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Abstract

One quarter of the global population is thought to be latently infected by
Mycobacterium tuberculosis (TB) with it estimated that 1 in 10 of those people will go
on to develop active disease. Due to the fact that Mycobacterium tuberculosis (TB) is a
disease most often associated with low and middle income countries it is critical that
low cost and easy to use technological solutions are developed which can have a direct
impact on diagnosis and prescribing practice for TB. One area where intervention could
be particularly useful is antibiotic susceptibility testing (AST). In this work presents a
low cost, simple to use AST sensor which can detect drug susceptibility on the basis of
changing RNA abundance for the typically slow growing Mycobacterium tuberculosis
(TB) pathogen in 96 hours using screen-printed electrodes and standard molecular
biology laboratory reactionware. In order to find out sensitivity of applied sensor
platform, different concentration (103-10° CFU/mL) of M. tuberculosis was performed
and Limit of detection (LOD) and limit of quantitation (LOQ) was calculated as 10°%?
and 10'* CFU/mL, respectively. The results display that it was possible to detect TB
sequences and distinguish antibiotic-treated cells from untreated cells with a label-free
molecular detection. These findings pave the way for development of a comprehensive,

low cost and simple to use AST system for prescribing in TB and mdrTB.
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1. Introduction

The United Nations (UN) and World Health Organization (WHO) have been
continuously stating that Antimicrobial resistance (AMR) is a major global issue
[1]. As an example, AMR detected in Mycobacterium tuberculosis (TB) samples
is still high and continues one of the most urgent global health challenges
worldwide. Since Bacillus Calmette—Guérin (BCG) vaccination has limited
protection [2], early detection and proper treatment of TB patients is very
important to minimize the rate of transmission and emergence of drug resistance.
The WHO reports that the overall detection of tuberculosis cases is still less than
60% in low-income countries and only 66% worldwide [3]. Every year, about 3
million people with active TB are not diagnosed or notified under the national TB
control program [4, 5]. For this reason, drug susceptibility testing (DST) is
significant to guide right treatment, but less than 1 in 20 new TB patients have
access to DSTs [6]. Therefore, there is an urgent need for inexpensive, practical
and efficient diagnostic tools that can be used at the Point of Care (POC).

TB is member of mycobacterium genus, which contains pathogens known to
cause serious illnesses in mammals, such as leprosy and tuberculosis. TB does
not take up the Gram Stain because there is a waxy coat surrounding the cell wall
[7, 8]. It is a well-known and set up bacterium that through the years has evolved
some of techniques and resistance mechanisms which permit it to propagate
between entire human populations [9]. It is expected that TB latently infects less
than a quarter of the world's population (around 1.7 billion individuals) [10] and
a crucial aspect of its behaviour is its slow metabolism which means it can take a
long time to culture and analyse patient samples and draw definitive conclusions
about drug resistance and susceptibility profile.

Antimicrobial susceptibility tests (ASTs) are mainly examined by traditional
methods like disk diffusion, dilution (agar and broth) and E-test. In the literature,
Coban et al. reported the susceptibility of the bacteria to Isoniazid, rifampicin,
ethambutol, and streptomycin antibiotics using Blood Agar Validation for TB
[11]. Hall et al., presented an antimicrobial susceptibility test of resistant TB using
microtiter assay [12]. These methods are quite safe, however; the main limitations
are low sensitivity, complex sample preparations, lack of automation, and growth
dependence [13]. Nowadays, studies have shifted towards molecular detection

strategies such as Matrix-Assisted Laser Desorption Ionization-Time of Flight



Mass Spectrometry (MALDI-TOF MS), Polymerase chain reaction (PCR), and
electrochemical methods.

Current methods of AST are categorized into phenotypic and genotypic methods.
Phenotypic methods require the isolation of pathogens from patients and their
subsequent culture in the presence of antibiotics which takes long time like
diffusion, dilution [14]. Though often used in clinics and research laboratories,
these tests also require larger quantities of samples with relatively low sensitivity.
In contrast, genotypic methods are often faster and more effective, but they
require a knowledge of the mechanisms and genes that lead to certain resistances
[15]. PCR and DNA microarray-based susceptibility diagnostics are central
aspects of genotype-based AST methods which detected the existence of genes
or gene products that induce resistance against certain antibiotics [14, 15]. These
techniques, however, are often expensive and time-consuming. In addition, there
are several emerging sensor approaches, including fluorescent, colorimetric,
electrophysiology [16], microfluidic [17], and electrochemical sensors. Single
molecule approaches like electrophysiology provides high specificity however it
is not transferable to clinic. Electrochemical sensors can accomplish AST in short
time due to its high specificity for bacterial pathogens in blood culture. 16s rRNA
can be detected in real-time and without prior purification [18].

