. poultry

Article

Electrochemical DNA Biosensor for the Detection of Infectious
Bronchitis Virus Using a Multi-Walled Carbon Nanotube-Modified

Gold Electrode

Md Safiul Alam Bhuiyan "2, Gilbert Ringgit !, Subir Sarker 3(, Ag Muhammad Sagaf Abu Bakar %, Suryani Saallah 1,
Zarina Amin !, Sharifudin Md. Shaarani > and Shafiquzzaman Siddiquee 1-*

check for
updates
Academic Editor: Vagner Ricardo

Lunge

Received: 4 November 2024
Revised: 23 February 2025
Accepted: 3 March 2025
Published: 6 March 2025

Citation: Bhuiyan, M.S.A_; Ringgit,
G.; Sarker, S.; Abu Bakar, AM.S.;
Saallah, S.; Amin, Z.; Shaarani, S.M.;
Siddiquee, S. Electrochemical DNA
Biosensor for the Detection of
Infectious Bronchitis Virus Using a
Multi-Walled Carbon
Nanotube-Modified Gold Electrode.
Poultry 2025,4,12. https://doi.org/
10.3390/ poultry4010012

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

1 Biotechnology Research Institute, Universiti Malaysia Sabah, JIn UMS, Kota Kinabalu 88400, Sabah, Malaysia;
md.safiul@ums.edu.my (M.S.A.B.); gilbertringgit@gmail.com (G.R.); suryani@ums.edu.my (S.S.);
zamin@ums.edu.my (Z.A.)

Faculty of Sustainable Agriculture, Livestock Production, University Malaysia Sabah, Locked Bag No. 3,
Sandakan 90509, Sabah, Malaysia

Biomedical Sciences & Molecular Biology, College of Medicine and Dentistry, James Cook University,
Townsville, QLD 4811, Australia; subir.sarker@jcu.edu.au

Jabatan Perkhidmatan Veterinar Sabah, Makamal Diagnosa Veterinar Kota Kinabalu, Peti Surat No. 59,
Tanjung Aru 89457, Sabah, Malaysia; agmuhdsagaf.abubakar@sabah.gov.my

Food Biotechnology Program, Faculty of Science and Technology, Universiti Sains Islam Malaysia,
Bandar Baru Nilai, Nilai 71800, Negeri, Malaysia; sharifudinms@usim.edu.my

*  Correspondence: shafigpab@ums.edu.my; Tel.: +60-88320000 (ext. 8467); Fax: +60-88-320993

Abstract: Infectious bronchitis virus (IBV) is an enveloped, positive-sense, single-stranded
RNA virus belonging to the genus Gammacoronavirus. It primarily infects avian species,
causing respiratory and renal disease and irreversible damage to the oviduct, which can
lead to high mortality rates in chickens. The lack of rapid and reliable diagnostic tools
for on-farm IBV detection hampers timely disease management and control measures.
The introduction of DNA biosensors offers a promising approach for the sensitive and
specific detection of IBV, facilitating rapid identification and intervention. In this study, an
electrochemical DNA biosensor with a multi-walled carbon nanotube (MWCNT)-modified
gold electrode was developed for IBV detection. The biosensor targeted the target-specific
5" untranslated region (5'-UTR) of the IBV genome. Under optimal conditions, the im-
mobilization and hybridization efficiencies were evaluated by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV), with methylene blue as a redox indicator. The
developed DNA biosensor demonstrated a dynamic detection range from 2.0 x 10~ to
2.0 x 1075 mol L™}, with a limit of detection (LOD) of 2.6 nM and a limit of quantification
(LOQ) of 0.79 nM. Validation using a small subset of clinical samples, including crude
complementary DNA, and polymerase chain reaction products, showed high recovery rates
ranging from 95.41% to 99.55%. While these findings highlight the potential of the proposed
DNA biosensor as an innovative diagnostic tool for IBV detection, this study remains a
proof of concept. However, further validation using a large number of clinical samples
is essential to assess its feasibility, robustness, and practical application in a real-world
farm setting.

Keywords: IBV; DNA biosensor; voltammetry; chitosan-modified MWCNT

1. Introduction

Poultry are susceptible to various infectious diseases caused by bacterial, viral, fungal,
and parasitic pathogens, which can significantly impact production, welfare, and food
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security [1]. Among these, viral diseases pose major challenges due to their rapid spread,
high mortality, and potential zoonotic risks [2]. Accurate and early diagnosis is essential
for effective disease control, preventing outbreaks, and minimizing economic losses. One
of the most economically significant viral diseases in poultry is infectious bronchitis (IB),
caused by the infectious bronchitis virus (IBV), a highly contagious coronavirus [3]. The
rapid and reliable detection of IBV through molecular assays is crucial for implementing
effective control measures [4].

Coronaviruses (CoVs) are a family of enveloped, single-stranded, positive-sense RNA
viruses within the order Nidovirales that pose a major threat to both animals and hu-
mans [5-7]. IBV is a member of the genus Gammacoronavirus, mainly affects poultry, and
has been a persistent problem since its discovery in 1933. IBV remains a global challenge
due to its high infection rate and severe impact on poultry production, with outbreaks
causing mortality rates ranging from 10 to 60% in chickens aged 4 to 6 weeks [8,9]. In
addition to mortality, IBV induces immunosuppression, which increases susceptibility to
secondary infections and leads to significant economic losses [10,11].

