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SUMMARY

Accurate  and  rapid identification of Shigella sonnei and
Stenotrophomonas maltophilia remains challenging due to their
close genomic similarity to other Gram-negative bacteria and
their limited coverage in routine molecular diagnostic panels. In
this study, we report a label-free electrochemical DNA biosensing
strategy for the sequence-selective detection detection of these rwo
clinically relevant but under-recognized pathogens. The biosensor
is based on a pencil graphite electrode modified with carboxyl-
functionalized single-walled carbon nanotubes (SWCNT-COOH),
providing a conductive and chemically active interface for probe
immobilization. 1o minimize intrinsic guanine-related background
signals, inosine-substituted DNA probes were employed, enabling
a hybridization-induced ‘signal-on” response that arises exclusively
from the target DNA. Stable and reproducible probe attachment
was achieved  through optimized —COOH/-NH, interactions
between the SWCNT interface and amine-terminated probes.
Under optimized conditions, the biosensor exhibited linear responses
in the 20-80 pg/mL range, with limits of detection of 6.1 pg/
mL for S. sonnei and 8.4 pug/mlL for S. maltophilia. The platform
demonstrated effective discrimination against mismatched and non-
complementary sequences and retained analytical performance in
artificial saliva matrices, supporting its applicability in non-invasive
sample environments. This work presents a simple and low-cost
electrochemical approach for DNA-based detection of S. sonnei and
S. maltophilia. The proposed sensing strategy highlights the potential
of inosine-assisted, signal-on electrochemical readout as a modular
platform for nucleic-acid detection, with relevance for decentralized
and resource-limited diagnostic settings.

Keywords: Electrochemical sensing, carbon nanomaterials, label-
free DNA detection, pathogen identification, bacterial diagnostic.

Segici Bakteriyel DNA Tespiti Amaciyla Gelistivilmis Inosin
Tabanh Sinyal-Artssh Elektrokimyasal Biyosensor

0z

Shigella sonnei ve Stenotrophomonas maltophilianin dogru ve bzl
tamimlanmasi, diger Gram-negatif bakterilerle olan yakin genomik
benzerlikleri ve rutin molekiiler tani panellerinde sinirly diizeyde
yer almalarr nedeniyle halen zorluk teskil ermektedir. Bu calismada,
klinik agidan inemli ancak yeterince taninmayan bu iki patojenin
dizi-secici tespiti igin etiketsiz bir elektrokimyasal DNA biyosensir
stratejisi sunulmaktadsr. Gelistirilen biyosensor, prob immobilizasyonu
icin iletken ve kimyasal olarak aktif bir yiizey saglayan karboksil
Jfonksiyonellestirilmis tek duvarl karbon nanotiipler SWCNT-COOH)
ile modifiye edilmis kursun kalem grafit elektrot izerine dayanmaktadsy.
Igsel guanin kaynakly arka plan sinyallerini en aza indirmek amaciyla,
inozin ile modifiye edilmis DNA problar: kullanilmis ve biylece
yalnizca hedef DNA varliginda ortaya ¢ikan hibridizasyon kaynakl:
Signal-on” yant elde edilmistir. SWCNT yiizeyi ile amin uglu problar
arasindaki —COOH/-NH, etkilesimleri optimize edilerck stabil ve
tekrarlanabiliv prob immobilizasyonu saglanmigtrr. Optimize edilmis
kosullar altinda biyosensir, 20-80 pg/mL araliginda dogrusal yanit
gostermis; S. sonnei igin 6,1 pg/mL ve S. maltophilia icin 8,4 pg/
mL tayin sinirlar: elde edilmistir. Platform, wyumsuz ve tamamlaysc:
olmayan dizilere karsi etkin ayrim yetenegi gistermis ve yapay
tiikiiriik ortaminda da analitik performansini koruyarak non-invaziv
drneklerde wygulanabilirligini ortaya koymugtur. Bu ¢aligma, S. sonnei
ve S. maltophilianin DNA temelli tespiti icin basit ve diigiik maliyetli
bir elektrokimyasal yaklagim sunmaktadir. Onerilen algilama stratejisi,
inozin destekli ‘signal-on” elektrokimyasal okumanin, niikleik asit
tespiti igin modiiler bir platform olarak potansiyelini ortaya koymatkta
olup, merkezi olmayan ve kaynaklarn sinirly oldugu tani ortamlar:
agisindan onem tasimaktadr.

Anahtar  Kelimeler:  Elektrokimyasal — algilama, — karbon
nanomalzemeler, etiketsiz. DNA  tespiti, patojen tanimlama,
bakteriyel tan:.
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INTRODUCTION

Shigella species are Gram-negative, diarrheagen-
ic bacteria closely related to Escherichia coli and pri-
marily transmitted through the fecal-oral route via
contaminated food or water (Scott et al., 2025). By
invading the colonic epithelium, Shigella species—
comprising S. dysenteriae, S. flexneri, S. boydii, and
S. sonnei—cause shigellosis, an intestinal infection
ranging from mild diarrhea to severe bloody diarrhea
and fever (Miles, Holt, & Mostowy, 2024). The disease
predominantly affects young children in low- and
middle-income countries with poor sanitation, while
in high-income countries it is often linked to travel
or close-contact transmission (Anderson et al., 2019).
Moreover, the increasing antimicrobial resistance of
S. sonnei has further accelerated its spread and limited

treatment options (Mason et al., 2023).

