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Tuberculosis (TB) was, until SARS-CoV-2 pandemic, the leading cause of death by
a single infectious agent contaminating over 10.6 million people with 1.6 million
deaths in 2021 worldwide. Herein, we present a proof-of-principle strategy for
detecting the recombinant protein CFP10:ESAT6 using an impedimetric
immunosensor, which could aid in the diagnosis of tuberculosis. The
immunosensor was developed using indium tin oxide electrodes modified by
3-aminopropyltrimethoxysilane monolayer to covalently immobilize anti-CFP10
antibodies. The protein interaction with the antibody recognition platform was
directly monitored and measured by cyclic voltammetry and electrochemical
impedance spectroscopy, respectively. After the analytical features optimization,
a Langmuir isotherm response from 0.5 ng mL™ to 50 ng mL™* of pCFP10:ESATS6,
limit of detection of 4.80 ng mL™ and limit of quantification of 15.97 ng mL™* were
achieved, in a 4-hour assay time. Selectivity tests conducted in the presence of
DENV NS1 and SARS-CoV-2 Spike proteins at a concentration of 20 ng mL™,
which is one-tenth of the concentration used to optimize pCFP10, indicate that
the immunosensor is selective for pCFP10:ESAT6. Additionally, repeatability and
reproducibility tests confirm that the immunosensor is suitable, accurate, and
selective for detecting the CFP10:ESAT6 protein. The small sample volume
required, and short testing time underscore the remarkable capabilities of this
immunosensor and its potential for point-of-care screening and diagnostic aid
applications.
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1 Introduction

First reported over a century ago, Tuberculosis (TB) was the leading cause of death by a
single infectious agent contaminating over 10.6 million worldwide in 2022, until SARS-
CoV-2 pandemic (Daniel, 2006; WHO, 2023). Despite the efforts to eradicate TB epidemic
by the year 2035, the increased number of new cases has warned world health agencies. The
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first pillar towards TB eradication consists of integrated, patient-
centered care and prevention, including the development of
methods for early diagnosis (WHO, 2015). The traditional
methods used for TB diagnosis are chest radiography, sputum
smear microscopy, liquid culture and molecular tests (Acharya
et al, 2020). Although their extensive use, these methods have
several limitations, such as the inability to detect latent infection,
the non-differentiation between live and dead bacilli or long periods
of time to obtain the initial result, i.e., up to 8 weeks for liquid culture
results (Acharya et al., 2020).

To overcome this scenario, fast molecular tests are
recommended by the World Health Organization (WHO) as
initial diagnostic tests for TB, such as Xpert MTB/RIF Ultra
(Ultra) (Cepheid, Sunnyvale, CA, United States) and Truenat
MTB, MTB Plus, and MTB-RIF Dx assays (Molbio Diagnostics,
Verna, India), some of which can simultaneously detect drug
resistance (Silva et al., 2011). These tests utilize real-time PCR to
detect the DNA of the M. tuberculosis complex (MTBC). The Ultra
test has a limit of detection (LOD) of 19 bacterial colony-forming
units (CFU) per milliliter of sputum, and in the case of positive
results, it also detects mutations in the rpoB gene, associated with
rifampicin resistance (Lou-Franco et al., 2023). The Truenat MTB
and MTB Plus tests exhibit LODs of 100 and 29 CFU/mL,
respectively (Das et al., 2022). The MTB-RIF Dx assay detects
rifampicin resistance in DNA extracted from a patient’s sputum
specimen (Silva et al., 2011; Gilbride et al., 2021). Nevertheless, the
costs and infrastructure requirements of molecular testing methods
do not allow scaling up, and many regions around the world still rely
on outdated TB diagnostic tests (Azmi et al., 2021).

