO,
diffractogram are associated with the composites
mentioned above, mainly the Bi-NaTaO; and BiOI
compounds. The main peak of S-g-C;N, (at 27°) did not
appear; it was probably superimposed by the main peaks
of the other two compounds since S-g-C;N, is dispersed
in the composite.>

Figure 2 shows the FTIR spectra of the S-g-C;N,,
BiOI, Bi-NaTaO,, and BiOI/S-g-C;N,/Bi-NaTaO,
composite. The formation of the C;N, phase in S-g-C;N,
was confirmed by FTIR analysis. The FTIR spectrum
of S-g-C;N, presented vibrational modes at about 808
and 887 cm™' corresponding to the breathing mode of
triazine units in condensed CN heterocycles and due to
the deformation of N—H, respectively. In addition, the
FTIR spectrum of S-g-C;N, also presented vibration
bands in the range of 1244 to 1634 cm™' due to heptazine
heterocyclic ring (CgN,).>3*

——BIiOI/S-g-C,N,/Bi-NaTaO,

f\/\’ﬂ;\'
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Figure 2. FTIR (KBr) spectra of S-g-C;N,, BiOI, Bi-NaTaO,, and
BiOlI/S-g-C,N,/Bi-NaTaO,.

The FTIR spectrum of BiOI obtained by hydrolysis
presented bands at about 486, 619, and 758 cm! that can
be attributed to stretching vibrations of Bi—O, Bi—~O—I and
Bi—O-Bi in bismuth oxyiodide.*>*¢ The FTIR spectrum of
BiOl also presented two absorption bands at about 1620 and
3412 cm’!, attributed probably to d(O-H) bending vibration
of adsorbed water molecules.” The FTIR spectrum of
bismuth-doped NaTaO, presented the main bands ranging
from 460 to 950 cm™', which can be attributed to Ta—O
stretching and Ta—O-Ta bridging stretching mode.”” The
FTIR spectrum of the BiOI/S-g-C;N,/NaTaO, composite
presented the main peaks associated with the S-g-C;N,,
BiOl, and Bi-NaTaO, composites.
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In order to evaluate the Bi doping of NaTaO,, it was
performed Raman spectra of the NaTaO, and Bi-NaTaO,
(Figure 3). The Raman spectrum of the NaTaO, composite
presented peaks at about 138, 156, 201, and 220 cm’!
attributed to the Na translational vibration modes. The
Raman spectrum of NaTaOj, also showed peaks at 262 and
316 cm™!, assigned to TaO, octahedron bending modes, and
at 452, 497, and 625 cm’!, attributed to Ta—O stretching
modes.>®

On the other hand, the Raman spectrum of the
Bi-NaTaO, composite showed additional peaks at 579 and
860 cm'(dashed lines) (Figure 3). These two peaks have
been associated with transverse and longitudinal optic
phonons Raman activated by the bismuth doping.>°

——Bi-NaTaO,
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300 600 900 1200 1500
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Figure 3. Raman spectra of the NaTaO; and Bi-NaTaO, composites.

Figures 4a and 4b show images of scanning electron
microscopy (SEM) for the Bi-doped NaTaO, and the
BiOI/S-g-C;N,/Bi-NaTaO, composite. As can be seen in
Figure 4a, the Bi-doped NaTaO, presents a smooth surface
and cuboid-shaped geometry.*® Figure 4b shows the SEM
image of the BiOI/S-g-C;N,/Bi-NaTaO, composite, and
Figure 4c shows the corresponding energy-dispersive X-ray
spectroscopy (EDS) elemental mapping of BiOI/S-g-C;N,/
Bi-NaTaO,. After combining the S-g-C;N, and BiOI with
Bi-NaTaO,, the composite presents a significant morphology
change, becoming rougher with irregular nodule form. As can
be seen from Figure 4c, the Na, Ta, O, Bi, I, C and N atoms
are dispersed in the BiOl/S-g-C;N,/Bi-NaTaO, composite
material being present in the whole material.