Shigella species and E. coli are closely related
Gram-negative Enterobacterales sharing extensive
phenotypic and genotypic similarities, which com-
plicates their differentiation despite distinct clinical
characteristics (van den Beld et al., 2019). Conven-
tional biochemical tests, serotyping, and molecular
methods such as 16S rRNA sequencing and MAL-
DI-TOF MS often fail to reliably distinguish Shigella
spp. from E. coli, particularly due to the close simi-
larity of enteroinvasive E. coli (EIEC) strains (Khot
& Fisher, 2013). Moreover, increasing antimicrobial
resistance in Shigella highlights the need for accurate
bacterial identification (Mojica et al., 2022). Stenotro-
phomonas maltophilia is a multidrug-resistant oppor-
tunistic pathogen associated with severe nosocomial
infections (Brooke, 2014), especially in immunocom-
promised or hospitalized patients, where it frequently
forms biofilms on medical devices such as catheters
and ventilators (Hafiz et al., 2022). Classical micro-
biological methods, including culture-based assays,
immunological tests such as ELISA (Boonham et al,,
2014), and DNA-based techniques like PCR (Wa-
hab, 2026), are widely used for bacterial detection.
Although PCR-based approaches can provide high
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specificity, these methods often involve complex,
time-consuming procedures requiring specialized
equipment and expertise (Radomirovi¢, Gligorijevi¢,
& Rajkovi¢, 2025).

Biosensors overcome many limitations of conven-
tional analytical methods by providing rapid, cost-ef-
fective, sensitive, and selective detection with mini-
mal sample requirements (Inés & Cosme, 2025). Elec-
trochemical biosensors have emerged as promising
tools for the rapid identification of clinically relevant
bacterial pathogens through DNA hybridization, ap-
tamer-based recognition, and nanomaterial-assisted
sensing strategies. For instance, a gold nanostar-mod-
ified electrochemical genosensor provided highly
sensitive and selective detection of Escherichia coli
O157:H7 in river water, highlighting the effectiveness
of nanomaterial-assisted DNA hybridization strate-
gies for pathogen monitoring (Razmi, Hasanzadeh,
Willander, & Nur, 2022).

Similarly, an electrochemical DNA biosensor for
Mycobacterium tuberculosis achieved femtomolar
sensitivity in sputum and urine samples, highlighting
the potential of electrochemical platforms for rapid
and affordable pathogen detection (Ramos-Sono et
al., 2020). Beyond pathogen detection, electrochem-
ical biosensing platforms have also been applied to
therapeutic drug monitoring and cellular biomarker
analysis. For instance, electrochemical systems have
been developed for the sensitive monitoring of che-
motherapeutic drugs such as 5-fluorouracil (Zouari,
Barderas, Pingarrén, Raouafi, & Campuzano, 2024)
and irinotecan (Alvau et al., 2018), as well as for
evaluating potassium channel activity in cancer cells
(Zouari et al,, 2022), highlighting the versatility of
electrochemical sensing technologies in biomedical

and clinical applications.

Nanomaterials and polymers are widely incor-
porated into biosensors to improve sensitivity and
selectivity by enhancing surface area, charge trans-
fer, and mechanical stability (Jin & Mao, 2014; Tran,
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Son, & Min, 2016). Among them, carbon nanotubes
(CNTs) are particularly attractive due to their high
electrical conductivity, chemical stability, and large
surface area. Especially, single-walled carbon nano-
tubes (SWCNTs) exhibit excellent electrical mobility
and chemical resilience, making them highly suitable
for electrochemical biosensor applications (Saleh
Mohammadnia, Roghani-Mamaqani, Ghalkhani, &
Hemmati, 2023). In addition, surface functionaliza-
tion of CNTs, commonly with carboxyl (-COOH)
groups, improves interfacial reactivity and enhances
selective target binding, thereby increasing sensitiv-
ity and lowering detection limits (Chen, Hou, Huo,
Yang, & Fa, 2016). Accordingly, SWCNT-COOH was
selected in the present study. While both SWCNTs
and MWCNTs possess favorable properties for elec-
trochemical biosensing, SWCNTs offer superior
charge-transfer characteristics and higher aspect ra-
tios, providing an efficient and accessible interface for
DNA probe immobilization and hybridization (Som
Sengupta, 2025).

This study introduces the first electrochemical
DNA biosensors specifically designed for S. sonnei and
S. maltophilia, two clinically relevant pathogens that
remain challenging to identify using routine diagnos-
tic methods. While S. sonnei is frequently misidenti-
fied because of its close genetic similarity to E. coli, S.
maltophilia is often absent from standard diagnostic
panels. The proposed platform enables the separate
electrochemical detection of S. sonnei and S. malto-
philia through species-specific probe architectures
and successfully discriminates target sequences from
mismatch and non-complementary oligonucleotides.
The biosensor integrates a SWCNT-COOH-modified
pencil graphite electrode (PGE) with amine-func-
tionalized, inosine-substituted DNA probes to over-
come guanine oxidation and background signal in-
terference, a major limitation of CNT-based DNA
sensors. PGEs were selected because of their low cost,
disposable nature, rapid and practical operation, and

suitability for nucleic acid sensing applications.