Electrochemical biosensors have emerged as a promising
alternative for TB diagnosis due to their simplicity, low-cost
and fast
response (Lightbody et al., 2008). These biosensing platforms are

instrumentation, extremely low detection limits,
particularly interesting for integration with portable devices due to
their ease of miniaturization, batch fabrication, and integration with
an electronic acquisition module on a single chip (He et al,, 2016).
Additionally, electrochemical signals, such as electrical current and
potential, can be collected by simple, portable, and low-cost
instruments with low power consumption, offering an alternative
for the development of POC diagnostic devices (He et al.,, 2016).
Several biosensors systems have been developed to detect
mycobacteria for TB diagnosis. Silva and coworkers developed a
biosensing platform based on a colorimetric Au-nanoprobe system
and optoelectronic sensor to detect a specific DNA target derived
from MTBC, namely M. tuberculosis and M. bovis, with a LOD of
50 fmol uL" (Silva et al.,, 2011). Another colorimetric biosensor was
reported by Lou-Franco et al, using a proof-of-concept
smartphone-based competitive immunological test to detect M.
bovis, exploiting the peroxidase-mimicking activity of gold
nanostars (Lou-Franco et al., 2023). The immunosensor was able
to detect the target with a limit of detection of 7.2 x 10> CFU mL™.
Furthermore, a biogenic AuNP conjugated with a monoclonal
antibody specific for M. bovis (QUBMA-Bov) with a LOD of
approximately 53 CFU mL" was reported in Das et al. (2022).
The use of Prunus nepalensis fruit extract improved the catalytic
efficiency of AuNPs, suitable for application in a colorimetric
immunosensing device. Alternatively, Gilbride and coworkers
developed a catalytic ferromagnetic immunoassay targeting
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MPT64, a  secreted MTBC
immunopathogenicity, allowing the detection and differentiation
of MTB and M. bovis (Gilbride et al, 2021). Au-Fe;O4NP

bioconjugates have also been employed as active elements in

protein  important  for

biosensing, and the LODsgo, of the resulting immunosensor, i.e.
the concentration where the probability of detection is 50%, was
147 and 682 CFU mL"' for MTB and M. bovis, respectively. Another
biosensor, based on a portable electrochemical aptamer-antibody
assay was developed for MTB detection in sputum clinical samples
(Azmi et al, 2021). In this strategy, the sandwich aptasensor
detected CFP10:ESAT6 complex, an antigen secreted by MTB,
with a detection limit of 1.5 ng mL", by using Fe;04/Au NPs as
a label and graphene/polyaniline (GP/PANI) nanocomposite as a
signal amplification layer. Even though these biosensors present
remarkable features, they still have few limitations as expensive lab-
based readout equipment and high costs, which hinders their wide
use by healthcare systems.

In this study, we present a proof-of-principle strategy to develop
an impedimetric electrochemical immunosensor for the simple and
effective  detection and quantification of the CFPI0:
ESAT6 recombinant protein. The CFP10:ESAT6 complex is an
antigen secreted by MTB exclusively during its early culture phase
and demonstrates greater sensitivity for the detection of MTB
compared with the isolated CFP10 and ESAT6 antigens
(Lightbody et al.,, 2008), (He et al., 2016). Disposable indium tin
oxide (ITO) electrodes were used as electrochemical transducers
because they are suitable substrates for applications with
biomolecules, given their low surface resistivity, chemical stability,
and capacity for biochemical modification, as well as their wide
electrochemical working window and stable electrochemical
properties. A layer of 3-aminopropyltrimethoxysilane (APTES) was
used to modify the ITO surface, resulting in an electrode surface with a
high density of amino groups (ITO/APTES). These amino (-NHz)
groups were employed to covalently immobilize anti-CFP10
monoclonal antibodies through their reaction with the carboxyl
groups of the antibodies, activated by EDC/NHS chemistry (Bart
et al, 2009). The anti-CFP10 monoclonal antibody bioreceptor,
immobilized on the transducer surface, recognizes the
CFP10 protein of the CFP10:ESAT6 complex with high sensitivity
and selectivity. This biorecognition event is direct, requiring neither a
marker (label-free) nor a redox mediator, and can be detected by
electrochemical impedance spectroscopy (EIS) (Cancelliere et al.,
2024). The immunosensor construction steps were monitored by
cyclic voltammetry (CV) and EIS, and the biorecognition event was
detected by EIS. The optimized immunosensor (ITO/APTES/anti-
CFP10) was successfully applied to detect CFP10:ESAT6 complex in
concentrations ranging from 0.5 to 200 ng mL™". The results of this
proof-of-principle indicate that the proposed immunosensor is
suitable and could serve as a rapid, sensitive, and reliable device
for CFP10:ESAT6 complex detection in TB diagnosis.