In addition, the C and N from sulfur-doped carbon
nitride and I and O from BiOI are also observed, indicating
the modification of Bi-NaTaO, with S-g-C,N, and BiOI.
Figure 4d shows the EDS spectra obtained for the BiOl/
S-g-C;N,/Bi-NaTaO, composite, confirming the presence
of all elements of the composite. In Figure S2 (SI section)
is presented the SEM images of S-g-C,N,, BiOI, and
BiOI/S-g-C;N,/Bi-NaTaO, composite at the same scale of
BiOI/S-g-C,N,/Bi-NaTaO, composite (Figure 4a).
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Figure 4. SEM images for the Bi-NaTaO, perovskite (a), and for the BiOl/S-g-C;N,/Bi-NaTaO, composite (b). Energy dispersive X-ray spectroscopy
elemental mapping (c) and EDS spectrum for a sample of the BiOI/S-g-C;N,/Bi-NaTaO; composite (d).

Electrochemical and photoelectrochemical measurements

In order to evaluate the photoelectrochemical properties
of the materials, measurements of the photocurrent of
each photoelectrode were performed in the presence of a
donor molecule. Figure 5 shows the photocurrent response
of Bi-NaTaO,/FTO, S-g-C;N,/FTO, BiOI/FTO, and
BiOI/S-g-C;N,/Bi-NaTaO,/FTO to 5 mmol L' of TBHQ
in 0.1 mol L' phosphate buffer (pH 7) under an applied
potential of 0.0 V vs. Ag/AgClkc s, and incidence of
chopped light.

As can be seen in Figure 5, the photocurrents obtained
were 0.75, 1.3 and 1.75 pA for Bi-NaTaO,, S-g-C;N,, and
BiOl, respectively. On the other hand, the photocurrent
obtained for BiOI/S-g-C;N,/Bi-NaTaO,/FTO was about 2.2,
3.0 and 5.2 times higher than the photocurrents obtained
for BiOlI, S-g-C;N, and Bi-NaTaO,, respectively.

The increase of the photocurrent of the BiOI/S-g-C;N,/
Bi-NaTaO,/FTO platform in the presence of the TBHQ
molecule can be due to the better separation and lower
recombination of photogenerated charges (e/h*). The
highest electron transfer from the donor molecule to the
platform can be associated with the synergism between
the components of the composite material and the better
separation of photogenerated electrons and holes. In

6 ,
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5 = 8-g-C3Nyg (2)
7 = BiOl (3)

—— BIiOI/S-g-C3N4/Bi-NaTaO3 (4)

"Moo n®

Photocurrent / pA
w

TR He
"THHERHEHH:
UL UL

50 100 150 200 250 300

Time /s

Figure 5. Photocurrents obtained for the FTO modified with Bi-NaTaO,,
S-g-C;N,, BiOI, and BiOI/S-g-C;N,/Bi-NaTaO; in 5 mmol L' of TBHQ
in 0.1 mol L' phosphate buffer (pH = 7) under an applied potential of
0.0 V vs. Ag/AgCl (KClg,) and incidence of chopped light.

order to evaluate the effects of the use of the Bi-NaTaO;,
S-g-C;N,, and BiOlI, all together, electrochemical
impedance spectroscopy measurements were performed
(Figure 6).

Figure 6a shows the Nyquist diagrams for the FTO
electrode modified with Bi-NaTaO; (blue spectrum),
S-g-C,N, (green spectrum), BiOI (red spectrum), and BiOlI/
S-g-C;N,/Bi-NaTaO; (black spectrum). The electrochemical
impedance spectroscopy measurements were performed in



Vol. 34, No. 12, 2023
200
(a) e e p—
1504
(@]
< 100
=
£ 0 £ 10 15 20 24
N Z,, 1 kQ
" 504 ®  Bi-NaTaO,/FTO
A S-g-CNJFTO
¢ BIiOI/FTO
0 » BiOI/S-g-C,N,/Bi-NaTaO /FTO|
0 10 20 30 40 50
Z. kQ
100
b
2 (b)
§’ 80 ?' M,.,' __‘
e} v v '_‘.
< 60 M &
o v ™
2 "3
@ 40+ v R
® v e
8 50l" Sjg-C3N4/FTO e
é e Bi-NaTaO3/FTO Y
' o4 A BIiOI/FTO
v BiOI/S-g-C3N4/Bi-NaTaO3/FTO
-2 0 2 4 6
log (f/ Hz)

Figure 6. (a) Nyquist plot for NaTaO,/FTO, S-g-C;N,/FTO, BiOI/FTO,
and BiOl/S-g-C,N,/Bi- NaTaO,/FTO in 0.1 mol L' Na,SO, in a frequency
range of 10 kHz to 0.1 Hz and under incidence of light. Inset: Nyquist
plot for BiOI/S-g-C;N,/Bi-NaTaO,/FTO in absence and presence of light.
(b) Bode-phase plots for NaTaO./FTO, S-g-C;N,/FTO, BiOI/FTO, and
BiOlI/S-g-C;N,/Bi-NaTaO,/FTO in 0.1 mol L' Na,SO, in a frequency
range of 100 kHz to 0.01 Hz and under incidence of light.