Advances in molecular diagnostics over the last three decades, particularly DNA
sequencing, have improved the detection and identification of poultry diseases [12,13].
DNA biosensors have shown promise as tools for detecting infectious diseases in animals
and humans [14], taking advantage of the high structural integrity of DNA and its affinity
for electron transfer [15,16]. However, conventional methods for virus isolation and charac-
terization are labor-intensive, costly, and time-consuming [17,18]. Molecular techniques
such as RT-PCR and ELISA provide faster and highly sensitive diagnostics [19] but require
pre-amplification steps that carry the risk of contamination and non-linear amplification
errors [20,21]. These challenges underline the need for innovative, rapid diagnostic ap-
proaches, which were developed in the course of developing an electrochemical DNA
biosensor specifically for the detection of IBV, addressing a gap in existing research.

This study represents the advances in nanotechnology that have enabled the devel-
opment of biosensors with increased sensitivity and efficiency. In addition, this study
introduced novel test parameters and a new configuration not previously published in
the literature, which were not explored in prior IBV diagnostic studies. This study offers
a novel technique for faster and more precise IBV disease management in chicken farms
by combining MWCNT, a gold electrode, and methylene blue in an electrochemical DNA
biosensor for the 5'-UTR region of the IBV genome. MWCNTs were chosen as an electrode
modification material compared to graphene, carbon nanohorns, polyaniline, and gold
nanoparticles due to their superior combination of sensitivity, stability, and functionaliza-
tion potential [22,23]. Together, these nanomaterials improve the detection performance
and make this biosensor a highly sensitive and reliable tool for fast and more precise
IBV diagnostics [24,25]. The immobilization of single-stranded DNA (ssDNA) probes on
electrode surfaces improves biosensor performance through stable alignment and increased
hybridization efficiency [26-28]. Here, a biosensor surface with chitosan (CS), MWCNTs,
and glutaraldehyde (GLU) was developed to show a robust and efficient detection platform
(Figure 1). This study was further validated using a small subset of clinical samples.
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Figure 1. Schematic representation of the DNA modification process showing the attachment of

probe DNA to the surface of chitosan and multi-walled carbon nanotubes (CS-MWNTs) using
glutaraldehyde (GTD).

2. Materials and Methods
2.1. Materials and Chemicals

The electrochemical experiments were conducted using a pautolab potentiostat/galvanostat
system (model PGSTAT) with NOVA Autolab 1.8 software. Cyclic voltammetry (CV) and
differential pulse voltammetry measurements (DPV) were performed using the potentiostat,
and the presence of target molecules was assessed based on the current response observed
in the voltammograms. A Metrohm gold disk electrode (3 mm) was used as a substrate
for the covalent immobilization of the oligonucleotide probe. The pH measurements were
carried out using a Metrohm pH meter (model 691) connected to a glass electrode during
the experiments. The C1000™ Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) was used to amplify DNA segments via the polymerase chain reaction (PCR).

The chemicals for the buffer preparation (potassium hydrogen phosphate (K;HPOy),
potassium dihydrogen phosphate (KH,;POy), sodium citrate dihydrate (C¢HgNa3zOy), and
sodium chloride (NaCl) were purchased from Systerm Chemicals, Malaysia, and EDTA
(ethylenediaminetetraacetic acid) (C19H16N2Og) was purchased from Sigma-Aldrich, USA.
Redox indicator chemicals, potassium hexacyanoferrate (III) and potassium ferrocyanide
(II) trihydrate, were sourced from Nacalai Tesque (Japan). Methylene blue and iron (III)
chloride were obtained from Systerm Chemicals, Selangor, Malaysia, while Prussian blue
(PB) was purchased from Sigma-Aldrich, USA. The PCR-amplified real IBV samples (allan-
toic fluid from chicken eggs) and samples of different viruses and bacteria were collected
from the Veterinary Department of Sabah, Malaysia. The oligonucleotides tested in this
study (Table 1) were synthesized by First BASE Laboratories Sdn. Bhd, Selangor, Malaysia.
A 50 mM Tris-HCl buffer solution containing 20 mM NaCl (pH 7.0) was prepared using
reagents from Sigma-Aldrich, USA, as a supporting electrolyte and washing buffer for
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cyclic voltammetry measurements. The hybridization buffer was prepared using a 0.3 M
NaCl and 30 mM sodium citrate buffer solution (2x SSC buffer) at pH 6.0.

2.2. Preparation of Chitosan-Modified MWCNTs Solution

MWCNTs were functionalized with carboxylic groups (COOH) using a 3:1 ratio of
sulfuric and nitric acid solutions. The mixture was stirred for 3 h, covered with aluminum
foil, and homogenized. The resulting f-MWCNTs are denser than pure water and can be
used for sensing applications. A 1% acetic acid solution was prepared with 1% CS powder,
and 0.08 g f-MWCNTs were added. The process was repeated with a higher concentration
of chitosan, resulting in a highly dispersed colloidal suspension in which bonds formed
between the amino (NH;) group of CS and the carboxyl (COOH) group of MWCNTs, as
previously described by Ghica et al. [29].

Table 1. Nucleotide sequence of primer and probe for the detection of IBV.