2 Materials and methods

2.1 Materials

(3-Aminopropyl)  triethoxysilane ~ (APTES), potassium
hexaferrocyanide (II) (K4 [Fe(CN)s]), ethanolamine (ETA), 1-
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FIGURE 1

Schematic representation of TB immunosensor construction. (A) ITO surface modification with APTES (B) Monoclonal antibody immobilization (C)
surface blocking with ETA (D) recognition of CFP10:ESAT6 protein and (E) Immunosensor after the biorecognition reaction.
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Electrochemical characterization of the main steps of pCP10:ESAT6 immunosensor construction. (A) Cyclic voltammograms (B) Electrochemical
impedance spectra. (Black) ITO/APTES, (light-blue) ITO/APTES/anti-CFP10, (Blue) ITO/APTES/anti-CFP10/pCFP10:ESAT6. Cyclic voltammograms
conditions: v =100 mV/s, -400-1,000 mV vs. Ag/AgCl/3M KCL. Nyquist plots conditions: a = 10 mV, f = 10 kHz to 0.1 Hz, open circuit. Biorecognition with

10 pg mL* of anti-CFP10 and 200 ng mL™ of pCFP10:ESAT6 for 45 min.

(EDC),
N-hydroxysuccinimide (NHS) and potassium chloride (KCl) were
purchased from Sigma-Aldrich Co., Ltd. (Brazil) and used without
further purification. The antibodies anti-CFP10 and anti-ESAT-6
(monoclonal e polyclonal, respectively), recombinant protein
CFP10:ESAT6 (pCFP10:ESAT6) and Dengue Virus NS1 Type
2 Recombinant Protein (NSI DENV) were acquired from
MyBioSource (United States). SARS-CoV-2 Spike
Recombinant Antigen was acquired from Sigma-Aldrich Co., Ltd.

ethyl-3-(3-dimethylaminopropyl)carbodiimide

Protein

(Brazil). Propanone, isopropyl alcohol, and ethanol were obtained
from Synth (Brazil). Indium tin oxide (ITO) coated glass slides,
purchased from Delta Technologies, Loveland, CO, United States
(surface resistivity = 8-12 Q, working area = 0.5 cm?).

Stock solutions were prepared in phosphate buffer solution (PBS),
using monosodium and disodium phosphate (10 mmol L, pH 7.4)
(Sigma Aldrich, Brazil). Ultrapure water (18.2 MQ cm) produced by
Millipore Milli-Q system was used to prepare all the aqueous solutions
herein employed.
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2.2 Biosensors fabrication

ITO electrodes were cleaned with acetone, isopropyl alcohol,
ethanol and ultrapure water, respectively, in an ultrasonic bath for
10 min each step. This cleaning procedure is imperative to avoid
organic contamination, which could adsorb onto ITO surface and
compromise the efficiency of modification.

The immunosensor construction was carried out in four
different steps: i) silanization of ITO surface with an aminosilane,
ii) antibody-immobilization, iii) blocking with ethanolamine and iv)
protein detection, as depicted in Figure 1.

The first step in the biosensor fabrication involved the
functionalization of the ITO surface by immersing the electrodes
in an ethanolic solution of APTES (2%, v/v) for 1 h (Figure 1A) to
introduce —~NH, groups onto the ITO surface. Then, the electrodes
were rinsed with ethanol and ultrapure water, followed by
immersion in an EDC/NHS/anti-CFP10 solution (8 mmol L7,
5 mmol L7, and 10 pug mL™, respectively, in PBS) for 90 min
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FIGURE 3
Raman spectra obtained for: (A) bare ITO (gray), (B) ITO/APTES (black), (C) ITO/APTES/anti-CFP10 (light-blue) and (D) ITO/APTES/anti-CFP10/

pCFP10:ESAT6 (blue) immunosensor surfaces.
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FIGURE 4
Topography images obtained from AFM in 3-D for: (A) bare ITO, (B) ITO/APTES, (C) ITO/APTES/anti-CFP10 and (D) ITO/APTES/anti-CFP10/pCFP10:

ESAT6 immunosensor surfaces. Note that the scale is not the same in these images.
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Calibration curve obtained by TB immunosensor from

0.5 ng mL™*-50 ng mL™* of pCFP10:ESAT6. Before each

EIS measurement the modified electrode was incubated with
CFP10:ESAT6 protein concentration solutions for 1 h to the
biorecognition. AC perturbation voltage of 0.01 V in the frequency
range from 10 kHz to 0.1 Hz in a buffer solution (PBS, pH 7.4)
containing 4 mmol L™ [Fe(CN)gl*".