0.1 mol L' Na,SO, in a frequency ranging from 10 kHz
to 0.01 Hz, under the incidence of the LED light. As can
be observed in Figure 6a, the BiOI/S-g-C;N,/Bi-NaTaO,/
FTO presented a lower semicircle in comparison to the
FTO modified with Bi-NaTaO,, S-g-C,N,, and BiOI. The
Nyquist spectra were simulated by using an equivalent
circuit based on the solution resistance (R,) in series with
a parallel association of a resistor (R, charge transfer
resistance), and a constant phase element (Y ), which values
simulated with Nova software are recorded in Table S1
(ST section). The charge transfer resistances of the FTO
electrodes modified with NaTaO,, S-g-C,N,, BiOI, and
BiOI/S-g-C;N,/Bi-NaTaO; were 4000, 1350, 600, and
300 kQ, respectively.

In order to evaluate the effect of the incidence of light
on the BiOI/S-g-C;N,/Bi-NaTaO,/FTO platform, Nyquist
diagrams for the photoelectrochemical platform in the
absence and incidence of light were obtained. As can be
observed in the inset of Figure 6a, the Nyquist diagram for
the BiOI/S-g-C,N,/Bi-NaTaO,/FTO is highly affected by
the incidence of the light, indicating that the separation of
electron-hole pairs and charge transport in the electrode
was more effective under the incidence of light.
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The electron lifetime (t,) in the conduction
band was also evaluated by performing Bode-phase
measurements. The maximum frequencies in the Bode-
phase plot for NaTaO,/FTO, S-g-C,N,/FTO, BiOI/FTO, and
BiOI/S-g-C;N,/Bi-NaTaO,/FTO, under the incidence of
light, were 1.040, 0.458, 1.039, and 0.265 Hz, respectively
(Figure 6b).

The 1. was estimated by the following equation:
T, = 1/(2p faw)s Where f,.. is the frequency observed to
the high phase angle value in the Bode-phase diagram.
The electron lifetimes for NaTaO,/FTO, S-g-C;N,/FTO,
BiOI/FTO, and BiOI/S-g-C;N,/Bi-NaTaO,/FTO, under
the incidence of light, were 153, 347, 153, and 600 m:s,
respectively. These results show that the BiOI/S-g-C;N,/
Bi-NaTaO,/FTO photoelectrode is the most promising for
high-performance photoelectrochemical applications.

Optimization of BiOl/S-g-C;N,/Bi-NaTaO,/FTO
photoelectrochemical platform response

In order to optimize the response of BiOI/S-g-C;N,/
Bi-NaTaO,/FTO photoelectrode to TBHQ donor molecule,
the effects of the type of buffer, pH, and applied potential
(Figure 7) were evaluated. The response of the BiOl/
S-g-C,N,/Bi-NaTaO,/FTO photoelectrode to the TBHQ
was evaluated in the Britton-Robinson (BR), phosphate
(PB), and HEPES solutions (Figure 7a). The highest
photocurrent value for TBHQ oxidation with the BiOl/
S-g-C;N,/Bi-NaTaO4/FTO photoelectrode was obtained
in PB buffer solution. Thus, it was chosen for further
experiments.

The best response to TBHQ at phosphate buffer
solution may be due to the high diffusion of TBHQ in a
PB electrolyte as well as due to the high ionic mobility of
the phosphate and potassium ions or still the ionic strength
of the electrolyte.

The influence of the pH of the solution on the response
of the BiOI/S-g-C;N,/Bi- NaTaO,/FTO photoelectrode
to TBHQ in 0.1 mol L' PB buffer solution at pH 6.0,
6.5, 7.0, and 7.5 was also investigated under an applied
potential of 0.0 V vs. Ag/AgCl,, (Figure 7b). The
photoelectrochemical platform presented the highest value
of photocurrent at neutral conditions (pH 7.0); thus, all
subsequent measurements were performed in phosphate
buffer solution at pH 7.0.