Current AST methods require culture-based by approximately 10 days for the
case of TB [19]. In addition, molecular methods are expensive and cumbersome
to be used, especially in resource-constrained settings. Biosensor technology is
an alternative approach with short analysis time, low cost, easy operation,
technical simplicity, and real-time data collection [20]. An approach primarily
based totally on a biosensor that detects resistance profiles could be an ideal
solution [20-22]. A novel biosensor to come across drug resistance in TB strains
within 2-3 days could be a totally vital device so one can assure the fast choice of
right anti-TB drugs for powerful remedy and to eliminate transmission of the
ailment and resistance development.

Electrochemical biosensors are ideal method for molecular diagnostics with label-
free detection [23, 24]. A number of electrochemical antibiotic susceptibility tests
have been demonstrated recently, with the topic becoming quite popular,
including gel-modified screen-printed AST systems[25], lab-on-a-chip based

systems involving microfabricated devices [26] and specially modified sensors



surfaces, sensitive to bacterial growth through crystalline layers including
resazurin [27]. To identify the molecular pathogens and efficient monitoring, we
have previously demonstrated electrochemical biosensors detection with specific
hybridization of 16S rRNA oligonucleotide sequences of bacteria [28, 29].
Herein, this work presents an electrochemical detection methodology to
determine antibiotic susceptibility of slow-growing TB by measuring the changes
in antibiotic incubation-dependent nucleic acid levels. To do so, we have applied
a low cost commercially available electrode platform, screen-printed gold
electrode (SPGE) and evaluated the AST after bacterial incubation with and
without Isoniazid. The AST assay for TB was evaluated with Isoniazid, one of the
most established treatments for TB with isoniazid. The mechanism of action of Isoniazid
is based on inhibition of bacterial growth through disruption of mycolic acid synthesis
within 24 hours [9]. The proposed methodology is quick, cost-effective, can easily
be performed in different settings and crucially involves standard off the shelf
microbiology, molecular biology and electrochemical reagents and components
and so will translate well into real clinical work, especially in resource limited
settings where specialised device manufacture and reagent storage is not

available.

2. Materials and Methods

2.1. Target Preparation

Targets were prepared through a process of culture, incubation, lysis, and
fragmentation. Middlebrook 7H9 broth (Sigma - Aldrich, USA) was used as the
medium for culture of the TB strain (ATCC 25177/H37Ra). 2% glycerol (Sigma-
Aldrich, USA) and 0.5% Tween (Sigma - Aldrich, USA) were added in the
medium to prevent bacterial coagulation. Then TB at a density of 0.5 McFarland
(as an initial concentration) was prepared by using a densitometer (Biosan,
Latvia) and incubated with antibiotics (Ab-i) for 96 h at room temperature. This
allows the bacteria sufficient time to grow given their slow growth rate (18 hours
doubling time) [30]. Samples without antibiotic incubation (non-incubated (Ab-
n)) were kept in the incubator for 96 hours as a control group. In this study
Isoniazid (Sigma - Aldrich, USA) was chosen as the antibiotic and was added to
the bacteria to the Minimal Inhibitory Concentration (MIC) value of 10 pg/mL.
After the incubation time, Ab-n and Ab-i1 samples were centrifuged at 5,000 rpm



for 5 minutes to pellet cells and the supernatant was discarded and precipitated
bacteria was resuspended in isotonic water solution (Daihan, South Korea). This
step was repeated three times in order to remove all metabolic impurities.
Following this, an equal amount of buffer prepared with 1.08 mL Triton X-100
(Sigma-Aldrich, USA) and 0.045 g Sodium Dodecyl Sulphate (SDS) (Sigma-
Aldrich, USA) in 14 mL deionized water was used to bacterial lysis. The Ab-n
and Ab-i samples were then gently shaken in the buffer for 10 minutes. The
bacterial suspensions were next centrifuged at 10,000 rpm for 10 minutes to
remove bacterial debris, and the supernatants were collected. Finally, before
performing the electrochemical analysis, the fragmentation process was
performed via incubation at 95 °C for 5 minutes [28]. This solution of fragmented
oligonucleotides was used for electrochemical detection. It should be noted that
in this study specific purification of DNA and/or RNA was not performed from
the supernatants. Therefore, the electrochemical measurements were carried out
based on hybridization of immobilized probes with both DNA and RNA
fragments. Moreover, a non-complementary target of M. smegmatis (used as
control measurements) was used to assess specificity. Non-complementary

targets also were prepared by the same protocol as TB (Ab-n).

2.2. Detection Method

Electrodes were pretreated by sonicating for 10 minutes while submerged in
ethanol, the rinsing in deionized (DI) water for 10 seconds. The cleaning quality
of the electrode surface were determined by electrochemical impedance
spectroscopy (EIS) and Cyclic voltammetry (CV) techniques (pre-probe
measurement). CV and impedance were measured in 1 mM of ferri/ferrocyanide
(Sigma-Aldrich, USA) solution in a background of 1xPBS. The various
supporting electrolytes are applied in electrochemical sensing such as H2S0O4,
phosphate buffer (PBS), Britton Rubinson bufer (BR), and KCI [31]. In this
study, we utilized PBS as supporting electrolyte of experiments. PBS buffer is
usually employed to imitate physiological conditions. Furthermore, the salts
which are used to maintain the pH of PBS solutions usually provide much needed
ions for electrochemical experiments. After the pre-probe measurement, the
electrodes were washed again to prepare them for the immobilization process.

