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A novel peptide nuclide acid (PNA) electrochemical biosensor based on reduced graphene oxide (NH2-rGO)/2,2,6,6-
tetramethylpiperidin-1-yl)oxyl nanocrystalline cellulose (TEMPO-NCC) for the detection of Mycobacterium tuberculosis (M.
Tuberculosis) is described. In this study, the nanohybrid films NH2-rGO/TEMPO-NCC were immobilized onto screen-printed
carbon electrode (SPE) via a simple drop-coating method. The electrochemical characterization of the designed electrode was
investigated using cyclic voltammetry (CV) and impedance spectroscopy (EIS). Meanwhile, the sensitivity and selectivity of the
designed biosensor against M. tuberculosis were measured by the differential pulse voltammetry (DPV). The response of the
PNA probe-modified (NH2-rGO)/TEMPO-NCC demonstrated that the fabricated biosensor was able to distinguish between
complementary, noncomplementary, and one-base mismatch DNA sequences using methylene blue (MB) as the electrochemical
indicator. The developed electrochemical biosensor exhibited a linear calibration curve in the concentration range of 1 × 10−8 M
to 1 × 10−13 M with the limit of detection of 3:14 × 10−14 M. The developed electrochemical biosensor has also been tested with a
polymerase chain reaction (PCR) product of M. tuberculosis DNA which has shown successful results in distinguishing between
negative and positive samples of M. tuberculosis.

1. Introduction

Tuberculosis (TB) bacteria, commonly attack human lung
caused by M. tuberculosis, was first spotted by Robert Koch
in 1882 [1]. In 2017, there were around 1.6 million TB
deaths, including 300,000 people living with HIV [2]. This
significantly urges countries with many HIV-associated TB
patients to rapidly integrate and scale up their TB/HIV

services to reduce the number of deaths. Therefore,
early-stage TB screening for people diagnosed with HIV
is important, and the delay between diagnosis and treatment
must be drastically reduced [3]. There are many literatures
related to diagnostic techniques for detecting M. tuberculosis
have been reported. For instance, tuberculin skin test [4] and
acid-fast staining [5] are the most commonly used tech-
niques. Meanwhile, chest radiograph [6], polymerase chain
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reaction (PCR) assay, Xpert MTB/RIF [7], and immunolog-
ical tests [8] are the best options to shorten the diagnosis
time to a few hours compared to conventional techniques
which required several days. However, majority of the
conventional diagnostic techniques have their limitations
such as labour intensiveness, complex working protocol,
and costly reagents [9].

The existence of limitations owing to a conventional
method has urged the development of new alternative
approaches towards real-time diagnosis for rapid, sensitive,
simple, and convenient to use. Therefore, the exceptional
potentiality of biosensors in tuberculosis diagnostics has
stimulate an evolution and innovating advanced tools such
as surface plasmon resonance (SPR) biosensors [10], piezo-
electric biosensors [11], optical biosensor [12], and magne-
toelastic biosensors [13]. Despite the reported biosensors
which displayed a spectacular performance towards TB
detection, its lack of sensitivity is the main considerable con-
cern for its performance particularly to meet criteria setup by
World Health Organization (WHO). Considering this fact,
the DNA-based electrochemical sensor which is capable of
meeting the criteria established by WHO had offered an
attractive platform for affordable, user friendly, rapid, and
robust development of point-of-care (POC) diagnostic [14].
The abreast electrochemical biosensor is not only free of
complications in operation and sample handling but also
provides highly sensitive and specific measurements for a
wide-ranging biomolecules [15].

Compared to DNA, peptide nucleic acid (PNA) recogni-
tion layers have been proven more prevalence for sequence-
specific DNA biosensors and provide a lot of application in
numerous fields [16, 17]. As previously reported, PNA was
able to leverage the sensitivity and specificity detection and
shows greater discrimination against single-base mismatches.
Likewise, PNA also shortens hybridization time at room tem-
peratures and lessens dependence on ionic strength [18, 19].

To date, technology based on screen printing technology
has successfully produced by commercially available screen-
printed electrode (SPE) which offers the possibility for mini-
aturization, disposable, and lower cost product towards
point-of-care (POC) device development [20]. Meanwhile,
SPE based on carbon was popular in electrochemical biosen-
sor development due to its intriguing properties such as
chemically inert, low background currents, and wide poten-
tial window [21].