The effects of the applied potential on the response
of the BiOI/S-g-C;N,/Bi- NaTaO,/FTO photoelectrode
to TBHQ were also evaluated (Figure 7c). As can be
seen, the response of the BiOI/S-g-C;N,/Bi-NaTaO,/
FTO photoelectrochemical platform to TBHQ showed
the highest response under an applied potential of 0.0 V.
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Figure 7. Effects of experimental parameters on the photocurrent of the
BiOI/S-g-C;N,/Bi-NaTaO,/FTO photoelectrode for 5 mmol L' TBHQ:
(a) buffer solution at pH 7.0 and 0.1 mol L', (b) pH and (c) applied
potential. PBS: phosphate buffer solution.

Therefore, the measurements with the photoelectrochemical
proposal sensor were performed in 0.1 mol L' of phosphate
buffer solution at pH 7.0 under an applied potential of
0.0 Vvs. Ag/AgCl,.

Analytical performance of the PEC immunosensor

After optimizing the experimental parameters, the
BiOI/S-g-C;N,/Bi- NaTaO,/FTO platform was modified
with 500 ng mL"! of anti-cTnl according to the sub-section
“Construction of the BiOl/S-g-C;N,/Bi-NaTaO,/FTO PEC
immunosensor”. After this step, the anti-cTnl/BiOl/S-
g-C,N,/Bi-NaTaO,/FTO photoelectrochemical platform

J. Braz. Chem. Soc.

was incubated in BSA for 10 min, washed with deionized
water to remove weakly adsorbed species and block non-
specific sites of the immunosensor. The immunorecognition
of the cTnl biomarker by the anti-cTnl/BiOI/S-g-C;N,/
Bi-NaTaO,/FTO was performed by incubating the
immunosensor with 10 uL of cTnl solutions for 10 min.
Figure 8 shows the photocurrent response of the anti-
c¢Tnl/BiOI/S-g-C;N,/Bi-NaTaO,/FTO immunosensor
after incubating with different concentrations of the cTnl
biomarker (0-50 ng mL"). These studies were performed in
0.1 mol L' PB solution, pH 7.0, under an applied potential
of 0.0 V vs. Ag/AgCl and an incubation time of 10 min.
In addition, the BiOI/S-g-C;N,/Bi-NaTaO,/FTO platform
was more sensitive to anti-cTnl and cTnl (Figure 8a) in
comparison to BiOI/FTO, Bi-NaTaO,/FTO, S-g-C,N,/FTO,
and bare FTO platforms (Figure S3, SI section).

As can be seen in Figure 8a, due to the interaction of
the antibody immobilized with the biomarker on the surface
BiOI/S-g-C;N,/Bi-NaTaO,/FTO platform, the photocurrent
of the platform decreases as the biomarker concentration
increases. The inset of Figure 8a shows the variation of
the photocurrent (Al/I, = (I, — )/I) as a function of the
logarithm of cTnl biomarker concentration, where I, and
I are the photocurrents of the anti-cTnl/BiOl/S-g-C;N,/
Bi-NaTaO,/FTO immunosensor before and after incubating
with cTnl, respectively.

The analytical curve for troponin I (inset of Figure 8a)
exhibited a good linear relationship for ¢Tnl biomarker
concentrations ranging from 1 pg mL"' to 50 ng mL".
The linear equation obtained was with a correlation
coefficient of 0.997 (n = 6). The limit of detection for cTnl
measurement on the anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/
FTO immunosensor, determined from the signal-to-noise
ratio of 3,is 0.1 pg mL".