(Figure 1B) to activate the terminal carboxyl groups of the antibody
and the NHz groups on the silanized ITO surface, according to Bart
etal. (2009). The electrodes were rinsed with PBS buffer and water to
remove unbound antibodies and then immersed in an ETA solution
(100 mmol L™ in PBS, 45 min) to block nonspecific binding sites and
unreacted —NHz groups on the ITO surface (Figure 1C). After
rinsing with PBS, the electrodes were immersed in a CFP10:
ESAT6 protein solution (200 ng mL™ in PBS) for 1 h
(Figure 1D). All experiments were performed at 21°C. The

10.3389/fsens.2024.1512936

electrodes were designated as ITO/APTES, ITO/APTES/anti-
CFP10, and ITO/APTES/anti-CFP10/pCFP10:ESAT6, according
to their respective modifications.

2.3 Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed using an
Autolab PGSTAT 302N, Potentiostat/Galvanostat from Metrohm
Autolab controlled by GPES and FRA softwares (version 4.9,
Netherlands). In CV measurements, the potential applied varied
between 200 and 1,000 mV (2 cycles, scan rate 100 mV s™). In EIS, a
sinusoidal signal with 10 mV amplitude was applied over the open
cell potential (OCP) in a frequency range between 10 kHz and
0.1 Hz. Results were expressed in terms of charge transfer resistances
(R) with respect to the geometric area of the ITO, and the results
were analyzed using AR,

TB immunosensors with 0.5 cm® of geometric area were used as
working electrodes. All the electrochemical measurements were
conducted in a conventional three-electrode cell, where a
platinum plate (1 cm?®) and Ag/AgCl electrode (saturated with
3 mol L' KCl) were used as counter and reference electrodes,
respectively. Since TB immunosensor is an impedimetric sensor,
without redox products, it was used 4 mmol L of K, [Fe(CN),] as
redox probe to characterize the modification and immobilization
steps during the immunosensor construction and optimization.

2.4 Biosensors surface characterization

The morphologies and roughness of the TB immunosensor were
evaluated via AFM by using a NanoSurf Flexa atomic force

TABLE 1 Molecular tests and biosensors for Mycobacterium tuberculosis and Mycobacterium bovis.

Target

Assay principle
molecule

References

Molecular rapid tests MTB DNA Real-time PCR 19 CFU mL" Lawn and Nicol Xpert” MTB/RIF Ultra
(2011) (Cepheid)
MTB DNA Real-time PCR 29 CFU mL! Nikam et al. (2013) Truenat™ (Molbio)
Gold nanoparticle-based MTB and M. Detection of specific complementary target 50 fmol pL* Silva et al. (2011) colorimetric Au-nanoprobe
colorimetric approaches bovis DNA hybridization through aggregation of system and optoelectronic
AuNPs sensor
M. bovis Competitive immunological assay 7.2 Lou-Franco et al. —
10° CFU mL™" (2023)
M. bovis Antibody- protein interaction 53 CFU mL! Das et al. (2022) —
Ferromagnetic MTB and M. bovis Antibody-protein interaction 147 and Gilbride et al. LODsgq
682 CFU mL", (2021)
respectively
SPR-based biosensor Ag85 protein Antibody-protein interaction 10 ng mL™ Trzaskowski et al. —
(2018)
Electrochemical aptasensor CFP10: Sandwich type 1.5 ng mL"' Azmi et al. (2021) —
ESAT6 protein Antibody-protein interaction
Electrochemical biosensor CFP10: Antibody-protein interaction 4.80 ng mL"' This paper —
ESAT6 protein
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CV and EIS selectivity responses to TB immunosensor in the presence of 20 ng mL_; of NS1 DENV (A, B) and SARS-CoV-2 spike protein (C, D) in the
same conditions of previous studies. Cyclic voltammetry conditions: v = 100 mV/s, -0.40 to 1.00 mV vs. Ag/AgCl/3M KCl and EIS measurements

conditions: a = 10 mV, f = 10 kHz to 10 mHz, open circuit.

microscope (Nanosurf, Switzerland) in tapping mode with a
resonant frequency of 190 KHz and vibration amplitude of
200 mV. The images were recorded in dynamic force under
The
treatment of the images.

humidity control. Gwyddion software was used for

Raman spectroscopy was performed in an InVia™ Raman confocal
microscope (Renishaw, UK) equipped with a 532 nm laser and using a
grating of 1800 lines. mm™". The acquisition time for each spectrum was
30 s, and an average of 10 accumulations was used to improve noise
reduction in the measured data. Raman spectra were obtained from a
few different regions of the electrodes. All measurements were carried
out at room temperature. Data handling and processing proceeded with

WIRE 5.4 software.