Typically, modification of the working electrode remains
an important strategies for the fabrication of reproducible,
stable, and selective biologically modified surfaces [22, 23].
The modified electrode with biorenewable polymer-based
nanomaterials has been found to improve the sensitivity of
the biosensor especially for the electrochemical DNA biosen-
sor as shown in the previous studies [24, 25]. One of the
materials is nanocrystalline cellulose (NCC) which is new
nanomaterial with an inherent high surface area, is easily
functionalized, biocompatible, and eco-friendly, and has fea-
sible requirement to develop a sensitive biosensor [26, 27].
Besides, NCC has also been studied in a wide range of poten-
tial application with other composite materials that enable to
be used in various applications such as a carrier for enzyme

and protein [28, 29]. In spite of having its own unique prop-
erties, NCC are also impaired from poor electrical conductiv-
ity which is not practically desired in an electrochemical
biosensor. To alleviate its nature property limitations, NCC
can be grafted with various foreign monomers through chain
reaction to turn NCC into a customizable material [30].

On the other hand, reduced graphene oxide (rGO) has
gained a combination of excellent electrical conductivity
and a large surface area shows the capability to promote elec-
tron transfer and further amplifies the electrochemical signal
[31]. Reduced graphene oxide (rGO) or synonyms as func-
tionalized graphene oxide [32] provides abundant structural
defects and accessible functional groups which advantages
as an immobilization matrix for biological element recogni-
tion. Hence, it is expected that rGO-based hybrid materials
can further improve the performance of electrochemical bio-
sensors [33].

In this work, we explore a novel electrochemical PNA
biosensor based on screen-printed carbon electrode- (SPE-)
modified TEMPO-nanocrystalline cellulose (TNCC) com-
posite with amine-functionalized reduced graphene oxide
(NH2-rGO) for M. tuberculosis detection. The fabricated
PNA electrochemical biosensor is capable of detecting the
target DNA-related TB as low as subpico molar, as well as
recognizing various DNA sequences including complemen-
tary, one-base mismatch, and noncomplementary. The result
of the fabricated electrochemical-based PNA offered excel-
lent analytical performances for the detection of high sensi-
tivity, wide linearity range, and lower detection limit for the
TB bacterial detection. Moreover, an attempt has been made
to detect the presence of a complementary target in the PCR
product of M. tuberculosis. To the best of our knowledge,
integration nanohybrid material based on nanocrystalline
cellulose with reduced graphene oxide has not been exten-
sively studied for the development of an electrochemical bio-
sensor for the detection of M. Tuberculosis.

2. Experimental

2.1. Apparatus. Cyclic voltammetry, differential pulse volt-
ammograms (DPV), and electrochemical impendence spec-
troscopy (EIS) were performed using Autolab PGSTAT204
(Netherlands) controlled by the computer. Screen-printed
carbon electrode (SPE) (diameter = 4mm) was purchased
from Rapid Genesis Sdn Bhd (Malaysia) which consists of
the working electrode (carbon), reference electrode (AgCl),
and an auxiliary electrode (carbon), respectively.

2.2. Chemical. Water dispersion graphene oxide (0.4wt%
concentration) was purchased from Graphenea (Spain).
Nanocrystalline cellulose (NCC) was acquired from the Uni-
versity of Maine (USA). Ethylenediamine (EDA), potassium
ferricyanide (K3[Fe(CN)6], N-hydroxysuccinimide (NHS),
N-ethyl-N-(3-(dimethylaminopropyl) carbodiimide (EDC),
methylene blue (MB), and all other chemicals were pur-
chased from Sigma-Aldrich (Malaysia). Peptide nucleic acid
(PNA) was synthesized by Panagene Co. (Korea), while
DNA was synthesis by First BASE Laboratories Sdn. Bhd
(Malaysia). The PNA and oligonucleotide sequence used in
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this work were based on the previous work by Issa et al. [34],
with the following sequences: ssPNA probe, 5′-CTCGTC
CAGCGCCGCTTCGG-3; target DNA, 5′-CCGAAGCGG
CGCTGGACGAG-3; noncomplimentary, 5′-TTTGGTATT
ATTGTTCATGT-3′; and one-base mismatch, 5′-CCGA
AGCGGCGCTGGACGAT-3′. Meanwhile, five DNA clini-
cal samples were collected from sputum specimens of TB-
infected persons provided by the Institute for Medical
Research (IMR), Malaysia.