Figure 8b presents a proposed mechanism for detecting
cTnl biomarker by the anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/
FTO immunosensor under the incidence of light. The
BiOI/S-g-C;N, harvest photons promote electrons from
the valence to the conduction band giving rising to e7/h*
couples. The electron photogenerated at the conduction
band of BiOI/S-g-C;N, can be injected into the conduction
band of the Bi-NaTaO; while the hole photogenerated in
the valence band of the BiOI/S-g-C;N, can be transferred
to the TBHQ. The c¢Tnl biomarker can then interact with
the immobilized anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/
FTO, decreasing the efficiency of the system to produce
photocurrent since the cTnl biomarker/anti-cTnl interaction
reduces the efficiency of the photoactive material to transfer
holes to donor molecules. The selectivity of the PEC sensor
for ¢cTnl was also studied. Figure 8c shows the percentage
of inhibition of the response of the anti-cTnl/BiOI/S-g-C;N,/
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Figure 8. (a) Photocurrent response for anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/FTO immunosensor for blank (black amperogram) and after incubating
in different concentrations of ¢cTnl biomarker. Inset: analytical curve for cTnl biomarker detection with the anti-cTnl/BiOI/S-g-C,N,/Bi-NaTaO,/FTO

immunosensor platform. Measurements carried out in 0.1 mol L' PB solution (pH 7.0) containing 5 mmol L' TBHQ. E

=0.0V vs. AZ/AgCI(KCL,).

appl

Incubation time = 10 min. (b) Proposed mechanism for the detection of cTnl biomarker with the anti-cTnl/BiOI/S-g-C,;N,/Bi-NaTaO,/FTO immunosensor.
(c) Percentage of inhibition of the response of the anti-cTnl/BiOl/S-g-C;N,/Bi-NaTaO,/FTO immunosensor after incubated with 20 ng mL™! of: BSA, PCR,
Mb, and cTnl. (d) Time-based photocurrent response of the immunosensor under several on/off irradiation cycles for 500 s. Measurements carried out in
0.1 mol L' PB solution (pH 7.0) containing 5 mmol L' TBHQ. E,,,, = 0.0 V vs. Ag/AgCI(KCI,,).

Bi-NaTaO,/FTO immunosensor in the presence of 20 ng mL"!
of bovine serum albumin, C-reactive protein and myoglobin.
As can be seen, the platform has good selectivity for cTnl
detection in AMI. As shown in Figure 8c, the percentage of
inhibition of the response of the anti-cTnl/BiOI/S-g-C;N,/
Bi-NaTaO,/FTO immunosensor after incubating with bovine
serum albumin, C-reactive protein or myoglobin was lower
than 5.0%. Figure 8d shows that after 12 cycles of light/
dark cycles for the anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/
FTO immunosensor the platform retained about 97% of
initial response, indicating the prepared immunosensor
presents good photocurrent stability. The good stability of
the response of the anti-cTnl/BiOl/S-g-C,N,/Bi-NaTaO,/
FTO immunosensor is probably associated with the heat
treatment of the applied to BiOI/S-g-C;N,/Bi-NaTaO,/FTO
photoelectrochemical platform which may contribute to
better interconnectivity between the particles. In addition,
the interaction between the chitosan and the compounds
of photoeletrochemical platform may be favored by the
electrostatic assembly process. The values of zeta-potential
of BiOlI, g-C;N,, and NaTaO, reported by previously
published works are negative,®%> while the modified chitosan

exhibit cationic characteristics after protonation by acids due
to existence of amino groups. Thus, the components of the
platform (BiOlI, g-C,N,, and NaTaO,) can probably interact
with chitosan by electrostatic attraction.®

Table 1 presents the analytical parameters of the anti-
c¢Tnl/BiOI/S-g-C;N,/Bi-NaTaO,/FTO immunosensor
compared to previously reported methods.®!#%57 As can
be seen in Table 1, the proposed anti-cTnl/BiOI/S-g-C,N,/
Bi-NaTaO,/FTO immunosensor presents some superior
characteristics or similar to the others immunosensors for
cTnl biomarker.

Analytical application of the anti-cTnl/BiOI/S-g-C;N,/
Bi-NaTaO,/FTO photoelectrochemical immunosensor in
human serum samples

The accuracy and applicability of the proposed
immunosensing platform were evaluated in human
serum samples. In this sense, the photoelectrochemical
response of the anti-cTnl/BiOI/S-g-C;N,/Bi-NaTaO,/FTO
immunosensor was monitored to target the cTnl biomarker
at different concentrations in human serum samples. The
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Table 1. Comparison of the analytical performance of the photoelectrochemical platform for troponin I detection with some previously reported works

