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ARTICLE INFO ABSTRACT

Keywords: This study reports the development of a new PCR-free device, using 1S6110 gene as biomarker, for Tuberculosis
Biosensor (TB) diagnosis. An arginine film (ARGFILM) was used to prepare the biosensor platform. MT-probe was
L-arginine ) immobilized on this biosensor platform to identify 1S6110 gene. This gene is an excellent biomarker for Myco-
iﬁ’;zg:jfsgsm tuberculosis bacterium tuberculosis (MT). Electrochemical analyses were carried out using differential pulse voltammetry

method (DPV) by methylene blue (MB) reduction signal measurement before and after hybridization either
between probe and synthetic target or extracted DNA from clinical sputum samples. The optimization study of
MT-probe immobilization on modified-electrode surface showed that the best probe concentration was 15 pM.
The analytical analysis of hybridization assays was performed using different concentrations of synthetic MT-
target (15-500 nM). The linear response was between 15 and 100 nM and the detection limit was 4.4 nM.
The biosensor performance was also investigated with extracted DNA from sputum samples (PCR-free). The
results showed that the biosensor was able to detect the MT from samples, exhibiting a high sensitivity and
satisfactory selectivity. Thus, these results allow for the possibility of developing a portable detection device for

Point-of-care diagnostic

effective diagnosis of TB patients.

1. Introduction

Tuberculosis (TB) is a one of the oldest of human disease. It is
characterized as a highly contagious, airborne disease caused by
Mycobacterium tuberculosis (MT) [1,2]. According to World Health Or-
ganization (WHO), MT is one of infectious agent that kills the most
people in world [3,4].

In 2017, approximately, 10 million people became ill with TB
worldwide, and about 1.3 million people died from the disease [4].
These indicators have been declining steadily each year, saving 49
million lives between 2000 and 2015, through effective and early
diagnosis and appropriate treatment for TB [5]. In Brazil, in 2018,
around 72 millions new cases of TB were reported. In that same year, the
incidence coefficient was equal to 34.8 cases/100 thousand inhabitants
and 4.490 tuberculosis deaths were recorded, resulting in a mortality
rate equal to 2.2 deaths/100,000 inhabitants [6].

* Corresponding author.

The current TB diagnostic strategies focus on detection of acid-fast
bacilli by Ziehl-Neelsen staining (microscopy method), bacterial
growth, detection of host immune response to the pathogen and bacte-
rial nucleic acid amplification, by polymerase chain reaction (PCR)
methods [7,8].

Direct microscopic examination is a fast and inexpensive method,
however, it has poor sensitivity and the inability to discriminate be-
tween mycobacterial species [9,10]. Culture is the World Health Orga-
nization (WHO)-recommended gold standard technique for the
diagnosis of TB, nevertheless, its use is limited due not only time
consuming but has a low sensitivity [11,12]. Immunoassay is an
attractive diagnostic method, however, this test present low sensitivity
and specificity, due to the great heterogeneity of the humoral response
in patients with TB and to the cross reactivity with other antigens [13,
14]. The molecular assays are faster, more specific, sensitive and accu-
rate, however they present relatively high costs of equipment and
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Fig. 1. Schematic drawing of the biossensor platform fabrication process.
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Fig. 2. Histogram of MT-probe concentration effect on the MB electrochemical
reduction during the immobilization process. The differential pulse voltam-
metry (DPV) method was used to analyze the current signal in the following
conditions: initial potential —0.6 V, end potential 0 V, modulation amplitude
50 mV and scan rate 20 mV s—1. All results plotted were done in triplicates to
different MT-probe concentrations.

reagents, making them largely inappropriate for use in resource-poor
settings [15]. Thus, the development of a rapid, PCR-free and afford-
able test makes this a viable alternative compared to current diagnostics
for TB.

The 1S6110 gene is considered to be a useful molecular marker for
MT diagnosis by PCR. This gene is found at multiple sites in the MT
genome and it is highly conserved [16]. Therefore, has become an
important diagnostic tool in the identification of MT. These IS6110 gene
characteristics make it an excellent biomarker for MT detection [17].

Electrochemical Nucleic acid biosensors are analytical devices that
integrate a nucleic acid sequence (probe) as the biological recognition
element [18,19]. These biosensors are designed to detect on the inter-
action between the target analyte and probe by hybridization event
[19]. Then, the hybridization event is converted into a measurable
electrical signal [20]. These devices have the potential to overcome
other sensors due to its user-friendliness, portability, simplicity of con-
struction and also low cost [21]. Moreover, they show high sensitivity,
selectivity, low background noise, better signal to noise ratios and the
very small sample volumes [21,22]. Therefore, biosensors show poten-
tial to deliver point-of-care diagnostics that could be better than con-
ventional standards in time, accuracy and cost [23-27].