2.3. Preparation of TEMPO-Nanocrystalline Cellulose
(TNCC). TEMPO-nanocrystalline cellulose was prepared
based on the method previously reported by Fukuzumi
et al. [35]. Firstly, nanocrystalline cellulose powder (1.0 g)
was dissolved in deionized water (100mL) containing
TEMPO (0.016 g, 0.1mmol) and NaBr (0.1 g, 1.0mmol).
The resulting slurry solution was added with NaClO solu-
tion (3.1 g, 5.0mmol), and the mixture was stirred for
15min at room temperature to achieve a complete reac-
tion. Then, 0.5 NaOH was slowly added dropwise until
pH10 was reached.

2.4. Preparation of NH2-rGO/TNCC. The method to reduce
graphene oxide was carried out according to the procedure
described in our previous work [36]. The process was carried
out using ethylenediamine as reducing agents to produce
amine reduced graphene oxide (NH2-rGO). Herein, 1mL of
ethylenediamine (EDA) was slowly added into 3mg/mL of
graphene oxide with vigorous stirring. The homogenous
mixture was then added with N-ethyl-N-(3-(dimethylamino-
propyl) carbodiimide (EDC) (60mg) until the suspension
was slowly dissolved. The resulting suspension was continu-
ously stirred until its colors turn from brown to dark black.
The obtained suspension was then washed using ethanol
and centrifuged at 4000 rpm for 5min to remove any exces-
sive EDA and EDC. This process was repeated for 5 times
before it is further dried in the oven at 60°C for 1 h to obtain
fine NH2-rGO slurry. Subsequently, the obtained product of
NH2-rGO (200mg) was dispersed in 1% (w/v) of TNCC
solution using an ultrasonic bath for 30min. The prepared
sample has been identified as NH2-rGO/TNCC.

2.5. Preparation of SPE-Modified NH2-rGO/TNCC. Prior to
electrode modification, pretreatment of the SPE is neces-
sary to activate the carbon electrode surface. SPE was pre-
treated by the cyclic voltammetry (CV) for ten cycles in
the potential range of +0.1V to +0.7V and the scan rate
of 50mV/s in 0.1M phosphate buffer solution (PBS).
Then, 7μL of the NH2-rGO/TNCC mixture was drop cast
onto the SPE surface and kept at room temperature for
the drying process.

2.6. Immobilization of PNA Probe. The immobilization pro-
cedure of PNA was started by immersion of NH2-
rGO/TNCC/SPE into a solution containing EDC/NHS
(6mM/5mM) at room temperature for 1 hour. Afterward,
a drop of a PNA probe (3μL) with concentration of 5μM
was added onto activated NH2-rGO/TNCC/SPE and kept
at 18°C for 1 hour. Subsequently, the modified SPE was

rinsed with phosphate buffer solution (pH7) to remove any
unbound PNA probe. The resulting modified electrode was
denoted as NH2-rGO/TNCC/PNA/SPE.

2.7. Hybridization Process. About 2μL of target DNA solu-
tion with the desired concentration was dropped onto the
PNA immobilized electrode and incubated at 40°C for
30min. Then, phosphate buffer solution (pH7) was used to
wash the unhybridized probe and to remove imperfectly
matched hybrid. Subsequently, the hybridized electrode was
immersed into methylene blue (MB) (45μM) in phosphate
buffer solution containing 20mM NaCl (pH7) for 5min.
After the accumulation, the electrode was rinsed again with
phosphate buffer solution to remove any unbound MB mol-
ecules. Lastly, the electrode was transferred into 0.1M phos-
phate buffer solution (pH7.0) and ready for electrochemical
analyses.