Although variations in electrochemical perfor-
mance may occur among different manufacturers
or production batches, all experiments in this study
were conducted using electrodes from the same com-
mercial brand and batch to minimize such effects.
By suppressing nonspecific electrochemical respons-
es and activating a signal-on mechanism only upon
target hybridization, the platform differs from con-
ventional label-free CNT-DNA architectures. The de-
veloped biosensors exhibited high analytical sensitiv-
ity, and excellent selectivity against mismatched and
non-complementary sequences in both simple and

complex matrices.
MATERIALS AND METHODS
Instrumentation

Electrochemical measurements were performed
using an AUTOLAB 204.FRA32M system (Utrecht,
Netherlands) with NOVA 2.1 software. A pencil
graphite electrode (PGE), platinum wire, and Ag/
AgCl electrode were used as the working, auxilia-
ry, and reference electrodes, respectively. HB-grade
graphite leads (Tombow, Tokyo, Japan) (0.5 mm X
60 mm) mounted in a Rotring T 0.5 mm mechani-
cal pencil (Altenburg, Germany) ensured consistent
handling. Sonication was carried out using an Elma

ultrasonic bath.
Chemicals

Ammonium chloride (NH,CI), calcium chlo-
ride dihydrate (CaCl,.2H,0), glacial acetic acid,
(CH,COOH) potassium dihydrogen phosphate
(KH,PO,), potassium chloride (KCl), potassium
ferricyanide ([K,(Fe(CN),]), potassium ferrocya-
nide([K,(Fe(CN),]), sodium bicarbonate (NaHCO,),
sodium hydroxide (NaOH), sodium chloride (NaCl),
and urea (NH,CONH,) were obtained from Mer-
ck (Darmstadt, Germany); dipotassium phosphate
(K,HPO,) and N,N-dimethyl formamide (DME C,H-
,NO) from Carlo Erba (Val de Reuil, France); and
EDTA disodium salt (C,;H N Na O,), sodium sul-
fate decahydrate (Na,SO4.10H,0), SWCNT-COOH

(carbon purity >90%, 1.0-3.0 atom% carboxylic acid
821
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functionalization, bundle dimensions of 4-5 nm in
diameter and 0.5-1.5 um in length), potassium thio-
cyanate (KSCN), and Trizma-HCl (NH,C(CH,OH), -
HCI) from Sigma-Aldrich (Munich, Germany). Buf-
fers, including 0.5 M sodium acetate (ABS, pH 4.8),
0.5 M Tris (TBS, pH 7.0), and 0.5 M Tris-EDTA (TE,
pH 8.0), each containing 20 mM NaCl, were prepared
using ultrapure water (UPW).

Artificial saliva samples were prepared with UPW
according to the following formula: 125.6 mg/L NaCl,
963.9 mg/L KCI, 189.2 mg/mL KSCN, 654.5 mg/
mL KH,PO,, 200.0 mg/mL urea, 763.2 mg/L NaSO-
+10H O, 178.0 mg/L, 227.8 mg/L CaCl,.2H,O and
630.8 mg/mL NaHCO, (Gao, Gao, Xu, & Yu, 2015).

Oligonucleotides

DNA oligonucleotide stock solutions were pre-
pared in TE buffer and stored at -20 °C until use.

Two probe types were designed: guanine-containing

probes (PG-SON for S. sonnei and PG-MALT for S.
maltophilia) for surface studies and inosine-based
probes (PI-SON and PI-MALT) to eliminate back-
ground guanine signals prior to hybridization. For
S. sonnei, probes targeted a methylase gene region
(NC_007384.1; 1,664,092-1,664,150)
(Ranjbar, Behzadi, Najafi, & Roudi, 2017), while for
S. maltophilia, a 16S rRNA gene region was selected

positions

(Hansen et al., 2014), ensuring high sequence spec-
ificity. Target oligonucleotides (TAR-SON and TAR-
MALT) fully complementary to the probes were used
for hybridization, while three-base mismatch (MM-
SON, MM-MALT) and non-complementary (NC) se-

quences served as controls for selectivity evaluation.

To ensure rigorous selectivity assessment, the
non-complementary (NC) sequence was verified via
BLAST, confirming no significant homology with the
probes or target sequences. Synthetic oligonucleotides
are listed in Table 1.

Table 1. DNA oligonucleotides used in the study for the detection of S. sonnei and S. maltophilia

S. sonnei

S. maltophilia

Amino-linked guanine-probe

PG-SON: (GC:42%, T, :52 °C)
5-(CH,),-NH, GGCATTAGTACAGATTCGA-3’

PG-MALT: (GC:60%, T, :40 °C)
5-(CH,),-NH,- CGCCATGGATGTTCC-3'

Amino-linked inosine-probe

PI-SON: (GC:16%, T, :52 °C)
5-(CH,) -NH -TICATTAITACAIATTCIA-3’

PI-MALT: (GC:33%, T, :48 °C)
5-(CH,),-NH,- CICCATIIATITTCC-3'

Targets

TAR-SON: (GC:42%, T : 52°C)
5-TCGAATCTGTACTAATGCC-3’

TAR-MALT: (GC:60%, T, : 56°C)
5-GGAACATCCATGGCG-3

Three-base mismatches

MM-SON:(GC:47%, T : 55°C)
5-TCAAATCTGGACTAACGCC-3

MM-MALT: (GC:47%, T, : 52°C)
5-GTAACATCGATGGAG-3

Non-complementaries

NC: (GC:40%, Tm: 53°C)
5-CCCGGGGTAATTTCTTTTAA-3

NC: (GC:40%, T : 53°C)
5-CCCGGGGTAATTTCTTTTAA-3

Electrode functionalization with SWCNT-
COOH and bacteria-specific DNA probe immobi-

lization

SWCNT-COOH (0.5-3 pg/mL) suspensions were
prepared in DMF by sonication for 1 h at room tem-
perature. Unmodified PGEs were modified by passive
adsorption in which 110 puL of the SWCNT-COOH
suspension was deposited onto the electrode surface
and incubated for 1 h, followed by drying for 15 min