Primer Sequences (5'-3') References
Probe sequence 5-NH2-CACCACCAGAACCTGTCACCTC-3' [27]
Target sequence 5'-GAGGTGACAGGTTCTGGTGGTG-3' (This study)
One-base mismatch 5-GAGGTGACACGTTCTGGTGGTG-3’ (This study)
Three-base mismatch ~ 5-GAGGTCACAGATTCTGGCGGTG-3' (This study)
Non-complementary ~ 5-GCCATGTTGTCACTGTCTATT-3/ (This study)
Target DNA of ND 5'-GTGCAGGCACCCCRAGTGCT-3' [28]
Target DNA of MG 5'-CGCAATTTGGTCCTAATCCCCAACA-3 [30]
Target DNA of ILT 5'-CTAACCCGTTCGCCGCACTCG-3' [27]
Target DNA of AIV 5'-TCAGGCCCCCTCAAAGCCGA-3 [31]

ND, Newcastle disease; MG, Mycoplasma gallisepticum; ILT, infectious laryngotracheitis; AIV, avian influenza virus.

2.3. Preparation of DNA Oligonucleotides

DNA oligonucleotide stock (100 M) solutions were prepared in a TE buffer solution
containing 10 mM Tris-HCl and 1 mM EDTA (ethylenediaminetetraacetic acid) (pH 8.0)
and kept frozen. Additional dilute solutions of the oligomers were prepared in a buffer
containing 50 mM Tris-HCl and 20 mM NacCl at pH 7.0. For biosensor work, a 10 uM
working solution was prepared from a 100 uM stock solution. From this working solution,
the volume study for immobilization was conducted using a range of 25 pL (0.25 utM), and
for hybridization, a range of 20 uL (0.2 uM) was used after a period of optimization. For
long-term stability, the stock solutions were stored at —20 °C or lower, as required, and the
appropriate dilutions were prepared immediately before use.

2.4. Construction of DNA Biosensor

Pre-treatment of the bare gold electrode (AuE) was performed following the method
described by Siddiquee et al. [32]. Firstly, AuE was polished with a 0.3-0.5 um alumina
slurry for 2 min. The electrode was then gently rinsed with distilled water and further
cleaned using an ultrasonic cleaner for 2 min. After cleaning, the electrode was dried
using nitrogen gas. A 5 puL volume of the CS-modified MWCNTs solution was deposited
onto the surface of the AuE and left to dry for 2 h. Then, the electrode, along with
the counter electrode (platinum) and reference electrode (silver chloride), was immersed
in a 50 mM Tris-HCI solution. A three-electrode cell configuration was employed to
measure the current, representing the flow of charge through the electrolyte solution. To
create a CS/MWCNTs/AuE nanocomposite film, another 5 uL solution of the prepared
CS/MWCNTs was applied to the AuE surface as part of the pre-treatment and allowed
to dry at room temperature. Subsequently, the electrode was washed with distilled water
and immersed in a 1% glutaraldehyde solution for 2 h, resulting in a modified electrode
referred to as GLU/CS/MWCNTs/AuE.
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2.5. Physical Characterization

The physical characterization of the synthesized nanomaterials was observed under
scanning electron microscopy (SEM) (Hitachi S-3400N Hitachi High-Technologies Corpo-
ration, Tokyo, Japan) and transmission electron microscopy (TEM) (FEI Tecni G2 Spirit
BioTWIN, Thermo Fisher Scientific, Hillsboro, OR, USA). Briefly, 5 puL of synthesized nano-
materials was dissolved in chitosan. The pH of the mixture was measured using a pH
meter (OAKTON PH 700 Benchtop pH Meter, Cole-Parmer, Vernon Hills, IL, USA).

2.6. Optimization of Immobilization and Hybridization

A glutaraldehyde-modified electrode (GLU/CS/MWCNTs/AuE) was developed for
the detection of IBV. DNA immobilization and hybridization were conducted using the
dipping method. The immobilization process involved immersing the electrode in an
immobilization buffer (50 mM Tris-HCI + 20 mM NaCl, pH 7.0) containing 0.25 pM of
amine-modified single-stranded DNA (ssDNA). The probe immobilization parameters
were optimized based on time and temperature.

For hybridization, the ssDNA-GLU/CS/MWCNTs/AuE electrode was immersed in
1 mL of hybridization buffer (2x SSC buffer, pH 6.0) containing 0.2 uM of target DNA.
Hybridization tests were conducted using the ssDNA-GLU/CS/MWCNTs/AuE with
complementary, non-complementary, mismatched, and non-IBV oligonucleotide sequences.
The electrode surface was thoroughly washed after each step to ensure accuracy and
remove unbound molecules.

2.7. Electrochemical Analysis

Methylene blue (MB) was adsorbed onto the probe-modified AuE electrode by im-
mersing it into a stirred solution of 50 mM Tris-HCI + 20 mM NaCl, pH 7, for 2 min without
applying any potential to the electrode. After MB attachment, the electrode was rinsed with
50 mM Tris-HCI + 20 mM NaCl at pH 7.0. The reduction signal of MB was measured using
DPV in the range of 0.9 V to —0.1 V and CV in the range of 0.0 V to 1.7 V, with a modulation
amplitude of 50 mV and a scan rate of 150 mV /s. The same protocols were carried out for
the probe-modified AuE electrode after hybridization with target or non-complementary
sequences. All experiments were conducted in an electrochemical cell at room temperature
condition of 21 £ 2 °C unless specified otherwise. Data analysis was performed using a
potentiostat/galvanostat for the electrochemical apparatus.