Due difficulties involved in making an effective diagnosis of TB, the
aim of this study was to develop a new simple, inexpensive, stable and
PCR-free device, using IS6110 gene as biomarker, for TB diagnosis.
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2. Materials and methods
2.1. Reagents, oligonucleotides and electrodes

The solutions used in this work were prepared with ultrapure water
(Invitrogen, USA) for the maintenance of conductivity. The electro-
chemistry measurement used Methylene blue (MB) and r-arginine
(Sigma-Aldrich, USA). The hybridization between the oligonucleotide
and the samples were carried out in a Hybridization Oven/Shaker
(Amersham Pharmacia Biotech, USA).

The synthesis of single-stranded DNA (ssDNA) for the MT probe (5'-
AGACCTCACCTATGTGTCGA - 3'), MT synthetic target (5'- TCGACA-
CATAGGTGAGGTCT - 3'), and non-Complementary sequence (5'-
GCTCTGTCTCATGATGATGTTA -3') were produced by Extend, Ltd
(Brazil). The lyophilized powder of oligonucleotides were diluted with
ultrapure water and stored in a freezer. The stock solutions were diluted
in 0.5 M acetate buffer solution (ABS) (pH 5.0) for use in the develop-
ment of the biossensor.

The homemade screen-printed electrodes were produced based on a
three-electrode system. Carbon ink (Group Gwent) was used for the
working electrode (surface area 7 mmz) and counter electrode. The
reference electrode used silver/silver chloride ink (Ag/AgCl) (Group
Gwent).

2.2. Samples and laboratory processing

The DNA samples used in the study were obtained from a bank of
clinical samples, provided by the Laboratory of Immunoepidemiology of
the IAM/FIOCRUZ, referring to the research project approved by the
Ethics Committee (CAAE: 45739715.7.0000.5190). Initially, the sputum
samples were obtained from patients with active pulmonary TB (positive
samples) and other respiratory disease (negative samples) from health
public services specialized on TB, in the metropolitan region of Recife,
state of Pernambuco, northeastern Brazil.

Initially, from each patient were collected sputum samples (1-5 mL),
in a sterile dry tube, in a single sample with the patient fasted and upon
awakening. The decontamination was carried out following the protocol
of the modified Petroff (NaOH 4%) and the culture was performed in
Lowenstein-Jensen solid medium. The identification of Mycobacterium
species was through growth rate and colony morphology. Para-Nitro-
benzoic Acid (PNB) and thiophene-2-carboxylic acid hydrazide (TCH)
was used for selective inhibition tests. Niacin accumulation and heat-
stable catalase at 68 °C and detection MPT64 were also performed [28].

2.3. DNA extraction and real-time PCR assay

The DNA extraction of the sputum samples was performed according
to the manufacturer’s instructions (QIAamp DNA Mini Kit, Qiagen). The
M. tuberculosis reference strain (H37Rv) was grown in Lowenstein-Jen-
sen (LJ) medium and the genomic DNA was extracted and purified with
the use of a Genomic PrepTM - Cells and Tissue DNA Isolation Kit
(Amersham Biosciences) according to the manufacturer’s instructions.

For amplification of the DNA samples the ABI Prism 7500 Sequence
Detection System (Applied Biosystems, CA, USA), was used with
TagMan-specific probe (TAQM3 5-AGGCGAACCCTGCCCAG-3' and
TAQM4 5-GATCGCTGATCCGGCCA-3), amplifying a target fragment
from IS6110 of 122 bp [28], and ROX as a passive reference. The assays
were performed in duplicate, and cycling conditions were performed
according to Broccolo et al. and Lira et al. [29,30].

2.4. Electrode modifications, probe immobilization and DNA
hybridization

The electrode modification was performed by electropolymerization
of r-arginine (ARG), forming a film on electrode surface. For r-arginine
film (ARGFILM) preparation, a solution of ARG (10 mM) prepared in 0.5
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Fig. 3. The differential pulse voltammograms (DPV) for the MB electrochemical reduction of (a) bare electrode, (b) modified 1-arginine film electrode, (c) 15 pM MT-
probe immobilized on modified 1-arginine film electrode before hybridization, (d) 15 pM MT-probe immobilized on modified r-arginine film electrode after hy-
bridization with 500 nM synthetic target (ST), (e) 15 pM MT-probe immobilized on modified 1-arginine film electrode after hybridization with 500 nM synthetic non-
complementary target (NC) and (f) 15 pM MT-probe immobilized on modified r-arginine film electrode after hybridization with 500 nM MIX-Target (mixture of
complementary and non-complementary targets).
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Fig. 4. The effect of the MT-target concentration on the MB electrochemical reduction during hybridization. Inset: Linear regression from difference between the
DPV signals of MB on the probe modified-electrode in the presence and absence of target (Ai). The differential pulse voltammetry (DPV) method was used to analyze
the current signal in the following conditions: initial potential —0.6 V, end potential 0 V, modulation amplitude 50 mV and scan rate 20 mV s~ . All results plotted
were done in triplicates to different MT target concentration.