The probe solution was prepared by mixing 15 uM  Tris(2-



carboxyethyl)phosphine (TCEP, Sigma-Aldrich, USA) and 9 pl of probe DNA
specific to the M. tuberculosis 16S rRNA (5’-[ThiC6][SP18]
ACCACAAGACATGCATCCCG -3°) (BM Lab, Turkey) and kept at room
temperature for 1 hour [29]. Following this, the probe solution was dropped on
the working electrodes and then incubated at room temperature for 18-24 h [28].
The surfaces incubated with probe solution were washed with DI water for 10
seconds and then incubated with 3-mercapto-1-propanol (MCP-95%, Sigma-
Aldrich, USA) solution, which was prepared using 5 mM TCEP and 11.5 mM
MCP at room temperature for 1 hour. The post-probe stage was measured using
1 mM ferri/ferrocyanide to evaluate immobilization efficiency. The electrodes
were washed with DI water for 10 seconds and dried by nitrogen gas [32]. Finally,
the fragmented oligonucleotides were directly dropped onto the electrodes which
had been functionalized with probes. The electrodes were incubated for 1 hour at
room temperature [33]. Following hybridisation, the electrodes were washed with
5% PBS (Sigma-Aldrich, USA) solution which had been diluted in DI water. The
post-target step was again measured by dropping 1 mM ferri/ferrocyanide on the
electrodes [32]. Non-complementary experiments were carried out with the same
protocol used for the complementary experiments.

Pre-probe, post-probe and post-target electrochemical measurements were carried
out in a Faraday Cage using a portable potentiostat device (PalmSens PS4,
Houten, the Netherlands). CV and EIS techniques were used in the measurements.
The sensitivity of the sensor platform was investigated by applying different
initial concentrations (108-10>° CFU/mL) of TB bacteria. Therefore, the TB was
cultured at different concentration and lysis as described before. The obtained
lysates were centrifuged at 10,000 rpm for 10 min and supernatants were heated
at 95° C for 5 min in order to perform fragmentation process. The obtained
fragmented solutions were added separately onto the electrodes. EIS
measurements were performed after the incubation and washing process, and then
normalized Charge Transfer Resistance (Rct) values were calculated. We applied
a general linear regression analysis to define the LOD and LOQ parameters
represented as 3.3x (o/s) and 10x (o/s), respectively [34, 35]; where o represents
the standard deviation and s depicts the slope of the plotted from the Rct vs.

concentration of TB.



2.3. Electrochemical Measurement

SPGEs were obtained from Metrohm (Herisau, Switzerland). The electrodes used
in this study were a C223AT (high-temperature cure) three-electrode system that
contains a silver reference electrode and gold counter and working electrodes.
The working electrode area is 1.6 mm and ceramic substrate of screen-printed
electrode is L33 x W10 x HO.5 mm.

CV in 1 mM ferri/ferrocyanide solution was used for the characterization of the
cleaned electrode surface so that peak current and peak separation could be
determined. CV measurements were taken between the potentials -0.25 V and 0.5
V at 0.1 V/s. In addition, EIS measurements were carried out between 100kHz
and 0.1Hz frequencies at open circuit in ferri/ferrocyanide measurement buffer.
Electrochemical impedance measurements were performed at the open-circuit
potential with a 10 mV perturbation and Eg4c 0.0 V and Eac 0.01 V. In order to

specify the Rct fitting was performed using the Randles equivalent circuit.

2.4. Statistical Analysis
SPSS software was applied for statistical analysis. The t-test was used for
statistical significance testing. The threshold for significance was set at 0.05 (p <

0.05). Error bars depict a standard deviation of the mean (n= 3).

3. Results and Discussion

Figure 1 illustrates the summary of the experiments. Firstly, the prepared TB was added
in two different bottles with the same concentration. Then, the antibiotic was added to
a bottle to supply the Ab-i sample (Figure 1a). Two samples were kept in the incubator
for 96 hours. After the specified time expired, the lysis and fragmentation processes
were performed on the samples (Figure 1b). Finally, this solution of fragmented
oligonucleotides was dropped onto the immobilized electrodes for electrochemical

detection and AST determination (Figure 1c).

Cleaning the electrode surface is an important factor to improve the self-assembled
monolayer (SAM) performance[36, 37]. Hence, before starting the measurements, all
electrodes were cleaned with ethanol. CV based electrode surface cleaning using H>SO4

is known as a common method that is widely used in literature [38, 39]. However, this



technique shows some disadvantages especially in terms of the time. Therefore, in this
study cleaning approaches was performed using ethanol [25]. Figure 2a displays a CV
from the ferri-ferrocyanide redox reaction on clean electrodes, which can give an
indication of the surface quality of an electrode. The peak-to-peak separation value was
calculated as 73 mV. According to the Nernst equation, the ideal peak-to-peak
separation is 59 mV [38, 39] and the value obtained here is acceptably close to this ideal
value. This also demonstrates that the surface of the electrode is suitably clean for SAM

formation.