at room temperature; DMF-treated electrodes served
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as controls (Erdem, Karadeniz, & Caliskan, 2009). At
each nanomaterial concentration, 100 ug/mL of probe
was immobilized, and the resulting guanine oxidation
signals were compared. The concentration yielding
the highest guanine signal was selected as optimal for
probe immobilization. Probe solutions were diluted
with ABS. SWCNT-COOH-modified electrodes were
immersed in 110 uL of probe solution for 1 h, then
rinsed with ABS. Following nanomaterial coating,

probe concentrations (5-80 pg/mL) were evaluated,
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and 20 pg/mL was selected based on the highest and
most reproducible guanine signal. Guanine-contain-
ing probes were used to assess surface saturation via
guanine oxidation signals. Inosine-substituted probes
showed no signal before hybridization but generated
a guanine oxidation peak (~+1.0 V) upon binding to
target sequences (Subak & Ozkan-Ariksoysal, 2018).

Probe-target hybridization

Target solutions were diluted in TBS (pH 7.0,
containing 20 mM NaCl to maintain controlled ionic
strength), and 110 uL aliquots of these target solu-
tions were applied for hybridization by incubating
with SWCNT-COOH and probes modified electrodes
for 1 h at room temperature. Electrodes were then
rinsed with TBS.

Selectivity assessment

To demonstrate the biosensor selectivity bio-
sensors, hybridization was performed not only with
specific target oligonucleotides but also with MM,

NC oligonucleotides, and mixtures of target oligonu-

Hapon

Nanotubes
modification

=
{% SWCNT-COOH

cleotides, and NC oligonucleotide (MIX-SON (TAR-
SON + NC) and MIX-MALT (TAR-MALT + NC))

using the same procedure.
Electrochemical measurements

DPV measurements were conducted in ABS (pH
4.8, containing 20 mM NaCl to maintain controlled
ionic strength) within the range of +0.4 V to +1.4 V,
with a scan rate of 100 mV/s and a time interval of 0.5
s (step potential: 8 mV, modulation amplitude: 80 mV)
(Kaya et al., 2024). CV measurements were performed
ina 2.5 mM K, ,[Fe(CN)s] solution prepared in 0.1 M

KCl, within the range of -0.05 V to +0.6 V, with a scan

rate of 50 mV/s and a time interval of 0.05 s.

EIS measurements were conducted in a 2.5 mM
K3/4[
Hz to 10~ Hz, with an amplitude of 0.01 and decade
frequency intervals (Isbilir et al., 2025). Figure 1. pres-

Fe(CN)s] solution, over a frequency range of 10°

ents a schematic illustration of the working principle
of the biosensor for the selective detection of S. sonnei
and S. maltophilia.

® \G

@ 1:00

Probe ssDNA
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target ssDNA
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Figure 1. Schematic of the signal-on electrochemical DNA biosensor. SWCNT-COOH-modified elec-
trodes were functionalized with a guanine-free ssDNA probe. Hybridization with complementary target ssD-
NA formed guanine-containing dsDNA, producing an increased guanine oxidation signal measured by DPV

for selective detection
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RESULTS AND DISCUSSION

Functionalization of PGEs with SWCNT-
COOH and probe DNA

The performance of electrochemical DNA biosen-
sors depends on the physicochemical properties of the
electrode interface, which influence electron transfer
and probe accessibility. Therefore, stable and site-spe-
cific immobilization of ssDNA probes is essential for
efficient hybridization and high sensitivity. Chemical
conjugation strategies, particularly carboxyl-amine
coupling on nanostructured provides robustness and
reproducibility (Rashid & Yusof, 2017).

In this study, SWCNT-COOH were used to in-
crease the electrode surface area and provide reactive
sites for ssDNA probe immobilization. Electrodes
were first modified with SWCNT-COOH, followed
by immobilization of sequence-specific oligonucle-
otides as described in the Materials and Methods
section. Figure 2. shows the conductivity differences
between unmodified and SWCNT-COOH-modified
electrodes, along with voltammograms and histo-
grams illustrating guanine oxidation currents after
PG-SON and PG-MALT immobilization at different

concentrations for the S. sonnei and S. maltophilia bi-
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Figure 2. Electrochemical impedance spectra (Inset: Schematic of the Randles equivalent circuit used for
electrochemical impedance analysis) (A) and cyclic voltammogram (B) of bare and 2 mg/mL SWCNT-COOH

coated electrodes in 2.5 mM K,

Fe(CN),] solution. Differential pulse voltammogram (C) and histogram (D)

of guanine oxidation peak currents of bare electrodes and electrodes modified with 0.5, 1, 2, and 3 mg/mL
SWCNT-COOH after coating with 100 pg/mL of PG-SON. Differential pulse voltammogram (E) and corre-
sponding histogram (F) of guanine oxidation currents for the electrodes modified with 2 mg/mL SWCNT-
COOH and coated with 5, 10, 20, 40, and 80 pg/mL PG-SON. Differential pulse voltammogram (G) and cor-
responding histogram (H) of guanine oxidation currents for the electrodes modified with 2 mg/mL SWCNT-
COOH and coated with 5, 10, 20, 40, and 80 ug/mL PG-MALT. Differential pulse voltammograms of (I)
PG-SON- and PI-SON-modified electrodes and (J) PG-MALT- and PI-MALT-modified electrodes, demon-
strating the elimination of probe-derived guanine oxidation signals following inosine substitution (n=>5)

Figure 2A. shows a clear difference in impedance
between bare and SWCNT-COOH-coated (2 mg/
mL) electrodes. The impedance spectra of both elec-
trodes were fitted using an RCRW equivalent circuit.
The solution resistance (R ) was 47 () for bare and 55
Q for SWCNT-COOH-modified electrodes. The ca-
pacitance (C) decreased from 1 x 10° to 2 x 10° upon
modification, while the Warburg impedance (W) re-
mained unchanged at 0.0009 for both surfaces.