M ABS (pH 5.0) was electrodeposited by cyclic potential scanning from The immobilization was carried out at 30 °C for 30 min on the
—1.5V t0 2.0V for 10 cycles at 100 mVs 1, allowing the immobilization modified working electrode. After that, the unbound oligonucleotides
of the DNA MT probe. were removed by washing with 0.5 M ABS (pH 5.0).
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Fig. 5. The differential pulse voltammograms (DPV) for the MB electrochemical reduction of (a) 15 pM MT-probe immobilized on modified L-arginine film electrode
before hybridization, (b) 15 pM MT-probe immobilized on modified r-arginine film electrode after hybridization with 435,6 ng/pL extracted DNA from +MT
(Mycobacterium tuberculosis positive) sputum samples, (c) 15 pM MT-probe immobilized on modified r-arginine film electrode after hybridization with 177,4 ng/pL

extracted DNA from -MT (Mycobacterium tuberculosis negative) sputum samples.

For the hybridization between synthetic DNA MT target and the
immobilized MT probe, the electrode was incubated at 60 °C for 10 min
with a stirring speed of 300 rpm. To remove the not hybridized se-
quences of synthetic DNA MT target the electrode was washed with Tris-
HCL buffer (20 mM, pH 7.0). The same procedure was applied for the
interaction of the non-complementary sequence and the MT probe.

For the patient samples, previously extracted, a denaturation of the
genomic DNA was conducted by heating in a water bath (95 °C) for 5
min and immediately chilled in ice to obtain denatured ss-DNA and
following the same procedure of synthetic MT DNA target.

2.5. Electrochemical analysis

The electrochemical analysis was conducted in the Autolab PGSTAT
potentiostat with NOVA 2.0 software. The electrochemical signal anal-
ysis was measured by differential pulse voltammetry (DPV) of the MB
electrochemical reduction (500 pM MB solution in Tris—HCI buffer - 20
mM, pH 7.0). This solution was added onto modified working electrode
for 5 min and then washed with the Tris—HCI buffer. The experiments
were performed in triplicate at room temperature (23 °C), under the
following conditions: a potential sweep between —0.6 and 0 V with a
scan rate of 20 mVs ",

2.6. Statistics analysis

Experimental data were analyzed by STATISTICA 8 software. The
one-way ANOVA followed by Tukey’s post hoc parametric test were
carried out to determine statistical significance [31,32]. A p value of
<0.05 was considered significant.

3. Results and discussion
3.1. Analysis of the biosensors platform

The stepwise of MT DNA biosensor development is illustrated in
Fig. 1. In the first step the carbon electrode was chosen as the working
electrode due to its ability to be integrated into various analytical de-
vices. The advantages of carbon electrodes include low cost, excellent
biological compatibility and ease organic functionalization for immo-
bilization of numerous bioreceptors, such as oligonucleotides [33,34].
The most common organic functional groups used to carbon modifica-
tions are amine (-NH2), carboxyl (-COOH) and hydroxyl (-OH) [34,35].

The r-arginine (ARG) was electropolymerized to form a film (ARG-
FILM) onto surface carbon working electrode. The ARG was chosen
owing to its versatility and ease of preparation, in addition, it has free
amine groups for binding to the MT-probe [36].

The strategy used to immobilize the probe onto electrode was per-
formed by adsorption method, that is considered simpler and easier to
immobilize biological elements on different solid supports [37]. The
adsorption is based on weak bonds such as van der Waals’s forces and
electrostatic and/or hydrophobic interactions [20,37]. MT-probe was
immobilized on the working electrode surface via electrostatic adsorp-
tion between a negatively charged phosphate group of DNA probe and
positive charged amine present in the ARGFILM-modified electrode [20,
36].

The biosensor analytical response was based on the changes of
electrochemical behavior with or without the presence of complemen-
tary DNA target, using the MB as a redox hybridization indicator. The
Mb shows a preferential binding to unpaired guanine base residues [19].
When, the DNA is in the form of structure of double-stranded DNA
(dsDNA), this interaction is hampered by difficult access to guanine
bases [38]. Therefore, this indicator has the high ability to discriminate
between ssDNA (single - stranded DNA) and dsDNA.

3.2. Optimization of MT-probe concentrations

The effect of the immobilized probe concentrations on the ARGFILM-
modified electrode was carried out by DPV technique, analyzing the MB
electrochemical reduction (Fig. 2).

Fig. 2 shows the current peak gradually rises with the increase of the
probe concentration from 1 pM (2.94 pA + 0.2) up to 20 pM (8.83 pA +
0.16). At a concentration of 25 pM (3.4 pA + 0.9), there was a decrease
of this current peak. As previously demonstrated this case it can be
explained by the massive probe accumulation that could cause probe
overlapping. This results in a lower availability of the guanine bases and,
consequently, a lower MB electrochemical reduction measurement [25,
39].

The ANOVA (significant level p < 0.05) showed that there was not
statistical significance between the concentrations of 15 pM and 20 pM
(p = 0.998). Therefore, the concentration of 15 pM was selected as
optimum concentration for immobilization on the ARGFILM-modified
electrode, reducing the cost of the development.