EIS is frequently used in the molecular level detection of analytes due to its sensitivity
and label free properties [40, 41]. In this study, EIS analysis was performed on TB
extracts using an inexpensive commercially available SPGE [42]. Figure 2b shows the
signal change magnitude (100 x post-target / post-probe) of TB after 1 day and 4 days
incubation. The signal change magnitudes were approximately 21% on the first day and
157% on the 4th day. The results indicated that performing AST assays on the first day
was not appropriate to maximise the signal response. TB AST assays were therefore
evaluated on the 4th day (96 hours) post-incubation. In our previous study, we
successfully performed AST assays for Mycobacterium smegmatis (MSM) after 1 day

incubation, due to the much more rapid growth of this organism [29, 43].

To specify the sensitivity of the proposed sensor, we examined EIS changes for different
concentrations of TB (103-10%). The results demonstrate that the applied sensor platform
detects TBs in the 10%-10° CFU/mL range with a significant trend (Figure 3a). Figure
3b demonstrate calibration curve of all experiments. The Rct values obtained at different
concentrations of M. tuberculosis were subjected to regression analysis and then the
standard deviation (1.3698) was obtained. The slope was calculated as 1.1834 in the
calibration graph equation, as shown in Figure 3b. Finally, equations 1 and 2 were

applied to obtain LOD and LOQ.

LOD = 3.3 x (%) (Equation 1)
LOQ = 10 x (%) (Equation 2)

where ¢ represents the standard deviation and s depicts the slope of the plotted
from the Rct vs. concentration of TB.



LOD and LOQ values were obtained as 10*%? and 10! CFU/mL, respectively. In the
literature, LOD reported for M. tuberculosis as 10* CFU/ml by electrical impedance
spectroscopy [44].

The AST assay for TB was evaluated with Isoniazid, one of the most established
treatments for TB with isoniazid resistant TB being the most common drug resistant
form at present [9]. The AST was performed, and susceptibility of TB was
electrochemically evaluated through specific hybridization of fragmented DNA/RNA
with immobilized oligonucleotide probes. The Rct values have been extracted through
Randles equivalent circuit fitting (the Randles equivalent circuit used for data fitting
included in Figure 4a). In EIS, impedance behaviour is modelled by solution resistance
(Rs), constant phase element (CPE), RCT and Warburg impedance (W), and these are
expressed by Randles circuit and Nyquist plot is illustrated by these elements. Although
the Randle’s circuit typically employs a capacitor, to model the double layer
capacitance, it is often necessary to substitute it for CPE to account for more complex
electrode surfaces found with SPEs and bio-functionalized electrodes [36]. Figures 4a
and 4b show the impedance response following DNA hybridization of Ab-n and Ab-i
TB extracts. Impedance values for pre-probe (blue) and post-probe (red) of both
experiments are 1.13 £0.06 kQ and 4.46 + 0.95 kQ, respectively Immobilization of thiol
probes by self-assembly on working electrodes is frequently used in DNA biosensors
and fabrication of electrochemical systems [45]. Binding of thiol groups to the gold
surface (working electrode) is a result of strong interaction(chemisorption) between the
sulfur and gold atoms [46]. An increase in the post-probe Rct indicates successful
immobilization of the probes. Following incubation with the target, the post-target
impedance values were obtained, and are shown in green. As can be seen in Figure 4a,
Ab-n samples were subjected to a high hybridization and the post-target impedance
value has increased to 9.95+0.10 kQ. Ab-n experiments are a culture without the
addition of antibiotic. Therefore, the culture grows in the medium when there aren't
antibiotics in the media. The Ab-i1 sample did not exhibit a significant increase in Rct
after adding lysed bacteria to the electrode (Figure 4b), indicating the inhibition of the

growth of bacteria upon antibiotic incubation. Ab-i is a culture that bacteria were placed



in antibiotic environment. Ab-i contains less DNA/RNA than Ab-n, as concluded from
the Figure 4a and Figure 4b. Therefore, Ab-n has a high Rct value in the post-target step,
while in Ab-i has a low Rct in the post-target step. Therefore, CFU of Ab-n is higher
than Ab-i. This is because of the fact that the susceptible bacteria stop growing upon
antibiotic treatment. These results demonstrate that EIS-based analysis for AST
evaluation of TB was successfully performed with Isoniazid antibiotic after 4 days of
incubation. Furthermore, to confirm our results, we applied MSM bacteria as a non-
complementary target. Figure 4c shows that there was no significant signal change in
the post-probe Rct when adding lysed MSM bacteria to the electrodes. Therefore, the
results indicate that our proposed electrochemical-based sensor platform has high
performance and specificity for determining antibiotic susceptibility in TB bacteria
within four days. In order to compare the obtained results more clearly, Figure 4d shows
the signal change magnitudes of Ab-n, Ab-i, and MSM samples. The signal change
magnitude for the Ab-n sample is approximately increased up to 150%, which is
statistically significant compared to the other extracts tested. The merit of the analytical
performance of the biosensor is shown by its stability and reproducibility. In our study,
every experiment was repeated at least 3 times to ensure that the results were both
consistent and repeatable. Section 3 included the results obtained from the impedance
measurements presented in Figure 2, 3 and 4, which demonstrated the repeatability of
the measurements performed by using the modified SPGEs. Both the charge transfer
resistances obtained by the fitting of the implemented mathematical model to the
impedance response and the corresponding calibration plot showed that experiments

ensured the repeatability of the Stability and reproducibility.