2.8. IBV Screening by RT-PCR

All positive samples were taken from IBV-infected commercial poultry flocks inTuaran,
Sabah, Malaysia [29], and were used to develop and validate this sensor-based diagnostic
method. Briefly, three pooled organ swab samples (trachea, kidneys, and lungs) were
collected using Citoswab with 3 mL of VIM medium from 10 different flocks (1 = 5).
Sampling was conducted based on gross pathological findings suggestive of IBV infection,
identified during post-mortem examination and previously confirmed using PCR [29].
The IBV RNA was extracted from allantoic fluid from incubated chicken eggs using the
EasyPure® Viral DNA/RNA Kit (China). The extracted RNA was then stored at —70 °C
until further use. Reverse transcription was performed using TransScript® IT All-in-One
First-Strand cDNA Synthesis SuperMix (China) for qPCR. All IBV isolates were tested
using RT-PCR to detect conserved sequences of the 5'-UTR regions of IBV. Amplification
was performed using the following forward 5'-GCTTTTGAGCCTTAGGTT-3 and reverse
5'-GCCATGTTGTCACTGTCTATTG-3 primers [23]. The thermal cycling program for
amplification began with an initial denaturation step at 95 °C for 2 min, followed by
34 cycles comprising 45 s each at 94 °C, 55 °C, and 72 °C. Subsequently, a final extension of
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5 min at 72 °C was performed, followed by cooling at 4 °C, and gel electrophoresis was
conducted. To assess the specificity of the IBV primers, RT-PCR targeting the 5'UTR region
of IBV was conducted on samples of various non-IBV pathogens, such as avian influenza
virus, Newcastle disease virus, Avibacterium paragallinarum, infectious laryngotracheitis
virus, Mycoplasma gallisepticum, and Escherichia coli, as outlined previously by Bhuiyan
etal. [33].

2.9. Hybridization Experiment Using cDNA and PCR Positive Samples

The electrochemical DNA biosensor was evaluated by hybridizing the probe-modified
electrode with cDNA synthesized from RNA extracted from IBV-infected clinical samples.
Approximately 20 uL of cDNA was used for voltametric measurements. The process
involved pre-treatment, immobilization of the probe, and hybridization with the DNA
fragments obtained from PCR amplification onto the gold electrode surface. To obtain
ssDNA, the diluted sample was denatured by heating in a water bath at 95 °C for 5 min
and then cooled in an ice bath for 2 min. Control experiments were conducted with a
positive real sample containing a PCR product with the complementary target sequence, a
negative real sample without the target sequences, and the IBV probes with a PCR blank
solution containing primers and polymerase but no amplified target DNA. The studies were
performed in triplicate (n = 3) to ensure reproducibility, and the coefficient of variation (CV)
for each of the three samples was determined. Table 2 shows the optimization parameters
used for IBD detection.

Table 2. Optimized parameters were tested for the construction of DNA biosensor to detect IBV.

Parameters Variation

Acetate, Phosphate, Tris-HCI,
Ammonium, Citrate

Buffer solution

Redox indicator MB, PB, and K3 [Fe(CN)¢]
Scan rate/mVs ™! 50, 100, 150, 200, 250, 300
pH 6.0,6.5,7.0,7.5,80, 8.5
Accumulation time/sec 5,10, 15, 20, 25
Probe volume/uL 5,10, 15, 20, 25
Target volume/pL 5,10, 15, 20, 25
Immobilization temperature/°C 30, 40, 50, 60
Immobilization time/min 15, 30, 45, 60
hybridization temperature/°C 30, 40, 50, 60
hybridization time/min 15, 30, 45, 60

Hybridization specificity

(comparative study) ND, MG, ALV, ILT

3. Results
3.1. Electrochemical Characteristics of the Modified AuE

The AuE surface was modified with NH,; DNA, and detection was conducted using
cyclic voltammetry (CV) by measuring the reduction signal of MB-labeled oligonucleotides.
The electrochemical cell employed a hybridization buffer at pH 6.0, with a sensor potential
range from +0.0 V to 1.7 V applied to the AuE. Bhuiyan et al. [34] previously optimized
parameters to enhance the binding capacity of IBV target DNA using an unmodified
AuE, showing a peak current of 0.076 mA at the binding point. In the current study,
the focus shifts to employing a modified AuE with different nanomaterials to increase
hybridization efficiency. When a CS film was applied, it affected the electrode’s potential,
shifting it towards the formal potential and significantly increasing peak-to-peak changes
to 2.71 mA. This indicates an alteration in the electron transfer kinetics at the electrode
surface. The findings suggest that CS slows the electron transfer kinetics of MB, likely due
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to its low electrical conductivity. However, incorporating conductive materials, such as
gold nanoparticles with redox-active components, into the CS layer could counteract its
insulating properties and potentially enhance the current further.

To enhance the electrical signal, functionalized MWCNTs were incorporated into
the CS film, creating a CS/MWNTs/AuE electrode, which showed a peak current of
3.29 mA. Further modification with 1% glutaraldehyde and 5 uM of the redox solution
MB resulted in slightly lower peak currents of 3.05 mA due to the increased film thickness,
which inhibited electron transfer kinetics. The modified ssDNA-GLU/CS/MWCNTs/AuE
electrode was employed to optimize the parameters of the developed biosensor. The results
showed that the redox peak currents and peak separation potential were higher for the
modified AuE compared to the bare AuE used during sequential modifications. Figure 2C,D
show the CS/MWCNT/AuE nanocomposite film as examined under a scanning electron
microscope (SEM) and a transmission electron microscope (TEM), respectively. Figure 2C
reveals the presence of microscopic holes, indicating the improved performance of the
CS/MWCNT/AuE combination as a sensor. The porous membrane in Figure 2C results
from the addition of CS to the MWCNT, described as well-dispersed pipe bundles when
magnified at 50 nm with the TEM (Figure 2D).