3 Results and discussion
3.1 TB immunosensor profile

The activation of the ITO electrodes was performed using CV
technique, followed by EIS measurements after each modification
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step during electrode assembly, i.e., ITO/APTES, ITO/APTES/anti-
CFP10 and ITO/APTES/anti-CFP10/pCFP10:ESAT6. The cyclic
voltammograms and Nyquist plots (from CV and the EIS
measurements, respectively) are shown on Figure 2.

The analysis of film growth was primarily carried out through
CV measurements (Figure 2A). As each construction step was
performed, it was expected an increase of Fe [(CN)g]* R, and
peak-to-peak difference (AE = Ep, — Ep.), as well as a decrease in
the oxidation peaks currents (Ip,), considering that the deposition
of the molecules with large molecular volume (as antibodies and
proteins) onto ITO surface decreases electron transfer (Brazaca
et al, 2018), (Freitas et al, 2016). The process of ITO
functionalization with APTES solution promoted the covalent
bonding of the silane groups to the ITO surface. It was observed
apeak of 452.4 + 8.8 mV with a anodic current of 191 + 19 pA and a
peak-to-peak potential difference of 444 mV. After the anti-CFP10
immobilization and subsequently blocking with ETA step, it was
observed a peak of 547.1 + 7.1 mV with a decrease of the anodic
current to 163 + 58 pA and an increased peak-to-peak potential
difference of 618 mV. Finally, upon incubation of ITO/APTES/anti-
CFP10 on a 200 ng mL"' pCFP10:ESAT6 solution, the peak

frontiersin.org


https://www.frontiersin.org/journals/sensors
https://www.frontiersin.org
https://doi.org/10.3389/fsens.2024.1512936

Ribeiro et al.

increased to 562.1 + 14.1 mV with a decrease of the anodic current to
122 + 3 pA and an increased peak-to-peak potential difference of
638 mV. Therefore, the results indicate the proper growth of the film
after each modification stage.

Similarly, the charge transfer resistance (R values, obtained
through EIS technique, is interpreted as the interface ohmic
resistance and expresses the resistance of a charge transfer
between the electrode and the solution (Freitas et al., 2016).
Based on the Randles circuit model, the Ry fitted from EIS was
represented as the diameter of the semicircle in the Nyquist and used
to characterize the adsorption of biomolecules onto the electrode
surface, layer by layer (Figure 2B). After ITO surface
functionalization with APTES, the electrode displayed R. =
1,309 = 160 Q. This result may be related to the molecules
protonation onto the ITO surface. As APTES is positively
charged, the redox probe [Fe(CN)g]* (negatively charged) is
attracted to the electrode surface. When anti-CFP10 layer was
immobilized on the electrode, R, increased to 2,782 + 94 Q.
Analogously to APTES, anti-CFP10 is positively charged, as most
antibodies (Boswell et al.,, 2010), thus attracting [Fe(CN)4]* to the
electrode surface. Nevertheless, it was observed an increased in R
due to the great molecular volume of anti-CFP10, which reduces the
electron transfer. Furthermore, the increase of R.; can be associated
with the electrostatic repulsion of negative charge surface of
carboxylic groups present in the biomolecules, which may
difficult the electron transfer of Fe [(CN)¢]* on the electrode
surface, as well as the detachment of the double layer from the
electrode surface due to the chemical modification of the surface
which also difficult the electron transfer. After incubation of the
immunosensor on pCFP10:ESAT6 solution, R, increased to 4,600 +
91 Q, which revealed the great affinity between antigen and antibody
molecules, indicating that the assembled sensor is adequate for
pCFP10:ESAT6 detection. Hence, both CV and EIS techniques
corroborate with their results, indicating an efficient electrode
modification to the immunosensor construction and pCFP10:
ESAT6 detection.