TheR_ increased from 67 + 26 2 for bare electrodes
to 139 + 6 Q after SWCNT-COOH modification, ap-
proximately a twofold rise. This increase is consistent
with the negatively charged surface of SWCNT-COOH
due to deprotonated carboxyl groups (Hassanpour &
Petr, 2023). The higher R , of SWCNT-COOH-modi-
fied electrodes isha attributed to electrostatic repulsion
between the negatively charged ferri/ferrocyanide re-
dox couple (Fe(CN)s*/*") and deprotonated carboxyl
groups on SWCNT-COOH, which hinders electron
transfer at the electrode interface (Chiticaru, Pilan, &
Ionita, 2022). This behavior may also be influenced by
pH-dependent surface charge, partial surface block-
ing, and nanomaterial film morphology, which collec-

tively contribute to the increased charge transfer resis-

tance after surface modification. The SWCNT-COOH
coating significantly modified the electrode interface
and improved measurement reliability, reducing the
RSD from 16% to 4%. This enhanced reproducibility
reflects effective surface coverage and a homogeneous
SWCNT-COOH layer, enabling more consistent elec-
tron transfer pathways for the redox probe.

CV analysis (Figure 2B.) showed that Fe(CN)s*/*
redox currents decreased after SWCNT-COOH mod-
ification compared to bare electrodes. The mean peak
current decreased from 93.5 £ 15.1 uA to 80 £ 3.2 pA,
consistent with EIS results. This decrease confirms
that the negatively charged SWCNT-COOH layer in-
creases electron transfer resistance and forms a stable
interface expected to influence DNA hybridization.
After SWCNT-COOH functionalization of PGEs,
concentrations (0.5-3 mg/mL) were optimized to
achieve effective surface coverage and interface for-

mation.

The SWCNT-COOH concentration range (0.5-3
mg/mL) was selected based on previous studies re-
porting effective electrode functionalization at simi-
lar loadings. Concentrations above 3 mg/mL caused

nanotube agglomeration and non-uniform film for-
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mation, potentially impairing electron transfer. Im-
mobilization performance was evaluated using gua-
nine oxidation signals following attachment of 100
pug/mL amine-modified PG-SON probes (Erdem et
al., 2009) (Figure 2C-D.). Lower SWCNT-COOH
concentrations likely provided insufficient carbox-
yl sites for efficient probe immobilization, whereas
higher concentrations may have produced thicker
aggregated films with reduced conductivity and hin-
dered electron transfer. As shown in Figure 2C-D.,
SWCNT-COOH modification significantly enhanced
probe immobilization compared to bare PGEs
through stable carboxyl-amine linkages, resulting
in improved electron transfer and surface reactivity
(Chen et al., 2016). Among the tested concentrations,
2 mg/mL SWCNT-COOH produced the highest and
most reproducible guanine oxidation signal, with
nearly fourfold enhancement relative to unmodified
electrodes. A similar trend was observed for PG-
MALT (data not shown). Therefore, 2 mg/mL was se-
lected as the optimal SWCNT-COOH concentration

for subsequent experiments.

A review of the literature indicates that the car-
boxylic acid groups on SWCNT-COOH are predom-
inantly protonated at around pH 4.0, whereas they
become fully deprotonated at alkaline conditions
(approximately pH 10.0). Within the intermediate pH
range (around pH 6.0), these groups have been re-
ported to exist in a partially deprotonated state (Jones,
Kim, Han, & Meyyappan, 2021). Examination of oth-
er studies indicates that, in the pH range 4-6, amino
groups predominantly exist in their protonated form
(-NH;*) while carboxylic acid groups are deproton-
ated (-COQO), facilitating robust electrostatic inter-
actions (Martinez, Godinez, & Robles, 2023). In the
present study, the amino-modified ssDNA probes
were immobilized onto SWCNT-COOH-functional-
ized electrodes at pH 4.8, where deprotonated surface
carboxylates (-COQ") interact electrostatically with
protonated amines on the probes (-NH;"), thereby

contributing to stable and specific surface attachment.
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In addition to electrostatic interactions, m-m
stacking between DNA nucleobases and the graphit-
ic SWCNT surface contributes to probe immobiliza-
tion and stabilizes the attachment of ssDNA probes
on SWCNT-COOH-modified electrodes (Lee et al,,
2024; Roxbury, Jagota, & Mittal, 2013). According-
ly, EDC/NHS coupling chemistry was not employed
in the present study, as the immobilization strategy
was intentionally designed to take advantage of the
intrinsic electrostatic and m-m interactions between
amino-modified ssDNA probes and SWCNT-COOH
surfaces. This approach enabled a simpler and faster
probe immobilization procedure while avoiding addi-
tional chemical activation and washing steps associ-
ated with carbodiimide coupling, thereby preserving
the straightforward and cost-effective nature of the

proposed biosensing platform.

Figure 2E. shows the differential pulse voltammo-
grams recorded in ABS after immobilization of differ-
ent probe concentrations (5-80 pug/mL) onto 2 mg/
mL SWCNT-COOH-modified electrodes for electro-
chemical detection of S. sonnei (Li, Karadeniz, Cana-
var, & Erdem, 2012).