i/mA

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

-0.50
-1.00

= AUE+CS

~——Bare AuE 3.00 |
AuE+CS+MWCNT ' &0
——AUE+CS+MWCNT+GTD 2.00
1.50
1.00
0.50
0.00

A B

Modification of Nanometrials 3.50

I/ mA

Before Modification After Modification
0.5 1 1.5 2

Potential E/V

Figure 2. Cyclic voltammetry (CV) (0.0 to 1.70 V) recorded on a gold electrode (AuE) with different
modifications of the AuE surface (A) and before and after modification (B), supported by MB redox
(5 mM) at a scan rate of 0.20 mV-s~! vs. Ag| AgCl (I—current, E—potential) (n = 3). (C) SEM under
20 nm magnification, (D) TEM under 50 nm magnification.
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3.2. Effect of Time and Temperature (Immobilization and Hybridization)

The effectiveness of DNA immobilization and hybridization was influenced by both
the time and temperature. To optimize the immobilization of ssDNA onto the GTD/CS-
MWCNTs/AuE, 25 uL of ssDNA (0.25 uM) was studied under varying conditions: dura-
tions of 15, 30, 45, and 60 min and temperatures of 30 °C, 40 °C, 50 °C, and 60 °C. As shown
in Figure 3A, the optimal immobilization activity was observed under conditions that
yielded an increased CV peak current, which gradually decreased with longer durations
and higher temperatures.

Immobilization Time and Temperature

_ A
——60'C
50'C
40'C
30'C
15 min 30 min 45 min 60 min
Time
Hybridization time and Temperature B
= R ——— .
. = i
x + -
F i - .
L 1 I ——30'C
T 40'C
- 50'C
60'C
15 min 30 min 45 min 60 min

Time

Figure 3. (A) Effect of immobilization and (B) hybridization time and temperature on modified AuE
supported by MB (5 mM) using cyclic voltammograms (CV) supported by MB redox (5 mM) at a
scan rate of 0.20 mV-s~1 vs. Ag| AgCl (I—current, E—potential) (n = 3).

Based on the current signal, the optimal conditions for ssDNA immobilization were
determined to be 45 min at 50 °C, which were used for further biosensor development.
Subsequently, the modified ssDNA-GLU/CS/MWCNTs/AuEs were hybridized with 20 pL
of an optimized target DNA solution (0.2 uM) at different temperatures (30 °C, 40 °C, 50 °C,
and 60 °C) and durations (15, 30, 45, and 60 min). As shown in Figure 3B, the DNA hy-
bridization increased between 30 and 60 °C and within 15-60 min but gradually decreased
beyond 60 min and at temperatures above 50 °C. Therefore, the optimal hybridization
conditions were set at 30 °C for 60 min. The efficiency and stability of hybridization were
evaluated by analyzing the interaction of MB with the DNA probe.
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3.3. Quantitative Analysis of Target DNA and Sensitivity

In this study, DPV was used to assess the sensitivity and detection limit of the modified
GLU/CS/MWCNTs/AuE biosensor. The results, shown in Figure 4A, illustrate the DPV
response to different concentrations of the IBV target DNA sequence in a hybridization
buffer (pH 6.0) containing 5 mM of the redox indicator MB. The data showed that the
intensity of the DPV current peak for MB on the GLU/CS/MWCNTs/AuE gradually
decreased as the concentration of target DNA increased.

3.5
3
25
< 2
£
= 1.5
1
0.5
0
0.002 0.02 0.2 2 20 200
DNA concentration (nM)
LoD =30/m 140 Limit of detection (LOD)
o = SD of blank solution,
0.017365 1.20 B .
m = slope of the calibration plot (y=mx + c), y = 0.2002x + Ve ?{32?;;801'6??-'
0.646 1.00
LoD 0.26 0.80
LoD =0.26nM £ %
= :
0.60
LoQ = 100/m 0.40
o = SD of blank solution,
0.017365 0.20
m = slope of the calibration plot (y=mx + c), y = 0.2002x +
0.064 0.00
3.0 2.0 -1.0 0.0 1.0 2.0 3.0
LoQ 0.79 Log C(nM)
LoD =0.79nM

Figure 4. DPV analysis of different concentrations of target DNA: (A) bar chart and (B) linearity
supported by MB redox (5 mM) at a scan rate of 0.20 mV-s~! vs. Ag | AgCl (I—current, E—potential)
(n=3).

A calibration curve of the current signals (AI) was constructed using the 3 o/m formula
to calculate the limit of detection (LOD) and the 10 o/m formula to determine the limit of
quantification (LOQ), where o is the standard deviation of the blank solution, and m is the
slope of the linear curve). As shown in Figure 4B, at potential value of —0.1 Vand 09V, a
linear regression equation (y = mx + ¢), y = 0.2002x + 0.646, with a correlation coefficient of
R, = 0.98, was derived by plotting the logarithmic value of the reduced MB peak current
against the logarithmic values of synthetic IBV target DNA concentrations, ranging from
0.2 uM to 0.002 nM. The LOD and LOQ for the proposed biosensor were calculated as
0.26 nM and 0.79 nM, respectively.

3.4. Reproducibility, Repeatability, and Storage of the Biosensor

Reproducibility, repeatability, and storage are essential parameters for evaluating the
performance of the developed DNA biosensor. Repeatability and reproducibility tests were
conducted by analyzing the variations in the oxidation peak current during hybridization
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across five different electrodes. The results showed good reproducibility, with RSD values
of 3.19% and 5.01% (n = 5), indicating high reproducibility and repeatability.