3.2 TB immunosensors optimization

To obtain the most favorable conditions for the electrochemical
measurements of anti-CFP10 immobilization step and respective
pCFP10:ESAT6 recognition, optimization studies were performed.
For that end, analytical features such as concentration with ETA and
blocking time, effects of antibody concentration and immobilization
time, and protein-antibody conjugation time were analyzed. The
results are shown in Supplementary Figure S1.

Initially, ITO-APTES platforms were immersed in a
100 mmol L' ETA solution for 15, 30, 45 and 60 min, to
evaluate the effect of blocking time in protein-antibody
conjugation, in pursuit of the lowest time. The charge transfer
resistance of ITO surface before and after protein conjugation
(AR, increased from 358 Q to 560 , for 15 and 30 min,
respectively (Supplementary Figure SIA). However, after 45 min
of reaction time, AR, remained around 740 (), suggesting
stabilization of blocking process. In sequence, ETA concentration
in the blocking stage was evaluated. The electrodes were immersed

in 50, 100, and 150 mmol L' ETA solutions, for 45 min
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(Supplementary Figure S1B). It was observed a two-fold increase
in AR, from 659 Q to 1,141 Q, for 50 and 100 mmol L. Above this
concentration, for 150 mmol L, the charge transfer resistance
difference variation was not significant, increasing to 1,186 Q.
Thus, the concentration selected for further
100 mmol L.

The immobilization time of anti-CFP10 on the ITO modified
platforms was then tested. The electrodes were kept immersed in the

studies was

antibody’s solution for 30, 45, 60, 90, and 120 min (Supplementary
Figure S1C). Surprisingly, the highest value of AR, was obtained for
the lowest immersion time, 1,279 Q for 30 min. Then, it was
observed a decrease, from 1,205 Q to 327 Q for 45 and 60 min,
followed by an increase from 567 Q to 787 Q for 90 and 120 min,
respectively. Higher values of AR indicates higher sensitivity of the
sensor for protein detection. Therefore, the immobilization time
chosen was 30 min. Next, anti-CFP10 concentration was varied in 5,
10, 15 and 20 pg mL', maintaining the EDC/NHS concentration
constant (Supplementary Figure S1D). The greatest value of AR
was observed for 10 pg mL’, suggesting that the higher
concentration of antibodies led to reduced available binding sites
on the ITO electrodes and the formation of a packed film structure,
which difficult the adequate antibody-protein interaction.

Finally, the ideal time for the interaction of the biosensor with
pCFP10:ESAT6 was studied (Supplementary Figure SIE). The
biosensor was immersed in a pCFP10:ESAT6 solution
(200 ng mL™") for 15, 30, 45, 60 and 90 min. The highest values
of AR, were obtained after 60 min of immersion, which was the time
chosen to continue the studies. Therefore, a complete assay for
pCFP10:ESAT6 detection with optimal features had a total time of
4 h, including
fabrication step.

electrochemical measurements after each

3.3 TB immunosensors’ surface
characterization

The TB immunosensor’s surface was characterized by Raman
spectroscopy and AFM. Figure 3 shows the Raman spectra of the
electrodes after each fabrication step. Bare ITO spectrum (green
line) presented typical bands at 563 cm™ and 1,096 cm™ which are
consistent with the literature (Chandrasekhar and Choy, 2001).
After modification with APTES, the main vibrational modes
characteristic of APTES are observed: the peak at 389 cm™ is
attributed to the bond-bending vibration of O-Si-O, the peak at
640 cm’' is related to C-N skeletal stretching, the peak at 1,060 cm™
comes from C-C stretching close to Si, the bond-bending vibration
of Si-O-Si occurs at 1,130 cm’, the peaks between 1,300 and
1,460 cm are mainly related to vibrations of CH, and CH,
bonded to Si, and the peak at 1,605 cm™ can be assigned to NH,
bending vibration (Shimizu et al., 1997; Sun et al., 2017; Chiang
etal,, 1980). Peaks at 2,850, 2,880 and 3,250 cm', corresponding to
CH, symmetric stretching, stretching vibration of CH; and NH
groups, were also observed (Chiang et al., 1980; Krafft et al., 2005).
The electrode spectra after anti-CFP10 immobilization presented
peaks at 536, 874, 983 and 1,077 cm™, corresponding to S-S disulfide
stretching, C-C stretching, C-C stretching of B-sheets of the protein
structure and C-C skeletal stretching, respectively (Movasaghi et al.,
2007). Additionally, a strong peak between 2,750 and 3,750 cm™,
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corresponding to asymmetric stretching vibration of CH;, OH and
NH groups vibration of proteins was observed (Movasaghi et al.,
2007), consistent with the antibody structures. The pCFP10:
ESATG6 spectra was characterized by a C-C skeletal stretching
(1,063 and 1,130 cm™), CH, deformation (1,297 and 1,442 cm™)
and a peak between 2,760 and 2,980 cm™, corresponding to CH, OH
and NH stretching vibration (Movasaghi et al., 2007). These spectral
features are present in the mycobacterial Raman spectra, as reported
in (Stockel et al., 2017). The results showed that the methodology
employed was successful in different stages of immunosensor
manufacturing with adequate functionalization of the groups
of interest.