P. Eloi et al.

Tuberculosis 121 (2020) 101919

a: Electrode + ARGFILM + Probe [15 pM]

5.00

i(nA)

4.00

3.00

2.00

1.00

b: Electrode + ARGFILM + Probe + (+ MT sample) [435.6 ng/uL]
c: Electrode + ARGFILM + Probe + (+ MT sample) [176.9 ng/nL]
d: Electrode + ARGFILM + Probe + (+ MT sample) [153.3 ng/pL]
e: Electrode + ARGFILM + Probe + (+ MT sample) [81.2 ng/pL]
f: Electrode + ARGFILM + Probe + (+ MT sample) [56.1 ng/uL]

-0.9 -0.8 -0.7 -0.6

-0.5

-0.4 -0.3 -0.2 -0.1 0

E(V)

9.00

b: Electrode + ARGFILM + Probe + (+ MT sample) [435.6 ng/pL]
: Electrode + ARGFILM + Probe + (- MT sample) [16.0 ng/nL]
d: Electrode + ARGFILM + Probe + (- MT sample) [35.9 ng/pL]
e: Electrode + ARGFILM + Probe + (- MT sample) [50.6 ng/pL]
f: Electrode + ARGFILM + Probe + (- MT sample) [95.8 ng/pnL]
g: Electrode + ARGFILM + Probe + (- MT sample) [177.4 ng/pL]

a: Electrode + ARGFILM + Probe [15 pM]
[

7.00

i (nA)

-0.9 -0.8 -0.7 -0.6 -0.5

-0.4 -0.3 -0.2 -0.1 0

E(V)

Fig. 6. The differential pulse voltammograms (DPV) for the MB electrochemical reduction from extracted DNA of sputum patients: (A) DPV response of 15 pM probe
immobilized on modified 1-arginine film electrode before and after hybridization with different extracted DNA concentrations from +MT (Mycobacterium tuberculosis
positive) sputum samples (56.1 ng/pL to 435.6 ng/pL); (B) DPV response of 15 pM probe immobilized on modified r-arginine film electrode before and after hy-
bridization with different extracted DNA concentrations from -MT (Mycobacterium tuberculosis negative) sputum samples (16 ng/pL to 177,4 ng/pL).

3.3. Performance of the biosensor using synthetic oligonucleotides

The performance of electrochemical DNA biosensor was analyzed
through the hybridization reaction between the MT-probe immobilized
onto ARGFILM-modified electrode and the MT-target sequence. The
electrochemical response of reduction MB was record by DPV method
onto working electrode for the six different condition: (a) bare working
electrode; (b) ARGFILM-modified electrode; (c) MT-probe-modified
electrode before hybridization; (d) MT-probe-modified electrode after
hybridization with synthetic complementary MT-target (ST); (e) MT-

probe-modified electrode after hybridization with synthetic non-
complementary target (NC); and (f) MT-probe-modified electrode after
hybridization with MIX-Target (mixture of complementary and non-
complementary targets) (Fig. 3).

The measurement of MT-probe-modified electrode before hybridi-
zation (Fig. 3 c¢) showed a highest current peak (8.64 pA). This higher
current signal is attributed to strong affinity between MB and free
guanine that are present in MT-probe.

The MT-probe hybridization with complementary target (Fig. 3 d)
decreases current signal significantly (1.79 pA). Studies suggest that the



P. Eloi et al.

Tuberculosis 121 (2020) 101919

9.00

a: Electrode + ARGFILM + Probe [15 pM]

8.00 b: Electrode + ARGFILM + Probe + (- MT sample) [177.4 ng/uL]
c: Electrode + ARGFILM + Probe + (+ MT sample) [176.9 ng/pL]
7.00 d: Electrode + ARGFILM + Probe + (- MT sample) [83.2 ng/uL]
e: Electrode + ARGFILM + Probe + (+ MT sample) [81.2 ng/pL]

5.00

i(nA)

3.00

0.00

-0.9 -0.8 -0.7 -0.6

03 0.2 01 0
E(V)

Fig. 7. The differential pulse voltammograms (DPV) for the MB electrochemical reduction from extracted DNA of sputum patients: DPV response of 15 pM probe
immobilized on modified r-arginine film electrode before and after hybridization with the same extracted DNA sample concentration (177 ng/pL and 80 ng/uL) from

+MT and -MT sputum patients.

current signal of MB decreased after duplex formation (dsDNA) due to
unavailability guanine bases that binding to their complementary
cytosine bases upon hybridization or may be due to a steric inhibition of
the reducible groups of MB packed between the bulky dsDNA [25,38,40,
41]. Thus, it is concluded that the MB signal decrease represents the
hybridization event on electrode surface.

However, when the probe interacts with the non-complementary
target, there is no significant decrease in current signal of MB (Fig. 3
e) (8.08 pA). This event is may be explained by negligible hybridization
that occurs onto electrode surface [25]. On the other hand, the inter-
action between the MIX-target and the MT-probe leads to a decrease in
the MB signal similar to MT-target alone (Fig. 3 f) (2.39 pA). These re-
sults indicate that there is hybridization when only the synthetic com-
plementary target is present in the sample.