2.8. PCR Amplification. To examine reliability of the fabri-
cated biosensor with real sample, PCR amplification target-
ing IS6110 for the detection of MTB was also performed.
Mycobacterium genomic DNA was used as the template
DNA using MTB forward (5′-CTC TGG ACA GAG AGT
ATT TGG-3′) and MTB reverse (5′-TGC AAT GTT AAG
TTT AGT AGC AG-3′), respectively. For sample prepara-
tion, sputum sample obtained from TB patients confirmed
through smear microscopy for the presence of acid-fast
bacilli and by culture for the growth of MTB was used. Then,
it was confirmed positive M. Tuberculosis by running PCR
mixture in 1% agarose gel for 45min, and the samples were
observed under ultraviolet light. The general procedure for
fabrication of the electrochemical PNA biosensor can be
summarized in Schematic 1.

3. Results and Discussion

3.1. Morphological Characterization. Morphological charac-
terization of nanohybrid material (NH2-rGO/TNCC) with
higher magnification of FESEM image (10,000x) was carried
out to see qualitative data of the prepared NH2-rGO, TNCC,
and NH2-rGO/TNCC, respectively. In Figure 1(a), NH2-rGO
shows wrinkle, and corrugated morphology due to disrup-
tion and impairments of GO resulted from chemical reduc-
tion by ethylenediamine (EDA) [37, 38]. Furthermore, the
FESEM images of TNCC shown in Figure 1(b) display a
rod-like individualize nanoparticle image as a result of elec-
trostatic repulsion between fibers and keep it separated
[39]. Meanwhile, in Figure 1(c), the FESEM image of the
reduced graphene oxide NH2-rGO/TNCC revealed that
wrapping sheet formation of NH2-rGO attached to fiber
structure of TNCC had prevented the nanohybrid from
agglomeration.

3.2. FTIR Characterization. To observe the interaction
between NH2-rGO and TNCC, FTIR characterization was
performed to confirm the interaction between NH2-rGO
and TNCC. Figure 2(a) illustrates the FTIR spectra of nano-
crystalline cellulose with absorption peaks at 3451 cm-1 and
2899 cm-1 which were ascribed to O-H and C-H stretching
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vibrations, respectively. Subsequently, other peaks in the
range of 1410–1420 cm−1 is resulted from CH2 scissoring
motion in cellulose [40], while the absorption peak at
1060 cm-1 indicates the vibration of C-O-C in the pyranose
ring [41, 42]. Figure 2(b) shows that the FTIR spectrum of
TEMPO-nanocrystalline nanocellulose (TNCC) displays a
prominent peak at 1630 cm-1 representing carbonyl (C=O)
stretching peak due to –COOH groups formed during
TEMPO-mediated oxidation reaction [43].

While in Figure 2(c), FTIR spectra for NH2-rGO show a
new medium peak at 875 cm-1 representing N-H wag (1°

amine) due to amidation reaction after GO treated with
an amine. Moreover, double peaks also appeared at

2890 cm−1 and 3354 cm−1, corresponding to the –CH2
stretching vibration and N-H stretch of primary amine
groups that originated from the ethylenediamine [38, 44].
Furthermore, Figure 2(d) shows the FTIR spectra of NH2-
rGO/TNCC with a small peak observed at 1690 cm-1 which
is assigned to the C=O stretching vibration of –NHCO–
(amide I) [45]. It can be seen that the peaks at 1630 cm-1

was less visible compared to FTIR spectra in Figure 2(b)
due to consumption of –COOH groups during amidation
reaction between NH2-GO and TNCC. A small peak at
1251 cm-1 corresponds to C–O stretching vibration of the
carboxyl group which suggested the excessive COOH-
group due to TEMPO-oxidation reaction [46, 47].
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Schematic 1: The stepwise experimental procedure for fabrication of the PNA electrochemical biosensor.
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Figure 1: FESEM images of (a) NH2-rGO, (b) TNCC, and (c) NH2-rGO/TNCC.
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3.3. Electrochemical Characterization of the Modified
Electrode. Various modified electrodes were monitored in
5mM ferro-/ferricyanide (Fe(CN)6

4-/3-) containing 0.1M
KCl by cyclic voltammetric as shown in Figure 3(a). In this
study, bare SPE shows a distinct redox peak of Fe(CN)6