Figure 2F presents the relationship between the
average guanine oxidation current and PG-SON
probe concentration. Among the tested concentra-
tions, 20 pug/mL produced the highest and most re-
producible signal, showing a markedly higher re-
sponse than 40 ug/mL and a comparable response to
80 pg/mL. Therefore, 20 ug/mL was selected as the
optimal probe concentration. This behavior likely re-
flects the balance between probe density and target
accessibility at the electrode surface: low concentra-
tions provide insufficient hybridization sites, whereas
excessive probe loading may induce steric hindrance

and reduce hybridization efficiency.

Figure 2G. shows the DPV responses recorded in
ABS after immobilization of PG-MALT probes (5-80
pug/mL) onto 2 mg/mL SWCNT-COOH-modified
electrodes for electrochemical sensing of S. maltophil-

ia. As shown in Figure 2H., the guanine oxidation sig-
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nal increased with probe concentration and reached
a plateau at 20 pg/mL, indicating optimal probe
coverage and hybridization density. Like PG-SON,
low probe concentrations resulted in limited surface
coverage, whereas excessive loading may have caused
steric hindrance and reduced hybridization efficien-
cy. Therefore, 20 ug/mL was selected as the optimal
PG-MALT probe concentration. As shown in Figures
2I. and 2J., pronounced guanine oxidation peaks at
approximately +1.00 V were observed for PG-SON
and PG-MALT at the optimized concentration of 20
ug/mL, whereas no such signals were detected for PI-
SON and PI-MALT prepared and immobilized under
identical conditions. This result confirms that inosine
substitution effectively suppresses the background
guanine signal before hybridization, allowing selec-

tive detection of target-derived guanine oxidation.
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Inosine-based probes were employed to elimi-
nate background signals originating from guanine
oxidation within the probe sequence. Since inosine
is electrochemically inactive around +1.0 V, no signal
is observed prior to hybridization. Upon hybridiza-
tion with complementary targets containing guanine
bases, a distinct oxidation peak appears near +1.0 V,
enabling direct confirmation of target binding. More-
over, the peak current increases proportionally with
the amount of hybridized target, allowing semi-quan-
titative evaluation of hybridization efficiency. This la-
bel-free strategy simplifies the assay while maintain-
ing high sensitivity and specificity.

Figure 3. presents guanine oxidation currents
obtained by DPV after hybridization of SWCNT-
COOH/PI-SON and SWCNT-COOH/PI-MALT
electrodes with their complementary targets (TAR-
SON and TAR-MALT) over the concentration range
of 20-100 pg/mL.
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Figure 3. Differential pulse voltammograms (A) obtained between +0.85 V and +1.15 V for hybridization
with varying concentrations of TAR-SON (20-100 pg/mL) in the presence of 20 pug/mL PI-SIN. Calibration
curve (B) and histogram (C) showing the average guanine oxidation currents corresponding to TAR-SON
concentrations. Differential pulse voltammogram (D) obtained between +0.85 V and +1.15 V for hybrid-
ization with varying concentrations of TAR-MALT (20-100 ug/mL) in the presence of 20 pg/mL PI-MALT.
Calibration curve (E) and histogram (F) showing the average guanine oxidation currents corresponding TAR-
MALT concentrations (n=5)
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For S. sonnei detection, PGEs were modified
with 2 mg/mL SWCNT-COOH and 20 pg/mL ino-
sine-substituted PI-SON probes, followed by hybrid-
ization with TAR-SON targets (20-100 ug/mL) for 1
h. As shown in Figure 3A., no guanine oxidation peak
was observed before hybridization due to the electro-
chemical inactivity of inosine, while a minor adenine
peak appeared around +1.15 V; however, since the de-
tection strategy is based on guanine oxidation, these
minor adenine peaks were not analyzed. After hybrid-
ization with guanine-containing targets, a distinct ox-
idation signal emerged and increased with TAR-SON

concentration.

The calibration plots in Figure 3B-C. show a lin-
ear response in the 20-80 pg/mL range, from which
LOD and LOQ values were calculated using the 30/s
and 100/s methods, where o is the standard deviation
of the intercept and s is the slope of the calibration
curve. The LOD and LOQ for S. sonnei were 6.1 ug/
mL (1.05 uM) and 20.30 pg/mL (3.51 uM), respec-
tively. Compared with previous studies, reported de-
tection limits include 10° cells/mL for a fluorescent
aptasensor (Song et al., 2017), 37 CFU/mL (colori-
metric) and 7 CFU/mL (SERS) for an aptasensor (He
et al., 2024), and 1.7-24.7 CFU/50 mL for PCR-based
detection in water samples (Hsu, Wang, Chen, Lu, &
Chen, 2007). A direct comparison between DNA con-
centrations and CFU-based thresholds is not strictly
appropriate due to differences in measurement units;
however, these studies provide useful context for re-
quired analytical sensitivity in S. sonnei detection. In
this study, the biosensor achieved a detection limit
of 1.05 uM. Although this sensitivity is lower than
that reported for amplification-based or signal-en-
hanced platforms, the proposed strategy enables di-
rect, label-free detection of target DNA without en-
zymatic amplification or complex assay procedures.
The incorporation of SWCNT-COOH improved the
electrochemical response and facilitated reliable hy-
bridization monitoring; however, the analytical sensi-
tivity remains inherently constrained by the guanine
oxidation-based detection mechanism. Therefore,
828