3.4. Analytical analysis of hybridization assays

Analytical settings of the biosensor using different concentrations of
synthetic MT-target sequences (15, 30, 40, 50, 100, 250 and 500 nM)
determines the optimal hybridization conditions for the probe and target
on the ARGFILM-modified electrode and minimize the non-specific
interactions.

Fig. 4 shows that the peak signal (4A) of MB-probe hybridization
decreases with the stepping up of target concentration until 250 nM and
then it stabilizes at 500 nM, indicating that all probes immobilized on
the electrode surface were hybridized [41].

The insert of Fig. 4 shows the linear regression obtained from the
difference of the MB peak signals between the MT-probe-modified
electrode and the hybridized MT-synthetic target (Ai). The calibration
curve (y = 0.0632x - 0.7518) was linear between 15 and 100 nM, with
correlation coefficient of 0.99668. A detection limit of 4.4 nM could be
estimated by equation 3c/a, where ¢ was the standard deviation of
intercept and o was the line slope [42,43]. The experiment was con-
ducted over three independently MT-probe-modified electrodes
showing 0.073% to the relative standard deviation (RSD). This was
obtained in the 40 nM concentration of MT-target, indicating a
remarkable reproducibility of the detection method.

3.5. Diagnostic performance of the biosensor using clinical sputum
samples

Diagnostic performance of the biosensor was also verified using
extracted DNA from clinical sputum samples. Fig. 5 shows the DPV
response for the positive (+MT) and negative (-MT) samples to
M. tuberculosis.

Unlike conventional molecular methods used to diagnose TB infec-
tion, this biosensor used extracted DNA from patients samples directly
onto probe-modified electrode surface, without the need for amplifica-
tion of the sample by the PCR technique [44,45].

In Fig. 5 it is possible observed that the MB signal after hybridization
with -MT sample increased (Fig. 5¢) when compared the MB signal for
-+ MT sample (Fig. 5b). This suggests that the hybridization event only
occurs when MT is present in the sample [41].

Fig. 6A showed the DPV response of biosensor for different + MT
patients samples, presenting diverse concentrations of the extracted
DNA (56.1 ng/pL to 435.6 ng/pL). As seen in Fig. 6A, the MB peak signal
decreases with the stepping up of target concentration (+MT sample).

In order to prove that the diminution of the MB current peak (pA)
was related to MT DNA presents in the patient sample, the biosensor was
submitted to diverse extracted DNA concentrations of negative samples
(16 ng/pL to 177.4 ng/pL) (Fig. 6B). As seen in Fig. 6B, the MB current
peak (pA) did not decrease. It stayed close to the MB peak signal of MT-
probe-modified electrode. This results was similar the synthetic target
analysis, which demonstrating that there was only the hybridization
event when the MT DNA was present in the patient sample.

Fig. 7 showed the biosensor performance for the same extracted DNA
sample concentration (177 ng/pL and 80 ng/pL) from +MT and -MT
sputum patients. As seen in Fig. 7, there was no significant diminution of
the MB peak signal when compared to with the MT-probe-modified
electrode in the -MT patient sample. However, it was possible to
observe that in +MT patient sample, the MB peak signal much lower
than the MB signal at -MT, demonstrating that hybridization event only
happened when the MT DNA was in the patient sample [41,43].
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4. Conclusions

The present work reports the development of a point-of-care mo-
lecular diagnostic platform for detection of the Mycobacterium tubercu-
losis DNA, using synthetic oligonucleotides and extracted DNA from the
confirmed positive sputum samples. The analytical analyses showed that
the biosensor presents a detection limit of 4.4 nM. The biosensor was
able to detect the presence of Mycobacterium tuberculosis, using extracted
DNA directly of patients samples, unlike conventional molecular
methods that use PCR products. These results demonstrate that is
possible to develop an analytical device, specific, portable and PCR-free,
for TB diagnostic.

Formatting of funding sources

The financial support from the Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnolégico (CNPq), Coordenacao de Aperfeicoa-
mento de Pessoal de Nivel Superior (CAPES), Laboratério de
Imunopatologia Keizo Asami — (LIKA), Fundacao Oswaldo Cruz (Fioc-
ruz), Centro de Pesquisas Instituto Aggeu Magalhaes (IAM), and the
Laboratério Central de Satde Publica de Pernambuco (LACEN/PE,
Brazil).

Ethical approval

Ethics Committee (CAAE: 45739715.7.0000.5190).
Declaration of competing interest

None declared.
Acknowledgements

The authors are grateful to Vinicius Albertin Tigre da Costa for his
contributions to the construction of the figures.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tube.2020.101919.

References

[1] Sanou A, Banuls A-L, Van Anh NT, Godreuil S. Mycobacterium tuberculosis:
ecology and evolution of a human bacterium. J Med Microbiol 2015;64:1261-9.
https://doi.org/10.1099/jmm.0.000171.

[2] Philips JA, Ernst JD. Tuberculosis pathogenesis and immunity. Annu. Rev. Pathol
2012;7:353-84. https://doi.org/10.1146/annurev-pathol-011811-132458.