-4/-3

(curve (A), orange line) indicates a reversible and well-
defined system. After the modification of the SPE with
TNCC, no significant enhancement of current was recorded
(curve (B), red line) likely due to a lack of conductivity prop-
erties. However, slight decrease in peak-to-peak separation
(ΔEp) was observed indicating that the modification of the
SPCE with nanohybrid material has improved reversibility
of the electron transfer process (curve (C), blue line) [48].
Interestingly, modification of SPE with NH2-rGO/TNCC
shows a significant increase of peak current with the peak-
to-peak separation (ΔEp) about 274mV. This phenomenon
indicates the excellent conductivity properties of NH2-
rGO/TNCC due to the accomplishment of diffusional con-
trol by Fe(CN)6

3−/4− ion on the surface of the electrode
[49]. These results were further confirmed by the EIS mea-
surements according to equivalent circuit Randle’s model,
which was found to accurately fit the experimental data as
shown in Figure 3(b). The components in the equivalent
circuit consist of solution resistance (Rs), charge-transfer
resistance (Rct), constant phase element (CPE), and War-
burg impedance (Zw) as can be seen in the inset of
Figure 3(b). It can be noted that the Nyquist plot of bare
SPE electrode shows large semicircle domain (curve (A))
with Rct about 18.2 kΩ. Meanwhile, TNCC/SPE (curve (B))
shows that the Rct value was decreased to about 10.9 kΩ sug-
gested that a high surface area of TNCC/SPE enables for
shuttling electron between the electrode and ferri/ferrocya-
nide ([Fe(CN)6]

3−/4−) ions. The presence of polar water
groups and the free charges accumulated at the interfaces of
NCC has facilitated the flow of current and enhances electri-
cal conductivity [50]. Furthermore, NH2-rGO/TNCC/SPE
shows a small well-defined semicircle (curve (C)) which
implies the lowest electron-transfer resistance (4.5 kΩ). The
obtained result was suggesting that NH2-rGO was the main

contributor to lower the resistance value of the electrode
due to the higher electrical conductivity properties of NH2-
rGO. Subsequently, the electroactive surface area of the elec-
trode was determine by exploring the oxidation peak current
with a scan rate as shown in Figure 3(c). Subsequently,
Randles-Sevcik equation (1) [51] was applied as follows:

Ipa = 2:69 × 105
� �

n3

2V1/2D1/2AC
, ð1Þ

where Ipa is the oxidation peak current (A), n is the electron
transfer number of K3[Fe(CN)6], A is the electroactive
surface electrode area (cm2), D is the diffusion coefficient of
K3[Fe(CN)6] (cm2 s-1), C is the concentration for
K3[Fe(CN)6], and V is the scan rate. According to this
calculation, the average electroactive surface area of the bare
SPE and NH2-rGO/TNCC/SPE were calculated to be
0.08 cm2 and 0.163 cm2, respectively, indicating that the elec-
troactive surface area of the electrode was increased after the
modification step.

3.4. Electrochemical Behavior of MB on the Modified
Electrodes. The catalytic activity of NH2-rGO/TNCC/SPE
towards methylene blue (MB) was investigated by the cyclic
voltammetric in three different conditions: (a) without
ssPNA, (b) in the presence of ssPNA (5μM), and (c) in the
presence of PNA together with the MTB DNA target concen-
tration introduced (1 × 10-8 M), respectively. As shown in
Figure 4(a), anodic peak potential at –0.26V (curve (A),
black line) has shown a reversible electron transfer reaction
even without ssPNA on surface of the modified electrode,
which can be attributed to the electrochemical reaction of
the phenothiazine group [52]. Interestingly, CV peak
displayed the negatively shifted peak, and increases of peak
current after ssPNA were immobilized on the modified elec-
trode (curve (B), blue line), which indicated that MB can be
transported through ssPNA. The dependence of methylene
blue and DNA has been studied with various methods with
at least three different interaction mechanisms reported.
These include electrostatic interaction between cationic MB
and anionic DNA, intercalation of MB in the DNA double
helix, and preferential binding between MB and guanine
bases [53, 54]. However, in this study, electrostatic interac-
tion appears to be a weaker interaction due to the neutral
charge of PNA. Therefore, intercalation and preferential
binding might play a notable role for MB to interact with
DNA-PNA in this study. Furthermore, the achievement of
hybridization reaction on the surface of the modified elec-
trode leads to huge increased of oxidation peak current
(curve (C), red line). This result is contradicting with other
researches, which shown that hybridization leads to a decre-
ment of current. The different results produced in previous
studies could be due to the orientation conformation of the
oligomer PNA probe after being immobilized on the surface
of the electrode. Considering the fact that standing up oligo-
mer PNA probe orientation likely would lead to the incre-
ment of the current signal where MB easily can interact
with the guanines in DNA duplex formation, lying down
oligomer probe orientation would lead to the decrement of

4000 3500 3000 2500 2000 1500 1000 500 0
0

50

100

150

200

250

300

350

400
Tr

an
sm

itt
an

ce
 (a

.u
.)