The stability of the modified electrode (ssDNA-GLU/CS/MWCNTs/AuE) was exam-
ined after storage and hybridization with 0.2 uM target DNA for 7, 14, 21, and 28 days to
evaluate the percentage of signal recovery. In this study, the modified electrode was stored
at room temperature conditions of 20 £ 2 °C. As shown in Figure 5, the modified probe
exhibited excellent stability when stored for 5 weeks, resulting in only a 5.5% decrease in
the initial signal response.

Storage Time

98
96
94
92
90
88
86
84
82

Recovery %

7 14 21 28 35
Day

Figure 5. The recovery percentage of the sensor stability after storage of 7, 14, 21, 28, and 35 days of
interval time of the MB reduction peak current using different hybridization effects supported by MB
redox (5 mM) at a scan rate of 0.20 mV-s~! vs. Ag| AgCl (I—current, E—potential) (n = 3).

3.5. Validation of Developed Biosensor Using Field Samples

The developed DNA-based biosensor with a modified IBV probe was validated using
c¢DNA and PCR-amplified IBV samples under optimal parameters. Figure 6A shows that
the CV response of three positive IBV samples exhibited the lowest current signal compared
to other non-IBV samples relative to the synthetic target DNA signal. In three subsequent
experiments, the proposed biosensor (ssDNA/GTD/CS/MWCNTs/AuE) showed the
highest recovery in detecting IBV in positive real samples. The developed biosensor
showed average MB signals of 4.19 mA, 3.99 mA, and 3.83 mA for the three positive
samples, with RSD values of 4.66%, 1.29%, and 2.32%, respectively. In addition, recovery
values of 95.41%, 99.38%, and 99.55% were obtained for these samples, as shown in Table 3.

Table 3. Recovery and RSD value of cDNA and PCR in IBV positive real samples (1 = 3).

cDNA PCR
+Real IBV Sample
RSD Value Recovery % RSD Value
Sample 1 4.66 95.41 4.65
Sample 2 1.29 99.38 3.27
Sample 3 2.32 99.55 7.05

Figure 6B shows the hybridization evaluation between the modified IBV probe and
the target DNA sequence from the positive PCR samples. The results show a significant de-
crease in MB signals in positive real samples 1, 2, and 3, which contained the specific target
sequence, compared to the signals from the synthetic target DNA. Conversely, negative real
samples treated with the modified probe showed no hybridization activity, resulting in a
significant difference between the MB signal and the probe signal. The signal detected in the
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PCR blank solution showed a slight increase in the MB signal, which was still lower than
the probe signal. This can be attributed to the interaction between MB and free guanine
bases in the single-stranded primers present in the PCR blank solution. After hybridization,
the average MB signals of the three positive samples were 3.91 mA, 3.98 mA, and 4.01 mA,
respectively. The relative standard deviation (RSD) of the MB signal for hybridization was
4.65%, 3.27%, and 7.05%, respectively. These RSD values, all below 10%, indicated good
precision and reproducibility (see Table 3). Prior to analyzing the real samples, PCR with
universal primers was performed to amplify three PCR products, resulting in fragments
of approximately 143 base pairs (bp) as confirmed by gel electrophoresis (Figure 6C). The
coefficient of variation (CV) values of the samples ranged from 5.0% to 8.34%, indicating
consistency and minimal variability, supporting further research. The experiments were
conducted in triplicate (1 = 3) to ensure reproducibility, and the coefficient of variation (CV)
for each of the three samples was calculated.
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Figure 6. The electrochemical analysis (CV) of the MB reduction peak current for real sample study
using probe-modified biosensor against target IBV DNA at a scan rate of 0.2 V/s vs. AglAgCl
(I—current, E—potential) (n = 3). (A) Extracted cDNA from IBV-positive samples was tested against
non-IBV target DNA. (B) PCR-amplified IBV-positive samples and negative controls, including a PCR
blank. (C) Agarose gel electrophoresis of the PCR-amplified IBV 5-UTR region, in which a 143 bp
positive band was detected in three farm isolate samples, confirming the presence of IBV.

This study initially required extensive adjustment of parameters such as pH, scan rate,
and storage conditions; however, once these were optimized, the experimental procedure
became much faster and more effective. As DNA biosensors do not require gel extraction,
they can often provide results in less than 80-100 min, making them faster than PCR. First,
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the infected sample must be prepared, which takes about 20 min and involves extracting
the DNA from the sample. A specific DNA probe is then fixed to a gold-modified electrode
for around 40 min. This is followed by hybridization, which takes about 20 min, during
which the IBV target DNA binds to the immobilized probe. Finally, it takes about 5 min to
examine the quantifiable signal by electrochemical measurement with CV and DPV as well
as MB as a redox indicator to identify hybridization events. The entire biosensor procedure
takes approximately 80 min.

Table 4. Previous studies on gammacoronaviruses (YCoVs) detection using other biosensor techniques.