The morphologies of the electrodes were evaluated using AFM,
as shown in Figure 4. The surface morphology of a bare ITO reveals
the grainy structures of the electrode surface (Figure 4A). Figure 4B
shows the surface of the electrode modified with APTES, different
from the one shown in Figure 4A, indicating that the formation of a
silane monolayer was accomplished, and it changed the topography
of the electrode
homogeneously spread over the surface, probably due to

surface. As observed, APTES aggregates
increasing siloxane film lateral polymerization and network
formation (Weiping et al, 1999) Similarly, after antibody
immobilization onto the ITO surface and protein recognition,
changes were observed on the electrode surface. Furthermore, the
root mean square (RMS) roughness increased after each stage, as
presented in Supplementary Table S1, indicating the successful
fabrication of the immunosensor.

3.4 Analytical features of the TB
immunosensor

3.4.1 Detection of the pCFP10:ESAT6 protein

The calibration curve was obtained by measuring the values of
R, before and after protein immobilization. It was observed a
correlation between AR, and pCFP10:ESAT6 concentration in a
range of 0.5-50 ng mL"* (Figure 5), using Langmuir Isotherm model
(Deming et al,, 1988), by the equation:

AR, (anti-CFP10+pCFP10: ESAT6) — Rami-crpro
axy

+ (Rmax - Runti—CFPlO)
1+ ax;

Where ARt (anti-cFP10+pCEP10: EsATo) 1S the change of charge transfer
resistance values before and after protein recognition, Ruui-crpio is
the charge transfer resistance value to anti-CFP10 immobilized onto
ITO/APTES surface, & and R,y are constants of the Langmuir
model and x; is the concentration of pCFP10:ESAT6. The
calibration curve was established with R? = 0, 9956.

ARct(x) =-34 + 29
0,20 £ 0,07x

991 + 58) - (=34 + 29)] ————————
I )= )]1+0,20i0,07x

The limits of detection (LOD) and quantification (LOQ) were
calculated from the calibration plot using the following equations:
1 30bik

LOD = —

—— X  LOQ =3.33*LOD
o Rmux - RO - 30blk
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Where oy is the standard deviation of the blank sample, &, Ryax
and Ry are constants of the Langmuir model. The LOD and LOQ
obtained were 4.80 ng mL" and 15.97 ng mL", respectively.

An immunosensor to detect M. tuberculosis based on a
colorimetric Au-nanoprobe system and optoelectronic sensor was
reported in Silva et al. (2011) and exhibited satisfactory linear
in the detection of MTB and M. bovis DNA
concentration range from 50 to 300 nmol L, with detection of

responses

limit of 50 fmol mL™". Another interesting study was published by
Lou-Franco et al. (2023), where a smartphone-based competitive
immunosensor was able to detect M. bovis with a LOD of 7.2 x
10° CFU mL" with linear responses between 10* and 10° CFU mL™.
Furthermore, Das et al. (2022) developed a biogenic AuNP
conjugated with a monoclonal antibody specific to M. bovis
(QUBMA-Bov) with LoD of approximately 53 CFU mL", by
using P. nepalensis fruit extract to improve the catalytic efficiency
of AuNPs, within a lower concentration range between 10° to
10° CFU mL". catalytic
immunoassay was reported in Gilbride and coworkers (2021),
targeting MPT64 protein, with LOD of 147 and 682 CFU mL
for MTB and M. bovis, respectively. A portable SPR device was
designed and reported by Trzaskowski et al. (2018) to detect
Ag85 protein