Wavenumber (cm–1)

(a)

(b)

(c)

(d)1251 cm–1
1630 cm–11690 cm–1

C=O

OH
CH CH2

Figure 2: FTIR spectra of (a) nanocrystalline cellulose, (b) TEMPO-
nanocrystalline nanocellulose (TNCC), (c) NH2-rGO, and (d) NH2-
rGO/TNCC.

5Journal of Sensors



current as the interaction between MB and guanine is inhib-
ited by the wrapped guanine [55, 56].

Furthermore, the effect of MB concentration and immer-
sion time was also studied on NH2-rGO/TNCC/SPE/PNA
with concentration of ssDNA target was fixed at 1μM. In
Figure 4(b), the concentration of MB was studied ranging
from 15μM to 55μM and maximum concentration of MB
was obtained at 45μM. Above MB concentration of 45μM,
slightly decreased on NH2-rGO/TNCC/SPE/PNA-DNA
response was observed which indicated saturation point of
MB molecules accumulated into double-stranded DNA.
While in Figure 4(c), effect of MB immersion time shows
the DPV current response increased as the immersion time
was increased. However, the DPV current response displays
decay of current at immersion time more than 5min. This
observation was attributed to interaction between guanine
bases, and MB has achieved saturation point, thereby hin-
dered the diffusion of MB molecule to the electrode surface
due to excessive MB molecule and resulted in the decrease
of peak current. Thus, the optimum concentration of MB
and immersion time of MB of 45μM and duration of 5min
were selected for further study.

3.5. Selectivity and Sensitivity of the PNA Biosensor. The
selectivity of the fabricated biosensor was investigated
using different types of ssDNA target sequence related to
M. tuberculosis which consists of complementary, noncom-
plementary, and 1-base mismatch sequence, respectively.
The concentration of all targets sequence was fixed at
1 × 10−8 M. Figure 5(a) shows that the DPV peak current
with a relatively small response was observed after hybridized
with noncomplimentary DNA (curve (B)) which may attri-
bute to the nonspecific hybridization between ssPNA and
target DNA on the surface of bioelectrode [57]. Meanwhile,
the discrimination against hybridization with one-base mis-
match DNA approximately 30% of that noncomplementary
indicated incomplete hybridization between the probe and
single-base mismatch. As a result, the highest current
response of MB was obtained when ssPNA exposed to
complementary DNA target sequence which indicated the
formation of hybridized PNA-DNA on the surface of the
modified electrode. This result demonstrated the ability
of the proposed biosensor to distinguish complementary,
noncomplementary, and one-base mismatch sequences,
respectively.
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Under the optimum condition, the electrochemical PNA
biosensor was hybridized with different concentrations of
ssDNA target sequences related to M. tuberculosis and the
changes pattern in current signal was observed. From the
result, the peak current of MB increases gradually with
the increase of ssDNA target concentration in the range

of 1 × 10‐13 M–1 × 10‐8 M with the regression equation of
y = 4:3836x + 78:445 (Figure 5(b) (inset)); where y is peak
current (μA), x is ssDNA target concentration; the detec-
tion limit of the fabricated sensor was calculated to be at
3:14 × 10-14 M using 3σ/m measurement (σ: standard
deviation of blank solution; m: slope) [58]. As illustrated
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(C) with PNA together with the MTB DNA target concentration introduced was 1 × 10−8 M. (b) Optimization of methylene blue (MB)
concentrations. (c) Optimization of immersion time.
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Figure 5: (a) Selectivity of the PNA biosensor investigated with different types of DNA: (A) PNA only, (B) noncomplimentary, (C) one-base
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in Table 1, a comparison with other reported electrochem-
ical biosensors for the detection of Mycobacterium tuber-
culosis, the limit of detection obtained by the developed
biosensor was slightly better and comparable with other
biosensors [36, 57–60].