the developed platform may be particularly suitable
as a simple post-amplification readout tool or for ap-
plications where rapid and straightforward nucleic
acid analysis is prioritized over ultra-trace detection.
It should be noted that PCR-based assays and other
highly sensitive molecular diagnostic techniques ben-
efit from target amplification mechanisms that are
fundamentally different from the direct hybridization
approach employed in this study. Consequently, the
present biosensor is not intended to replace ultra-sen-
sitive diagnostic platforms but rather to provide a rap-
id, straightforward, and cost-effective alternative for
target DNA monitoring. Where lower detection limits
are required, the proposed system may also be inte-
grated as a post-amplification electrochemical read-
out following nucleic acid enrichment procedures. As
shown in Figure 3C., the guanine oxidation current
at 100 ug/mL TAR-SON decreased and showed low-
er reproducibility compared to 80 pug/mL, indicating
surface saturation at 80 pg/mL. Therefore, 80 pg/mL

TAR-SON was selected for subsequent experiments.

For S. maltophilia detection, optimized SWCNT-
COOH (2 mg/mL) and PI-MALT probes (20 ug/mL)
were hybridized with TAR-MALT (20-100 pg/mL)
for 1 h. The voltammogram and calibration curve
(Figure 3D-E.) show a linear increase in guanine
oxidation current within 20-80 pg/mL, from which
the LOD and LOQ were calculated as 8.40 pg/mL
(1.82 uM) and 27.99 pug/mL (6.08 uM), respectively.
Compared with previous approaches, fluorescent in
situ hybridization reported an LOD of 10* CFU/mL
(Hansen et al., 2014), while PCR-based detection for
S. maltophilia yielded Ct values of 19.58 and 15.9 for
different isolates (Gallo, Ramos, Ferreira, & Oliveira,
2013), where Ct reflects the cycle number at which
fluorescence surpasses background levels, it does not
provide precise bacterial quantification, limiting its
utility for accurate infection staging and treatment

planning.

These comparisons provide a qualitative view of

analytical sensitivity rather than a direct equivalence
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between DNA concentration and bacterial count,
highlighting the capability of the developed biosen-
sor for target DNA detection. Other electrochemical
DNA biosensors have reported high performance, in-
cluding a sandwich-type genosensor for Vibrio choler-
ae (LOD: 1.25 x 107'® M) (Futra, Tan, Lee, Lertanan-
tawong, & Heng, 2023), a CdS nanoparticle-based
genosensor for E. coli 0157:H7 (LOD: 1.97 x 107* M)
(Abdalhai et al., 2015). The present SWCNT-COOH
biosensor exhibited LODs in the low micromolar
range for S. sonnei (1.05 uM) and S. maltophilia (1.82
uM) in buffer. Although these values are higher than
those reported for amplification-based, nanoparti-
cle-assisted, or multi-step electrochemical biosens-
ing platforms, the present system relies on direct la-
bel-free guanine oxidation without enzymatic target
amplification or additional redox indicators. The use
of SWCNT-COOH as a nanostructured electrode
modifier enhanced electron transfer and improved
signal stability; nevertheless, the overall sensitivity re-
mained in the low micromolar range. Consequently,
the developed approach prioritizes simplicity, repro-
ducibility, and operational convenience rather than

ultra-sensitive detection at trace concentrations.

As shown in Figure 3E, guanine oxidation cur-
rents after TAR-MALT hybridization plateaued at 80
ug/mL, consistent with TAR-SON saturation. There-
fore, 80 pg/mL TAR-MALT was used in subsequent

assays to ensure optimal probe-target interaction.

The validation parameters of the developed bio-
sensor include a linear detection range of 20-80 ug/
mL for both S. sonnei and S. maltophilia, with LOD/
LOQ values of 1.05 uM / 3.51 uM and 1.82 uM / 6.08
uM, respectively. The system showed good precision,
with repeatability (RSD%) values of 4.76% and 3.53%,
and reproducibility (RSD%) values of 10.76% and
10.43% for S. sonnei and S. maltophilia, respectively.

The repeatability and reproducibility of the nano-
material-modified electrodes were evaluated through
intra-day and inter-day measurements. The intra-day
RSD values were 4.76% and 3.53%, whereas the in-
ter-day RSD values were 10.76% and 10.43% for the
detection of S. sonnei and S. maltophilia target DNA,
respectively, demonstrating good analytical preci-
sion of the developed platform. Long-term stability
is particularly important for portable applications,
where electrode robustness and shelf-life are criti-
cal. Therefore, future work will focus on disposable
screen-printed electrodes to assess operational stabil-

ity under real-world conditions.

After optimization, the effect of hybridization
time was evaluated. Figure 4. shows DPV of guanine
oxidation currents for SWCNT-COOH/PI-SON and
SWCNT-COOH/PI-MALT hybridized

with their respective targets at 30, 60, and 90 min un-

electrodes

der optimal conditions.
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Figure 4. Differential pulse voltammograms (A) obtained between +0.85 V and +1.15 V after hybridiza-
tion for 30, 60, and 90 min using 80 pg/mL TAR-SON and 20 pg/mL PI-SON. Histogram (B) shows the aver-
age guanine oxidation currents corresponding to each hybridization time. Differential pulse voltammogram
(C) obtained between +0.85 V and +1.15 V after hybridization for 30, 60, and 90 min using 80 pug/mL TAR-
MALT and 20 pg/mL PI-MALT. Histogram (D) shows the average guanine oxidation currents corresponding
to each hybridization times (n=5)