Alternatively, a ferromagnetic

in bacteria cultures and real samples in
concentrations of 10* CFU mL"' and higher, with a limit of
detection of 10 ng mL'. CFP10:ESAT6 protein detection was
targeted by a sandwich aptasensor, by using Fe;0,/Au NPs as a
label, and graphene/polyaniline (GP/PANI) nanocomposite as a
signal amplification layer (Azmi et al., 2021). This electrochemical
aptasensor exhibited good responses in a concentration range of
5-500 ng mL' and LOD of 1.5 ng mL"' Table 1 presents a
comparison between studies presented above, the molecular tests
Xpert” MTB/RIF Ultra and Truenat™ (Molbio), recommended by
the WHO, and the impedimetric immunosensor developed in this
study. Although the reported biosensors exhibit excellent analytical
characteristics, they still rely on expensive laboratory-based readout
equipment and high costs, which hinder their widespread use.
Repeatability and reproducibility test measurements were
conducted using 10 pg mL"' of anti-CFP10 and 20 ng mL" of
pCFP10:ESAT6. Repeatability tests were conducted on the same
day using three different immunosensors. For each immunosensor,
four measurements of the Ry value were taken following interaction
with the target protein. The mean, standard deviation, and relative
standard deviation (RSD) of the R,. values obtained are presented in
Supplementary Table S2. It can be observed that the RSD values of
21%, 9%, and 13% for the immunosensors produced on the same day
demonstrate repeatability in production. Furthermore, the sequential
measurements confirm both repeatability and measurement stability.
For the reproducibility tests, four immunosensors were produced, one
per day, over four consecutive days. Measurements were taken
immediately after the production of each immunosensor, and the
R, values were recorded both before and after interaction with the
CFP10 protein. The values of AR, mean, standard deviation, and
relative standard deviation (RSD) are presented in Supplementary
Table S3. Considering the AR, values for the four immunosensors, a
very high RSD was observed. However, when the outlier value of
1732 Q (which is 2.1 times greater than the mean) is excluded, the new
mean AR value becomes 501 Q, with an RSD of 24%. For a proof-of-
principle, we can consider that the immunosensor demonstrates good
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manufacturing  reproducibility and interday = measurement

reproducibility.

3.4.2 Selectivity of the TB immunosensor
biorecognition

To test the selectivity of CFP10:ESAT6 protein immunosensors,
detection measurements were performed with NSI DENV and
SARS-CoV-2 Spike proteins with a concentration of 20 ng mL™’
which is a tenth of the pCFP10:ESAT6 concentration of
optimization studies.

As shown in Figure 6, AR, values of 509 + 89 Q) and 376 + 127
were obtained for DENV NS1 and Spike proteins, respectively.
Despite our impedimetric biosensor exhibiting some resistance
response to both proteins, the signal for the CFP10:
ESAT6 protein was approximately 80% higher, showing the
selectivity capability identified by the immunosensor.

4 Conclusion

In this work, we present a proof-of-principle for the use of an
impedimetric immunosensor to detect the CFP10:ESAT6 protein,
aiding in the diagnosis of tuberculosis. The immunosensor is based on
indium tin oxide electrodes modified with APTES for the covalent
immobilization of the monoclonal capture antibody, anti-CFP10.
Protein biorecognition was achieved through protein-antibody
conjugation. The CFP10:ESAT6 complex can be detected and
quantified by the variation in charge transfer resistance caused by
the conjugation reaction. The immunosensors detected the protein at
concentrations as low as 0.5 ng mL™", with a total assay time of 4 h, and
LOD and LOQ values of 4.80 ng mL™" and 15.97 ng mL™, respectively.
Our biosensor device exhibited good reproducibility and repeatability,
demonstrating its suitability, accuracy, and selectivity for the detection
of pCFP10:ESAT6 in the presence of DENV NS1 and SARS-CoV-
2 Spike proteins. The small sample volume and short testing time (4 h)
are excellent features for future point-of-care applications. We hope
that the presented immunosensors will lead to more accessible and
time-efficient tuberculosis testing.
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