Method LOD/ (ng mL™) Linear range / (ng mL™) Reference
SPR-chip sensor 1.2x10* 1x107-8.0 6
PEC (SnO,/NCQDy/BiOI) 3x 104 1 x103-100 18
CV (CMWCNT/WNFs/GCE) 4x10? 5x 10'-100 65
PEC (Ag,S/Zn0O) 1 x10° 1.0 x 10°-1 66
EIS (P/G-MWCNT) 1 x103 1.0 x 103-10 67
EIS (VACNF) 2x 10" 5-100 68
PEC (CM-dextran/Au/TiO, NTA/Ti) 22x10° 4.95 x 103-0.495 69
PEC (NAC-CdAgTe QDs/AuNPs/GCE) 1.756 x 107 5% 103-20.0 70
PEC (AuNPs/ZIS/Bi,Se,/ITO-PET) 2.6 x 107 8 x 102-40 71
PEC (Mn:CdS @Cu,MoS,/G/ITO) 1.8 x10* 5 x 10--1000 72
PEC (Zn,SnO,/N,S-GQDs/CdS/ITO) 3% 104 1 x103-50 73
PEC (BiOI/S-g-C;N,/Bi-NaTaO;) 1x10* 1 x 103-50 this work

LOD: limit of detection; SPR: surface plasmon ressonance; PEC: photoelectrochemical; CV: cyclic voltammetry; EIS: electrochemical impedance;
NCQDyq: nitrogen-doped carbon quantum dots; CMWCNT: carboxylated multi-walled carbon nanotube; WNFs: whiskered nanofibers; GCE: glassy carbon
electrode; G-MWCNT: graphene and multiwalled carbon nanotube; VACNEF: vertically aligned carbon nanofiber; CM-dextran: carboxymethylated dextran;
AuNP: gold nanoparticles; NAC-CdAgTe QDs: N-acetyl-L-cysteine capped CdAgTe quantum dots; ZIS: ZnIn,S, nanospheres; ITO: indium tin oxide;
PET: polyethylene terephthalate; N,S-GQDs: graphene quantum dots doped with nitrogen and sulfur.

samples were spiked with 0.05, and 20 ng mL"! of ¢Tnl, and
the quantification of the biological material in the spiked
samples was performed by the external calibration method.
The found recovery values were between 95.98 and 99.78%
(Table 2) and the relative standard deviation (RSD) varied
from 1.73 to 3.93%, indicating that the immunosensor can
be applied in IAM with good accuracy. The incubation time
of the immunosensor with the cTnl was of 10 min and the
photoelectrochemical response time after incubation of
the immunosensor with cTnl-containing samples was just
a few seconds.

Table 2. Recovery values for ¢Tnl detection in human plasma samples
using the anti-cTnl/BiOl/S-g-C;N,/Bi-NaTaO,/FTO immunosensor

Sample Spiked / Found / Recovery / RSD

P (pgmL")  (pgmL") % m=3)/%
A 50 49.89 99.78 1.73
B 20000 19195 95.98 3.93

RSD: relative standard deviation.

Conclusions

We present a photoelectrochemical platform based
on BiOI/S-g-C;N,/Bi-NaTaO, for the detection of cTnl,
exploiting the solid-state method with molten salts for
the obtention of Bi-NaTaO; perovskite. The SEM-EDS
morphological characterization of the proposed composite
shows that the BiOI/S-g-C;N,/Bi-NaTaO, presented
rough morphology with an irregular nodule shape. The
XRD patterns obtained for the composite material BiOl/

S-g-C,N,/Bi-NaTaO, showed the main peaks associated
with Bi-NaTaO; and BiOI. The Raman spectrum of the
Bi-NaTaO; sample confirms the bismuth doping. The
FTIR spectrum of the composite showed the main peaks
associated with S-g-C;N,, BiOI and Bi-NaTaO,. The
electrochemical response of the BiOI/S-g-C;N,/Bi-NaTaO,
platform was highly sensitive to the incidence of light on
the PEC of the cell, presenting higher photocurrent, lower
resistance to charge transfer and longer electron lifetime in
the conduction band. The immunosensor showed a linear
response over a wide concentration range and a low limit
of detection for cTnl after optimizing buffer type, pH of
electrolyte, applied potential to platform, and anti-cTnl
concentration. The proposed sensor was applied to human
serum samples showing excellent recovery values for
analysis in the investigated samples. In this context, the
PEC sensor is a good alternative for detecting cTnl in AMI.
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