[3] Petersen E, Rao M, Ippolito G, Gualano G, Chakaya J, Ntoumi F, et al. World
tuberculosis day march 24th 2019 theme: “It’'s TIME” — International journal of
infectious diseases tuberculosis theme series. Int J Infect Dis 2019. https://doi.org/
10.1016/4.ijid.2019.02.024.

[4] WHO. Global tuberculosis report 2018. 2018. Geneva.

[5] WHO. Global tuberculosis report 2017. 2017. WHO/HTM/TB/2017.23.

[6] Brasil. Brasil Livre da Tuberculose: evolucao dos cenarios epidemiolégicos e
operacionais da doenca. Bol. Epidemiol 2019;50:1-18.

[7] Maiga M, Abaza A, Bishai WR. Current tuberculosis diagnostic tools & role of

urease breath test. Indian J Med Res 2012;135:731-6.

Rutanga JP, Nyirahabimana T. Clinical significance of molecular diagnostic tools

for bacterial bloodstream infections: a systematic review. Interdiscip Perspect

Infect Dis 2016. https://doi.org/10.1155/2016/6412085. 2016.

Sulis G, Centis R, Sotgiu G, D’Ambrosio L, Pontali E, Spanevello A, et al. Recent

developments in the diagnosis and management of tuberculosis. Npj Prim Care

Respir Med 2016;26. https://doi.org/10.1038/npjperm.2016.78.

[10] Oommen S, Banaji N. Laboratory diagnosis of tuberculosis: advances in technology
and drug susceptibility testing. Indian J Med Microbiol 2017;35:323. https://doi.
org/10.4103/ijmm.IJMM_16_204.

[11] Sharma K, Appannanavar SB, Goyal K, Sharma A. Recent advances in the diagnosis
of tuberculosis. J Postgrad Med Educ Res 2013;47:181-7. https://doi.org/
10.5005/jp-journals-10028-1083.

[12] Dunn JJ, Starke JR, Revell P. Laboratory diagnosis of Mycobacterium tuberculosis
infection and disease in children. J Clin Microbiol 2016;54:1434-41. https://doi.
org/10.1128/JCM.03043-15.

[8

—

[9

[}

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Tuberculosis 121 (2020) 101919

Teixeira HC, Abramo C, Munk ME. Immunological diagnosis of tuberculosis:
problems and strategies for success. J Bras Pneumol 2007;33:323-34. https://doi.
org/10.1007/BF00116021.

Achkar JM, Lawn SD, Moosa MYS, Wright CA, Kasprowicz VO. Adjunctive tests for
diagnosis of tuberculosis: serology, ELISPOT for site-specific lymphocytes, urinary
lipoarabinomannan, string test, and fine needle aspiration. J Infect Dis 2011;204.
https://doi.org/10.1093/infdis/jir450.

Srivastava SK, van Rijn CJM, Jongsma MA. Biosensor-based detection of
tuberculosis. RSC Adv 2016;6:17759-71. https://doi.org/10.1039/C5RA15269K.
Kabir S, Uddin MKM, Chisti MJ, Fannana T, Haque ME, Uddin MR, et al. Role of
PCR method using 1S6110 primer in detecting Mycobacterium tuberculosis among
the clinically diagnosed childhood tuberculosis patients at an urban hospital in
Dhaka, Bangladesh. Int J Infect Dis 2018;68:108-14. https://doi.org/10.1016/j.
ijid.2018.01.015.

Roychowdhury T, Mandal S, Bhattacharya A. Analysis of IS6110 insertion sites
provide a glimpse into genome evolution of Mycobacterium tuberculosis. Sci Rep
2015;5:1-10. https://doi.org/10.1038/srep12567.

Kavita V. DNA biosensors-A review. J Bioeng Biomed Sci 2017. https://doi.org/
10.4172/2155-9538.1000222. 07.

Labuda J, Brett AMO, Evtugyn G, Fojta M, Mascini M, Ozsoz M, et al.
Electrochemical nucleic acid-based biosensors: concepts, terms, and methodology
(IUPAC Technical Report). Pure Appl Chem 2010;82:1161-87. https://doi.org/
10.1351/PAC-REP-09-08-16.

Rashid JIA, Yusof NA. The strategies of DNA immobilization and hybridization
detection mechanism in the construction of electrochemical DNA sensor: a review.
Sens Bio-Sensing Res 2017;16:19-31. https://doi.org/10.1016/j.sbsr.2017.09.001.
Tan A, Lim C, Zou S, Ma Q, Gao Z. Electrochemical nucleic acid biosensors: from
fabrication to application. Anal Methods 2016;8:5169-89. https://doi.org/
10.1039/cbay01221c.

Gui R, Jin H, Guo H, Wang Z. Recent advances and future prospects in molecularly
imprinted polymers-based electrochemical biosensors. Biosens Bioelectron 2018;
100:56-70. https://doi.org/10.1016/j.bios.2017.08.058.

Sin MLY, Mach KE, Wong PK, Liao JC. Advances and challenges in biosensor-based
diagnosis of infectious diseases. Expert Rev Mol Diagn 2014;14:225-44. https://
doi.org/10.1586,/14737159.2014.888313.