In the literature, nucleic acid-based techniques for TB have been reported which could
detect up to 120 min such as GenoType Mycobacteria Direct assay (GTMD) [47, 48],
quantitative real-time PCR [49], Xpert MTB/RIF [50], Conventional PCR [51] and line
probe assays [52]. In this study, the assay successfully validated was carried out in less
than 120 min. Currently, the diagnostic methods available for TB detection are not
adequately efficient for detecting the disease at an early stage. Furthermore, they do not
differentiate between latent and active forms of TB due to insufficient specificity and
sensitivity. TB detection methods are mostly limited by the long growth period of TB
(minimum of 17 days), the late onset of symptoms (pulmonary TB), and low bacterial

load in sputum even in active forms. Electrochemical sensors can accomplish AST test



in short time due to its high specificity for bacterial pathogens in blood culture. 16s

rRNA can be detected in real-time and without prior purification [18].

In our previous study, we developed a protocol using oligonucleotide probes for specific
detection of DNA target mimicking a section of 16S rDNA from TB [32]. In this study,
we applied the developed protocol and successfully detected DNA and RNA sequences
from TB bacteria using SPGEs. In the literature, there are several studies detecting TB
which use complex electrochemical processes and are therefore often difficult to
implement and replicate [53-56], particularly in resource limited settings. In these
studies, various different electrode formats have been used to detect TB, including bare
gold disk electrodes [53] , graphene or graphene oxide electrodes [42, 44, 56], graphite
[54], and a mechanical pencil as a graphite electrode [53]. For example, Hamdan et al.
developed an electrochemical biosensor for the detection of TB from the PCR amplified
products using pencil graphite electrodes and Methylene Blue [39]. Other groups have
used more complex electrode setups including using a biotinylated probe and avidin-
attached, poly(L-glutamic) acid coated pencil graphite electrode [57]. The work
presented herein demonstrates that SPGEs can be applied as a low-cost electrode for
AST determination for TB bacteria by using bespoke genetic probes. This provides a
simple, label-free technique to detect TB nucleic acids. Our proposed sensor shows a
remarkable improvement in assay time for TB when compared to other non-
electrochemical studies in the literature, with some examples achieving an average
reporting time of 11 or 12 days, and a lower limit of 6 days [58, 59]. By comparison 96
hours is a very useful time to result with give rapid AST of TB at low cost to widen
patient access to drug susceptibility testing and improve outcomes through improved
treatment efficacy at an earlier stage of infection. Moreover, different LOD values have
been reported in the literature in terms of the DNA probe [60-64] and DNA aptamer
[65-68] based sensors. The lowest LOD reported from an electrochemical DNA
biosensor was based on graphene-modified iron-oxide chitosan with 0.9 fg/ml [69].
Moreover, Pourmir et al., reported a LOD value for TB 104 CFU/ml [44] while the
designed sensor in our study obtained 10°%> CFU/mL which is considered as a good

value.

The electrochemical biosensors have highest potential for diagnostic TB and its drug
resistance. Compare to others diagnostic methods biosensor are fast, valid, and cost-

effective. The features of Screen Printed Electrodes (SPEs) show many advantages



compare to traditional electrodes such as ease of fabrication- cleaning procedures,
reliability, low-cost, repeatability and provide rapid time to result. SPEs are amenable
to mass production at relatively low-cost compared to traditional macro or
microelectrodes (< £2 each) [70]. However, SPEs have a very rough surface compared
to the electrodes produced by thermal evaporation or sputter deposition method. In our
previous work, we reported that the root mean square values are 172.5 and 7.3 nm for
the SPEs and the electrode which was fabricated by a thermal evaporation method,
respectively [71]. The homogeneous surface of the electrodes which are fabricated by a
thermal evaporation method cause an improvement of sensitivity in EIS-based
experiments. [71]. Therefore, the type of used electrode in the designed sensor can be

considered as a drawback.

4. Conclusions
In this study, we successfully employed label-free molecular-based AST for the

case of slow-growing Mycobacterium tuberculolsis — a pathogen of high clinical
importance which is typically slow and difficult to culture. Electrochemical
impedance spectroscopy was used due to its novel advantages such as rapid
measurement time, high sensitivity, selectivity, low cost, and simplicity. Specific
hybridization of genetic sequences as a proxy for nucleic acid levels and detection
thereafter was successfully demonstrated as an effective AST measurement for
TB. Electrochemical measurements demonstrated that the rapid, qualitative

analysis of such slow-growing bacteria was possible in 4 days.