Type of Sensor

Biosensing Concept Detection Limit Reference

Electrochemical biosensor
(5’-UTR region of the IBV
genome)

Electrochemical biosensor
(Spike-S gene)

Fluorescent
immunosensor

Immunosensor

Modification with nanoparticles

-10 -1 :
(GLU/CS/MWCNTs/AuE) 2.6 x 107" mol L™* (0.26 nM) This study

Modification with nanoparticles
and functionalized AuNPs 296 x 10710 mol L~! [35]
(gold nanoparticles)

Ab (antibody)-functionalized MoS2
(molybdenum disulfide)

ICS (Inorganic Carbon Sphere) with
Au NP-conjugated antibodies

460 EID50/mL [36]

104.4 EID50 [37]

4. Discussion

In this study, a DNA biosensor was developed for the direct electrochemical detec-
tion of any IBV strain by targeting the 5'UTR region of the IBV genome. The successful
development of an electrochemical DNA biosensor relies on selecting an appropriate im-
mobilization technique, molecular recognition method, and chemical reaction to construct
the surface architecture [38]. Optimization results show that the modification of AuE sig-
nificantly enhances the sensing capacity of the developed biosensor and exhibits excellent
electron conductivity. The findings align with those of Wang et al. [39], who demonstrated
that nanomaterial modification of electrodes improves signal processing by grafting mate-
rials onto the electrode surface and generating visible signals with different modification
layers onto the AuE surface. The peak currents provide quantitative information about
the analyte concentration and detection range, while the peak separation potential ensures
specificity, reliability, and the ability to discriminate between different redox reactions. SEM
and TEM analyses of the CS/MWCNT/AuE nanocomposite film show the presence of
microscopic holes, indicating enhanced sensor performance. The porous membrane formed
from the addition of CS to MWCNTs is well dispersed, as observed in TEM images. Zhao
et al. [40] corroborated these findings, describing the porous membrane in Figure 2C as a
result of CS addition to the MWCNT, appearing as well-dispersed pipe bundles when mag-
nified at 50 nm (Figure 2D). Shalauddin et al. [41] reported that functionalizing MWCNTs
into MWCNTs-COOH using sulfuric and nitric acids enables the determination of specific
target elements. The presence of O-H and N-H bonds in the CS/MWCNTs contributes to
higher current signals, further supporting the biosensor’s effectiveness.

The peak currents provide quantitative analyte information, while peak separation
potential ensures specificity and the ability to differentiate redox reactions. Studies by
Markegard et al. [42] indicated that DNA hybridization effectiveness increases with time
until it reaches a steady state. This study found that the hybridization temperature and time
affect the peak reduction current of MB, with optimal conditions being 30 °C and 60 min,
respectively. Temperatures above 50 °C risk DNA denaturation, reducing the detection
signal. Similar studies by Nimse et al. [43] and Benvidi et al. [44] emphasize the importance
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of precise hybridization temperature for efficient DNA binding, supporting findings that
recommend an optimal temperature between 30 °C and 35 °C.

In addition, the reproducibility and repeatability of several assays with equivalent
RSD results ranging from 2 to 6% suggest that the constructed biosensor has good repro-
ducibility for the detection of IBV target DNA [45-47]. According to Nordin et al. [38], the
modified probe was very stable, with more than 80-90% of the original signal still detectable
after 2-6 months. The storage results suggest that the strong binding capacity between
the modified electrode CS/MWCNTs and glutaraldehyde contributes to the long-lasting
stability of AuE and acts as an electron transfer mediator in the proposed biosensor [48].
Although our results are still below specification, optimizing the hydrogel coating for
long-term biosensor storage is a potential solution that will be explored in future studies as
resources permit.

The positive samples were tested with a specific IBV primer to differentiate IBV from
non-IBV pathogens, such as Newcastle disease virus, infectious laryngotracheitis virus,
avian influenza virus, infectious bursal disease virus, and Mycoplasma gallisepticum, and
to validate the specificity of the IBV probe used in our DNA biosensor study [33]. The
developed DNA-based biosensor with a modified IBV probe was tested with different
positive IBV samples under optimal parameters. The positive samples were confirmed
using PCR with universal primers, producing fragments of approximately 143 base pairs
(bp), as verified by gel electrophoresis, which indicated the presence of IBV target DNA
in the samples. In addition, the extracted cDNA was used to prepare the biosensor for
IBV identification, which allowed for comparison with different types of non-IBV samples
and evaluation of analytical performance. It was found that the proposed biosensor
(ssDNA/GLU/CS/MWCNTs/AuE) showed different signal responses after hybridization
with different types of genomic nucleic acids extracted from the Newcastle disease virus,
infectious laryngotracheitis virus, avian influenza virus, infectious bursal disease virus,
and Mycoplasma gallisepticum.

Several studies have focused on synthetic oligonucleotides, highlighting their ability
to detect hybridization through current signals. Although only a limited number of studies
have been discussed, the reliable measurements that can be obtained from hybridization
events with cDNA and PCR-amplified products from real infected samples are of clinical
interest [45,49]. Analysis of field samples revealed that MB has a stronger binding affinity
to the ssDNA surface than to dsDNA. [50-53]. Consistent results were obtained for the
reproducible values, which showed similar trends in the coefficient of variation (CV).
When the real IBV samples (cDNA and PCR amplicon) were exposed to the modified
probe GLU/CS/MWCNTs/AuE, the peak current of CV showed a decrease and averaged
4.25 mA-3.99 mA, with a relative standard deviation (RSD) of less than 5-10%. This range
is generally considered to be good and aligns with many previous studies [54,55]. In
addition, our results showed a satisfactory recovery correlation between 94.51% and 99.55%
when the biosensor was used to identify the modified probe DNA sequences recovered
from both cDNA and real PCR samples of IBV. These results are consistent with previous
reports on DNA biosensor studies [56,57]. The accuracy and portability of this biosensor
make it particularly useful for chicken farms where rapid disease management depends
on detection and intervention. At the point of care, the proposed biosensor can provide
near-instant detection, unlike conventional techniques that often experience delays due to
sample transportation and laboratory processing.