Vigneshvar S, Sudhakumari CC, Senthilkumaran B, Prakash H. Recent advances in
biosensor technology for potential applications — an overview. Front Bioeng
Biotechnol 2016;1-9. https://doi.org/10.3389/fbioe.2016.00011.
Campos-Ferreira DS, Souza EVM, Nascimento GA, Zanforlin DML, Arruda MS,
Beltrao MFS, et al. Electrochemical DNA biosensor for the detection of human
papillomavirus E6 gene inserted in recombinant plasmid. Arab J Chem 2016;9:
443-50. https://doi.org/10.1016/j.arabjc.2014.05.023.

Patel S, Nanda R, Sahoo S, Mohapatra E. Biosensors in health care: the milestones
achieved in their development towards lab-on-chip-analysis. Biochem Res Int
2016:1-12. https://doi.org/10.1155/2016/3130469. 2016.

Reddy B, Salm E, Bashir R. Electrical chips for biological point-of-care detection.
Annu Rev Biomed Eng 2016;18:329-55. https://doi.org/10.1146/annurev-bioeng-
071813-104643.

Brasil. Manual Nacional de VIGILANCIA LABORATORIAL da TUBERCULOSE e
outras MICOBACTERIAS. 2008.

Broccolo F, Scarpellini P, Locatelli G, Zingale A, Brambilla AM, Cichero P, et al.
Rapid diagnosis of mycobacterial infections and quantitation of Mycobacterium
tuberculosis load by two real-time calibrated PCR assays. J Clin Microbiol 2003;41:
4565-72. https://doi.org/10.1128/JCM.41.10.4565-4572.2003.

Lira LAS, Santos FCF, Carvalho MSZ, Montenegro RA, Lima JFC, Schindler HC,
et al. Evaluation of a IS6110-Tagman real-time PCR assay to detect Mycobacterium
tuberculosis in sputum samples of patients with pulmonary TB. J Appl Microbiol
2013;114:1103-8. https://doi.org/10.1111/jam.12119.

Montgomery DC. Design and analysis of experiments. eighth ed. New York: John
Wiley & Sons; 2012.

Tukey JW. The philosophy of multiple comparisons. Stat Sci 1991;6:100-16.
https://doi.org/10.1214/ss/1177011945.

Angione MD, Pilolli R, Cotrone S, Magliulo M, Mallardi A, Palazzo G, et al. Carbon
based materials for electronic bio-sensing. Mater Today 2011;14:424-33. https://
doi.org/10.1016/51369-7021(11)70187-0.

Cardenas-Benitez B, Djordjevic I, Hosseini S, Madou MJ, Martinez-Chapa SO.
Review—covalent functionalization of carbon nanomaterials for biosensor
applications: an update. J Electrochem Soc 2018;165:B103-17. https://doi.org/
10.1149/2.0381803jes.

Shen W, Li Z, Liu Y. Surface chemical functional groups modification of porous
carbon. Recent Patents Chem Eng 2012;1:27-40. https://doi.org/10.2174/
2211334710801010027.

Soleymani J, Hasanzadeh M, Eskandani M, Khoubnasabjafari M, Shadjou N,
Jouyban A. Electrochemical sensing of doxorubicin in unprocessed whole blood,
cell lysate, and human plasma samples using thin film of poly-arginine modified
glassy carbon electrode. Mater Sci Eng C 2017;77:790-802. https://doi.org/
10.1016/j.msec.2017.03.257.

Huang Y, Xu J, Liu J, Wang X, Chen B. Disease-related detection with
electrochemical biosensors: a review. Sensors 2017;17:1-30. https://doi.org/
10.3390/517102375.

Ferapontova E. Electrochemical indicators for DNA electroanalysis. Curr Anal
Chem 2011;7:51-62. https://doi.org/10.2174/157341111793797617.

Oliveira N, Souza E, Ferreira D, Zanforlin D, Bezerra W, Borba M, et al. A sensitive
and selective label-free electrochemical DNA biosensor for the detection of specific
dengue virus serotype 3 sequences. Sensors 2015;15:15562-77. https://doi.org/
10.3390/5150715562.