Declaration of competing interest

No potential conflict of interest was reported by the authors.

Acknowledgements

This study was supported by the Turkish Scientific and Technological Council
(TUBITAK) under the grant numbers of 217S793. DKC would like to acknowledge that
this work was supported by a British Council Institutional Links grant, ID 20180209,
under the Newton-Katip Celebi Fund partnership. We thank Prof. I. A. Ince and Prof.

Tanil Kocagoz for useful discussions and providing us with the TB strain.



References

[1]
[2]

[3]

[4]

[5]

[6]
[7]
[&]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]
[20]
[21]

Lonsdale, D. O., Lipman, J. (2021) Expert Rev. Precis. Med. Drug Dev. 6, 87-93.
Mangtani, P., Nguipdop-Djomo, P., Keogh, R. H., Trinder, L., Smith, P. G., Fine, P.
E., Sterne, J., Abubakar, 1., Vynnycky, E., Watson, J. (2017) Health Technol.
Assess. 21, 7-7.

Letang, E., Ellis, J., Naidoo, K., Casas, E. C., Sanchez, P., Hassan-Moosa, R., Cresswell,
F., Mir6, J. M., Garcia-Basteiro, A. L. (2020) Archivos de bronconeumologia, 56(7),
446-454.

Creswell, J., Sahu, S., Blok, L., Bakker, M. I, Stevens, R., Ditiu, L. J. P. O. (2014) PLoS
One. 9, €94465.

Dizaji, A. N., Ozturk, Y., Ghorbanpoor, H., Cetak, A., Akcakoca, I., Kocagoz, T., Avci,
H., Corrigan, D., Giizel, F. D. (2020) IEEE Transactions on NanoBioscience,. 20, 86-
91.

Organization, W. H. (2014) Companion handbook to the WHO guidelines for the
programmatic management of drug-resistant tuberculosis, World Health Organization.
Dizaji, A. N., Ali, Z., Ghorbanpoor, H., Ozturk, Y., Akcakoca, I., Avci, H., Guzel, F. D.
(2021) Talanta. 234, 122695.

Fonseca, J., Knight, G., McHugh, T. J. (2015) International journal of infectious
diseases. 32, 94-100.

Smith, T., Wolff, K. A., Nguyen, L., (2012) Pathogenesis of Mycobacterium
tuberculosis and its Interaction with the Host Organism. 53-80.

Houben, R. M., Dodd, P. J. (2016) estimation using mathematical modelling. PLoS. 13,
e1002152.

Coban, A. Y. J. P. 0. (2013) PLoS One. 8, €55370.

Hall, L., Jude, K. P., Clark, S. L., Wengenack, N. L. (2011) JoVE. e3094.

Balouiri, M., Sadiki, M., Ibnsouda, S. K. (2016) J. Pharm. Anal. 6, 71-79.

Khan, Z. A., Siddiqui, M. F., Park, S. (2019) Diagnostics 9, 49.

Tannert, A., Grohs, R., Popp, J., Neugebauer, U. (2019) Appl. Microbiol.
Biotechnol.103, 549-566.

Dogan Guzel, F., Pletzer, D., Norouz Dizaji, A., Al-Nahas, K., Bajrai, M., Winterhalter,
M. (2021) Eur. Biophys. J. 50, 87-98.

Guzel, F. D., Citak, F. (2018) IEEE transactions on nanobioscience 17, 155-160.
Safavieh, M., Pandya, H. J., Venkataraman, M., Thirumalaraju, P., Kanakasabapathy,
M. K., Singh, A., Prabhakar, D., Chug, M. K., Shafiee, H. (2017) ACS Appl. Mater.
Interfaces 9, 12832-12840.

Gilpin, C., Korobitsyn, A., Weyer, K. (2016) Ther. Adv. Infect. Di. 3, 145-151.
Reynoso, E. C., Laschi, S., Palchetti, L., Torres, E. (2021) Chemosensors 9, 232.
Meng, Q., Liu, S., Meng, J., Feng, J., Mecklenburg, M., Zhu, L., Zhou, L., Biillow, L.,
Liu, J., Song, D. (2021) Biosens. Bioelectron. 193, 113526.

[22] Guntupalli, R., Sorokulova, I., Olsen, E., Globa, L., Pustovyy, O., Vodyanoy, V. (2013)

[23]
[24]

JoVE, €50474.

Guzel, F. D., Citak, F. (2018) IEEE transactions on nanobioscienc. 17, 155-160.
Guzel, F. D., Pletzer, D., Dizaji, A. N., Al-Nahas, K., Bajrai, M., Winterhalter, M.
(2021) European Biophysics Journal. 50, 87-98.



[25]
[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]

Henihan, G., Schulze, H., Corrigan, D. K., Giraud, G., Terry, J. G., Hardie, A.,
Campbell, C. J., Walton, A. J., Crain, J., Pethig, R. (2016) Biosens. Bioelectron. 81,
487-494.