In addition, the reproducibility study of the biosensor
has been investigated using complementary DNA target
concentration of 1:0 × 10−8 M (data not shown). Five rep-
licates of NH2-rGO/TNCC/ssPNA/SPCE were used for the
evaluation, and the relative standard deviation (RSD) of
4.46% (n = 5) was obtained indicating a satisfactory repro-
ducibility of the fabricated PNA biosensor. For storage sta-
bility study, the biosensor was stored at 4°C and its
relative response was measured periodically for 35 days.
The sensor response was recorded as a function of time,
and it remained stable for about 80% of its initial response
after 35 days of storage.

3.6. Detection with the PCR Product of M. tuberculosis.
Figure 6(a) exhibits that the gel electrophoresis of M. tuber-
culosis images of the PCR analysis had successfully per-
formed and the fragment was about 245 bp after the
amplification. The obtained product was diluted with phos-
phate buffer solution (pH7) and denatured by heating in a
boiling water for 10min in water bath. Then, 2μL of the
denatured PCR amplification product was dropped directly
onto the PNA biosensor for the hybridization process. After

hybridization, the electrode was immersed into MB solution
for the detection. Figure 6(b) shows DPV response of the
PNA electrochemical biosensor after being hybridized with
PCR-amplified sample ofM. tuberculosis with different kinds
of DNA for 50min, which consists of positive control, nega-
tive control, negative sample, positive MTB 1 (8316), and
positive MTB 2 (3316). The DPV result also shows that high-
est electrochemical current responses were obtained after
hybridization with positive MTB 1 (curve (A)), followed by
positive MTB 2 (curve (B)), and positive control sample,
respectively, due to the specific DNA binding. As expected,
obvious decreases of MB oxidation current after hybridiza-
tion with negative control (curve (E)) and negative sample
occurred (curve (F)) is due to nonspecific hybridization.
The outcome of this work shows that the constructed PNA
biosensor exhibited good selectivity towards different types
of DNA related to MTB and the modified electrode. As
shown the fabricated sensor could be further applied for the
effective detection of M. tuberculosis sequences in PCR-
amplified samples.

4. Conclusion

An electrochemical PNA biosensor was successfully devel-
oped based on nanohybrid material of amine functionalized
reduced graphene oxide (NH2-rGO) and TEMPO-
nanocrystalline cellulose (TNCC) for the detection of M.

Table 1: Comparison of the present work and other reported techniques for the determination of M. tuberculosis.

Electrode Probe Nanocomposite Limit of detection (LOD) Redox indicator Reference

GCE PNA RGO 1:0 × 10−13 M MB [57]

ITO DNA Au/RGONR 0:10 × 10−15 M [Fe(CN)6]
3-/4- [58]

GCE DNA Graphene-gold polyaniline 5:45 × 10−13 M Fe(CN)6
4-/3- [60]

SPE DNA RGO/quantum dots 8:95 × 10−13 M MB [36]

SPE DNA Polyaniline/graphene 7:85 × 10−7 M MB [59]

SPE PNA NH2-rGO/TEMPO-nanocellulose 3:14 × 10−14 M MB This work

Note: GCE: glassy carbon electrode; SPE: screen-printed electrode; ITO: indium tin oxide; RGO: reduced graphene oxide; Au/RGO NR: gold
nanoparticles/reduced graphene oxide nanoribbons; Fe(CN)6

4-/3-: ferro-/ferricyanide; MB: methylene blue.
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Figure 6: (a) PCR gel electrophoresis. (b) DPV curves for the detection for (A) (3316), (B) (8316), (C) (positive control), (D) (negative
control), (E) (negative sample), and (F) (blank).
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Tuberculosis. In this research, the utilization of PNA as a
probe for the detection of the complementary target of M.
tuberculosis using DPV was linear in the concentration range
of 1 × 10-8 M to 1 × 10-13 M with the detection limit of
3:14 × 10-14 M. The results showed good electrochemical
activity with high sensitivity and specificity with synthetic
DNA, which was then extended to analyze real-world
PCR products. The proposed PNA electrochemical biosen-
sor has shown promising features for the detection of M.
tuberculosis which can be applied to the direct detection
of the PCR product from the sputum sample.
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