https://doi.org/10.1016/j.tube.2020.101919
https://doi.org/10.1016/j.tube.2020.101919
https://doi.org/10.1099/jmm.0.000171
https://doi.org/10.1146/annurev-pathol-011811-132458
https://doi.org/10.1016/j.ijid.2019.02.024
https://doi.org/10.1016/j.ijid.2019.02.024
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref4
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref5
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref6
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref6
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref7
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref7
https://doi.org/10.1155/2016/6412085
https://doi.org/10.1038/npjpcrm.2016.78
https://doi.org/10.4103/ijmm.IJMM_16_204
https://doi.org/10.4103/ijmm.IJMM_16_204
https://doi.org/10.5005/jp-journals-10028-1083
https://doi.org/10.5005/jp-journals-10028-1083
https://doi.org/10.1128/JCM.03043-15
https://doi.org/10.1128/JCM.03043-15
https://doi.org/10.1007/BF00116021
https://doi.org/10.1007/BF00116021
https://doi.org/10.1093/infdis/jir450
https://doi.org/10.1039/C5RA15269K
https://doi.org/10.1016/j.ijid.2018.01.015
https://doi.org/10.1016/j.ijid.2018.01.015
https://doi.org/10.1038/srep12567
https://doi.org/10.4172/2155-9538.1000222
https://doi.org/10.4172/2155-9538.1000222
https://doi.org/10.1351/PAC-REP-09-08-16
https://doi.org/10.1351/PAC-REP-09-08-16
https://doi.org/10.1016/j.sbsr.2017.09.001
https://doi.org/10.1039/c6ay01221c
https://doi.org/10.1039/c6ay01221c
https://doi.org/10.1016/j.bios.2017.08.058
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.3389/fbioe.2016.00011
https://doi.org/10.1016/j.arabjc.2014.05.023
https://doi.org/10.1155/2016/3130469
https://doi.org/10.1146/annurev-bioeng-071813-104643
https://doi.org/10.1146/annurev-bioeng-071813-104643
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref28
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref28
https://doi.org/10.1128/JCM.41.10.4565-4572.2003
https://doi.org/10.1111/jam.12119
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref31
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref31
https://doi.org/10.1214/ss/1177011945
https://doi.org/10.1016/S1369-7021(11)70187-0
https://doi.org/10.1016/S1369-7021(11)70187-0
https://doi.org/10.1149/2.0381803jes
https://doi.org/10.1149/2.0381803jes
https://doi.org/10.2174/2211334710801010027
https://doi.org/10.2174/2211334710801010027
https://doi.org/10.1016/j.msec.2017.03.257
https://doi.org/10.1016/j.msec.2017.03.257
https://doi.org/10.3390/s17102375
https://doi.org/10.3390/s17102375
https://doi.org/10.2174/157341111793797617
https://doi.org/10.3390/s150715562
https://doi.org/10.3390/s150715562

P. Eloi et al.

[40]

[41]

[42]

Pournaghi-Azar MH, Hejazi MS, Alipour E. Developing an electrochemical
deoxyribonucleic acid (DNA) biosensor on the basis of human interleukine-2 gene
using an electroactive label. Anal Chim Acta 2006;570:144-50. https://doi.org/
10.1016/j.aca.2006.04.067.

Campos-Ferreira DS, Nascimento G a, Souza EVM, Souto-Maior M a, Arruda MS,
Zanforlin DML, et al. Electrochemical DNA biosensor for human papillomavirus 16
detection in real samples. Anal Chim Acta 2013;804:258-63. https://doi.org/
10.1016/j.aca.2013.10.038.

Gumustas M, Ozkan SA. The role of and the place of method validation in drug
analysis using electroanalytical techniques. Open Anal Chem J 2011;5:1-21.

[43]

[44]

[45]

Tuberculosis 121 (2020) 101919

Nascimento G a, Souza EVM, Campos-Ferreira DS, Arruda MS, Castelletti CHM,
Wanderley MSO, et al. Electrochemical DNA biosensor for bovine papillomavirus
detection using polymeric film on screen-printed electrode. Biosens Bioelectron
2012;38:61-6. https://doi.org/10.1016/j.bios.2012.04.052.

Anochie PI, Onyeneke EC, Ogu AC, Onyeozirila AC, Aluru S, Onyejepu N, et al.
Recent advances in the diagnosis of mycobacterium tuberculosis. Germs 2012;2:
110-20. https://doi.org/10.11599/germs.2012.1021.

Nurwidya F, Handayani D, Burhan E, Yunus F. Molecular diagnosis of tuberculosis.
Chonnam Med J 2018;54:1-9. https://doi.org/10.4068/cmj.2018.54.1.1.


https://doi.org/10.1016/j.aca.2006.04.067
https://doi.org/10.1016/j.aca.2006.04.067
https://doi.org/10.1016/j.aca.2013.10.038
https://doi.org/10.1016/j.aca.2013.10.038
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref42
http://refhub.elsevier.com/S1472-9792(19)30274-4/sref42
https://doi.org/10.1016/j.bios.2012.04.052
https://doi.org/10.11599/germs.2012.1021
https://doi.org/10.4068/cmj.2018.54.1.1

	Toward a point-of-care diagnostic for specific detection of Mycobacterium tuberculosis from sputum samples
	1 Introduction
	2 Materials and methods
	2.1 Reagents, oligonucleotides and electrodes
	2.2 Samples and laboratory processing
	2.3 DNA extraction and real-time PCR assay
	2.4 Electrode modifications, probe immobilization and DNA hybridization
	2.5 Electrochemical analysis
	2.6 Statistics analysis

	3 Results and discussion
	3.1 Analysis of the biosensors platform
	3.2 Optimization of MT-probe concentrations
	3.3 Performance of the biosensor using synthetic oligonucleotides
	3.4 Analytical analysis of hybridization assays
	3.5 Diagnostic performance of the biosensor using clinical sputum samples

	4 Conclusions
	Formatting of funding sources
	Ethical approval
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