Besant, J. D., Sargent, E. H., Kelley, S. O. (2015) Lab on a Chip 15, 2799-2807.
Bolotsky, A., Muralidharan, R., Butler, D., Root, K., Murray, W., Liu, Z., Ebrahimi, A.
(2021) Biosens. Bioelectron. 172, 112615.

Corrigan, D., Schulze, H., Henihan, G., Hardie, A., Ciani, I., Giraud, G., Terry, J.,
Walton, A., Pethig, R., Ghazal, P. J. A. (2013) Analyst. 138, 6997-7005.

Giizel, F. D., Ghorbanpoor, H., Dizaji, A. N., Akcakoca, I., Ozturk, Y., Kocagoz, T.,
Corrigan, D. K., Avci, H. (2020) Biotechnol. Appl. Biochem. 68(6), 1159-1166.
Verma, A., Sampla, A. K., Tyagi, J. S. (1999) Journal of bacteriology. 181, 4326-4333.
Alizadeh, M., Mehmandoust, M., Nodrat, O., Salmanpour, S., Erk, N. (2021) J. Food
Meas. Charact. 15, 5622-5629.

Blair, E. O., Hannah, S., Vezza, V., Avci, H., Kocagoz, T., Hoskisson, P. A., Giizel, F.
D., Corrigan, D. K. (2020) Sensors and Actuators Reports. 2, 100008.

Rahman, M., Heng, L. Y., Futra, D., Chiang, C. P., Rashid, Z. A., Ling, T. L. (2017)
Nanoscale Res. Lett. 12, 1-10.

Kog, Y., Morali, U., Erol, S., Avci, H. (2021) Turk. J. Chem. 45(6), 1895-1915

Kog, Y., Morali, U., Erol, S., Avci, H. (2021) Electroanalysis 33, 1033-1048.

GUZEL, F. D., Akcakoca, 1., Ghorbanpoor, H., Dizaji, A. N., Oztiirk, Y., Blair, E.,
Kocagoz, T., Corrigan, D., Avci, H. (2021) Eskisehir Technical University Journal of
Science and Technology A-Applied Sciences and Engineering 22, 344-352.
Ghorbanpoor, H., Corrigan, D., Guzel, F. D. (2022) Sakarya University Journal of
Science 26, 119-126.

Butterworth, A., Blues, E., Williamson, P., Cardona, M., Gray, L., Corrigan, D. K. J. B.
(2019) Biosensors. 9, 22.

Faulkner, L. R., Bard, A. J. (2002) John Wiley and Sons.

Akbulut, S. O., Ghorbanpoor, H., Ipteg, B. O., Butterworth, A., Avcioglu, G., Kozaci,
L. D., Topates, G., Corrigan, D. K., Avci, H., Giizel, F. D. (2020) N Appl. Sci. 2(5), 1-
6.

Kaur, J., Ozturk, Y., Ghorbanpoor, H., Kaygusuz, O., Darcan, C., Trabzon, L., Guzel,
F. D. Integrated Microfluidic Chip Development for the Quantification of Antibiotic
Permeability Rates through Bacteria Cell Wall. EURASIANBIOCHEM 2019

Hannah, S., Addington, E., Alcorn, D., Shu, W., Hoskisson, P. A., Corrigan, D. K.
(2019) Biosens. Bioelectron. 145, 111696.

Ghorbanpoor, H., Dizaji, A. N., Akcakoca, I., Blair, E. O., Ozturk, Y., Hoskisson, P.,
Kocagoz, T., Avci, H., Corrigan, D. K., Guzel, F. D. (2022) Sensors and Actuators A:
Physical 339, 113515.

Pourmir, A., Bahrmand, A., Ettefagh Far, S., Hadizadeh Tasbiti, A., Yari, S. (2016) J.
Anal. Chem. 71, 676-684.

Nimse, S. B., Song, K., Sonawane, M. D., Sayyed, D. R., Kim, T. (2014) Sensors 14,

22208-22229.

[46]

Teh, H. F., Gong, H., Dong, X.-D., Zeng, X., Tan, A. L. K., Yang, X., Tan, S. N. (2005).
Analytica chimica acta 551, 23-29.



[47]

[48]

[49]
[50]

[51]
[52]
[53]
[54]

[55]
[56]

[57]

[58]

Franco-Alvarez de Luna, F., Ruiz, P., Gutierrez, J., Casal, M. (2006) Journal of clinical
microbiology 44, 3025-3027.

Neonakis, I. K., Gitti, Z., Baritaki, S., Petinaki, E., Baritaki, M., Spandidos, D. A. (2009)
Journal of clinical microbiology 47, 2601-2603.

Lv, Z., Zhang, M., Zhang, H., Lu, X. (2017) BioMed research international 2017.
Detjen, A. K., DiNardo, A. R., Leyden, J., Steingart, K. R., Menzies, D., Schiller, I.,
Dendukuri, N., Mandalakas, A. M. (2015) The lancet respiratory medicine 3, 451-461.
Chawla, K., Johar, R., Vishwanath, S., Mukhopadhyay, C. (2015) National Journal of
Laboratory Medicine.