For IBV or similar viruses, the LOD of 2.6 nM is comparable to or better than the
sensitivity of several reported electrochemical biosensors, which typically range from
1 nM to 10 nM [58]. This is in contrast to other biosensor-based techniques, such as
graphene nanoparticle-based biosensors. According to some studies, a graphene oxide-
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based dopamine biosensor has a detection limit of 3.2 nM [59]. In contrast, fluorescence-
based techniques generally offer lower LOD values than electrochemical sensors. However,
they may not be as stable or specific in complex biological samples. The combination of
MWNT5, chitosan, and glutaraldehyde improves the biosensor by ensuring stable attach-
ment of the probe and preventing signal loss. This innovation overcomes challenges such as
low sensitivity, high detection limits, and instability common to conventional methods. It
provides a fast, sensitive, and cost-effective solution for IBV diagnostics and offers practical
and scalable benefits, especially in resource-constrained environments.

The identification of avian gammacoronaviruses (yCoVs) using different biosensor
approaches has already been investigated, as shown in Table 4. According to previous
research, only one study on gammacoronavirus used an electrochemical DNA biosensor,
while the other two used an immunobiosensor. A label-free electrochemical approach to
detect the spike (S) gene of the H120 strain was described in a previous work by Yang
et al. [35], but the detection limit was slightly lower than our results. The primary goal
of the previous study was to establish a target DNA sequence (S gene) that can recognize
the H120 RNA when it forms a DNA-RNA hybridized double-stranded structure. As
everyone knows, RNA is very unstable at normal temperatures and can easily degrade
in the environment unless it is stored at —70 °C. In addition, the S gene in the genome
is highly mutated, which requires a constant change in primer selection. Instead of the S
gene, we used the universal 5'-UTR region of the IBV genome for our study, which has a
relatively low mutation rate and can detect all types of IBV strains. These results emphasize
the potential of developing biosensor-based techniques for the diagnosis of viral diseases
in poultry.

When comparing the sensitivity, specificity, and reproducibility of the TagMan probe-
based qPCR, or SYBR-Green-based qPCR or the ELISA method for the detection of viruses
with the electrochemical DNA biosensor for IBV detection, both methods show higher
performance but with different advantages and limitations. With an impressively low limit
of detection (LOD) of 2.6 nM in this study, the DNA biosensor demonstrated an exceptional
detection range of 2.0 x 107!2 to 2.0 x 107> mol/L. This performance is significantly
better compared to ELISA methods, which typically exhibit higher LOD values, often
exceeding 1 ng/m. This substantial improvement in sensitivity ensures that the biosensor
can detect IBV at much lower concentrations, enabling earlier diagnosis and intervention
during an outbreak. TagMan-based qPCR offers high sensitivity (10-100 copies/uL) and
specificity for the detection of viruses, especially in multiple infections [60,61], whereas
the electrochemical DNA biosensor, despite its comparable sensitivity for IBV (2.6 nM), is
limited to the detection of single pathogens due to single probe selection. This limitation
restricts the current DNA biosensor’s ability to effectively detect emerging IBV variants (GI,
GII, GIII, GIV). The concept utilizes multiple probes from the genomic DNA of local IBV
strains linked to electrode arrays, but further research is needed to improve the specificity
of the biosensor. As far as reproducibility is concerned, both methods have been thoroughly
validated in their respective studies. While the DNA biosensor also shows consistent
results when analyzing IBV in real samples from farms, it can be difficult to maintain
reproducibility with different pathogen strains or in environments with varying sample
quality. Compared to conventional RT-PCR assays, which cost USD 20 to USD 50 per
sample, the DNA biosensor is far less expensive and offers better sensitivity and specificity,
with an estimated cost of USD 1 to USD 5 per sample, assuming the nanomaterial is used
efficiently. One of the limitations of these biosensors is that they can only detect once the
DNA has been extracted from the infected sample, and they are then used in equipment
that is difficult for farmers to operate. Therefore, where possible, chicken blood should
be tested directly with a device whose sensitivity needs to be improved through further
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research and biosensor development. Advanced ELISA tests, DNA amplification methods,
and next-generation sequencing analysis could further improve biosensor technology.
This study acknowledges the limitation of a small sample (1 = 3), which compromises
wider applicability. Future work will involve testing a larger and more diverse sample to
increase reliability and credibility. The optimization parameters identified in this study will
contribute to the modification of a portable device that enables faster diagnosis of chicken
diseases and facilitates prompt preventive measures, thereby reducing losses for farmers.

5. Conclusions

This study successfully optimized the parameters for a modified AuE in the devel-
opment of a biosensor for the universal detection of all IBV strains. The incorporation of
GLU as a linker facilitated the covalent immobilization of probe sequences on the AuE
surface, in conjunction with CS and MWNTs, enhancing the sensor’s performance. The
experimental results showed the biosensor’s ability to clearly differentiate complementary,
non-complementary, and mismatched oligonucleotides based on MB-DNA interactions,
yielding significantly improved hybridization signals. Under optimized conditions, the
electrochemical DNA biosensor achieved an LOD as low as 2.69 nM, with a linear detection
range from 2.0 x 10712 t0 2.0 x 1072 mol L. The developed biosensor effectively detected
IBV in a small subset of clinical samples and successfully discriminated between IBV and
non-IBV organisms, highlighting its high specificity under controlled conditions. However,
as a proof-of-concept study, this method requires further validation using a large number
of clinical samples before it can be implemented for regular monitoring of IVB in farms.
Further research should focus on integrating multiple probe sequences targeting different
genomic regions of IBV and developing a multi-electrode platform to further enhance
detection accuracy and diagnostic capability.
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