Singh, B. K., Sharma, S. K., Sharma, R., Sreenivas, V., Myneedu, V. P., Kohli, M.,
Bhasin, D., Sarin, S. (2017). PLoS One 12, e¢0182988.

Costa, M. P., Andrade, C. A., Montenegro, R. A., Melo, F. L., Oliveira, M. D. (2014)
Journal of colloid and interface science 433, 141-148.

Hamdan, N., Issa, R., Noh, M. M., Zin, N. (2012) Current Research in Tuberculosis,. 4,
1-12.

Liu, C., Jiang, D., Xiang, G., Liu, L., Liu, F., Pu, X. (2014) Analyst 139, 5460-5465.
Zaid, M. H. M., Abdullah, J., Yusof, N. A., Sulaiman, Y., Wasoh, H., Noh, M. F. M.,
Issa, R. (2017) Sensors and Actuators B: Chemical. 241, 1024-1034.

Alfarhan, K., Zakaria, A., Yusof, N., Zakaria, S., Abdullah, J., Kamarudin, L., Ariffin,
N. (2019) IOP Publishing 012019.

Siddiqi, S., Ahmed, A., Asif, S., Behera, D., Javaid, M., Jani, J., Jyoti, A., Mahatre, R.,

Mahto, D., Richter, E. (2012) Journal of clinical microbiology 50, 435-440.

[59] van Klingeren, B., Dessens-Kroon, M., van der Laan, T., Kremer, K., van Soolingen, D.
J. (2007) Journal of clinical microbiology 45, 2662-2668.

[60] Torres-Chavolla, E., Alocilja, E. C. (2011) Biosensors and Bioelectronics 26, 4614-

4618.

[61] Mohamad, F. S., Mat Zaid, M. H., Abdullah, J., Zawawi, R. M., Lim, H. N., Sulaiman,
Y., Abdul Rahman, N. (2017) Sensors 17, 2789.

[62] Liu, C., Jiang, D., Xiang, G., Liu, L., Liu, F., Pu, X. (2014) Analyst 139, 5460-5465.

[63] Mogha, N. K., Sahu, V., Sharma, R. K., Masram, D. T. (2018) Journal of Materials
Chemistry B 6, 5181-5187.

[64] Miodek, A., Mejri, N., Gomgnimbou, M., Sola, C., Korri-Youssoufi, H. (2015)
Analytical chemistry 87, 9257-9264.

[65] Thakur, H., Kaur, N., Sabherwal, P., Sareen, D., Prabhakar, N. (2017) Microchimica
Acta 184, 1915-1922.

[66] Thakur, H., Kaur, N., Sareen, D., Prabhakar, N. (2017) Talanta 171, 115-123.

[67] Liu, Y., Tuleouva, N., Ramanculov, E., Revzin, A. (2010) Analytical chemistry 82,

8131-8136.

[68] Das, M., Dhand, C., Sumana, G., Srivastava, A., Vijayan, N., Nagarajan, R., Malhotra,
B. (2011) Applied Physics Letters 99, 143702.

[69] Salimiyan Rizi, K., Aryan, E., Meshkat, Z., Ranjbar, G., Sankian, M., Ghazvini, K.,

Farsiani, H., Pourianfar, H. R., Rezayi, M. (2021) Journal of Cellular Physiology 236,
1730-1750.



[70] Hannah, S., Addington, E., Alcorn, D., Shu, W., Hoskisson, P. A., Corrigan, D. K.
(2019) Biosensors and Bioelectronics 145, 111696.
[71]  Akcakoca, 1., Ghorbanpoor, H., Blair, E., Ozturk, Y., Dizaji, A. N., Kocagoz, T., Avci,
H., Corrigan, D., Guzel, F. D. (2022) Journal of Micromechanics and Microengineering
32, 045008.
Figure Legends

Figure 1. a) Preparation of Ab-i and Ab-n samples; M. tuberculosis was incubated with
or without isoniazid for 96 hours b) Lysis and fragmentation of bacteria; Bacteria were
washed by centrifugation, chemically lysed and the nucleic acids isolated and
fragmented using high temperature. c¢) Electrochemical experiment process; electrodes
functionalized with DNA probe and backfilled with MCP were incubated with
fragmented nucleic acids for hybridization.

Figure 2. a) CV voltammogram of clean screen-printed gold electrode. b) Mean EIS
signal changes after exposure to TB following 1 or 4 days incubation without antibiotic.

Figure 3. a) EIS responses for different concentration and b) corresponding normalized
Rct values and calibration curves for different TB concentrations.

Figure 4. EIS signal responses for electrodes before and after exposure to extracts of (a)
antibiotic free (Ab-n) M. tuberculosis, (b) antibiotic incubated (Ab-i) M. tuberculosis,
(¢) non-complementary M. smegmatis. d) Mean EIS signal changes following
incubation of the extracts in (a), (b) and (c).
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