For S. sonnei, SWCNT-COOH/PI-SON-modified
electrodes were hybridized with 80 ug/mL TAR-SON
for 30, 60, and 90 min, and the highest guanine oxida-
tion current was obtained at 60 min (Figure 4A-B.),
which was selected as optimal. Similarly, electrodes for
S. maltophilia (SWCNT-COOH/PI-MALT) showed
the maximum response at 60 min under the same
conditions (Figure 4C-D.), and this time was used
for further experiments. Although 60 min provided
the best signal, shorter hybridization times may be
achievable by improving mass transport, using micro-

fluidic systems, or optimizing probe surface density.
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Selectivity of the developed DNA biosensors

Selectivity is a key validation parameter in electro-
chemical DNA biosensors, reflecting the sensor’s abil-
ity to distinguish target sequences from closely related
sequences with minor mismatches or from non-com-
plementary strands, ensuring reliable analytical and
diagnostic performance. Figure 5. shows DPV of gua-
nine oxidation currents after hybridization of PI-SON
and PI-MALT probes with target, 3-base mismatch,
non-complementary, and target/non-complementary
mixed (MIX-1, MIX-2) sequences for S. sonnei and S.

maltophilia detection.
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Figure 5. Differential pulse voltammograms (A) of hybridization with 20 pg/mL PI-SON and different
targets: 80 ug/mL TAR-SON, MM-SON, NC, and MIX-SON (TAR-SON + NC). Histogram (B) shows the
average guanine oxidation currents for each target (n=>5). Differential pulse voltammograms (C) of hybridiza-
tion with 20 ug/mL PI-MALT and different targets: 80 ug/mL TAR-MALT, MM-MALT, NC and MIX-MALT
(TAR-MALT + NC). Histogram (D) shows the average guanine oxidation currents for each target (n=5)

Selectivity for S. sonnei was evaluated by hybrid-
izing SWCNT-COOH/PI-SON-modified PGEs with
80 pg/mL TAR-SON, MM-SON, NC, and MIX-SON
(TAR-SON + NC) for 1 h, followed by washing with
TBS. As shown in Figure 5A-B., TAR-SON produced
the highest guanine oxidation current, with a com-
parable response for MIX-SON, while MM-SON
showed a moderate signal and NC the lowest current.
The results demonstrate strong selectivity toward S.
sonnei target DNA, with the 3-base mismatch showing
a reduced signal compared to the fully complemen-
tary target but higher than the non-complementary
sequence, indicating precise discrimination. These
trends confirm sequence-specific selectivity and are
consistent with hybridization-based DNA biosensors.
The observed selectivity is attributed to the structural
differences of the formed duplexes on the SWCNT-
COOH interface.

As mentioned earlier, probe immobilization is sta-

bilized by m-m interactions between nucleobases and

SWCNT-COOH and electrostatic attraction between
probe -NH;* groups and SWCNT-COOH -COO~
groups. This organized interface promotes hybridiza-
tion with fully complementary strands, forming stable
duplexes via Watson-Crick pairing and base stacking,
resulting in high guanine signals. In contrast, 3-base
mismatch strands disrupt hydrogen bonding and
stacking, producing weaker hybrids, while non-com-
plementary sequences do not form duplexes. These
differences explain the clear separation between TAR,
MM, and NC signals. Another indicator of selectivity
is target discrimination in mixed samples. A MIX-
SON solution (TAR-SON + NC) was tested (Figure
5A-B.), yielding a guanine oxidation current corre-
sponding to 91% of TAR-SON alone, demonstrating
strong selectivity even in the presence of non-com-
plementary strands. This behavior is attributed to
competitive binding, where TAR exhibits higher affin-
ity due to complete Watson-Crick pairing and favor-

able base stacking, allowing it to outcompete NC at
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the probe interface. This strong selectivity toward S.
sonnei is a key analytical advantage of the developed
biosensor. The platform enables reliable discrimina-
tion between fully complementary, mismatched, and
non-complementary sequences, overcoming a com-
mon limitation of nucleic-acid-based detection meth-
ods. This performance enhances the system’s analyti-
cal robustness and enables precise sequence-level rec-
ognition. Selectivity for S. maltophilia was evaluated
by hybridizing SWCNT-COOH/PI-MALT-modified
PGEs with 80 pg/mL TAR-MALT, MM-MALT, NC,
and MIX-MALT (TAR-MALT + NC) for 1 h, followed
by TBS washing to remove non-specifically bound

oligonucleotides.

As shown in Figure 5C-D, TAR-MALT pro-
duced the highest guanine oxidation current, while
MIX-MALT generated a response corresponding to
approximately 76% of the signal obtained for TAR-
MALT alone. NC yielded minimal signal, whereas
MM-MALT produced an intermediate response, con-
sistent with partial hybridization. Although the rela-
tive decrease observed for the mixed sample was more
pronounced for S. maltophilia than for S. sonnei, the
developed biosensor still maintained clear discrimi-
nation between fully complementary, mismatched,
and non-complementary sequences. This behavior

may be attributed to the increased complexity of
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the mixed environment, where limited interactions
involving adenine-thymine, inosine-cytosine, and
occasionally tolerated non-canonical base pairings
(e.g., cytosine-thymine), as reported in the literature
(Zhang, Tam, Wang, & Szostak, 2016). could contrib-
ute to a partial reduction in the effective hybridization
efficiency of the target sequence. Nevertheless, the
platform effectively distinguishes fully complementa-
ry targets from mismatched and non-complementa-
ry sequences, even in mixed samples, confirming its
high sequence specificity. Future studies will evaluate
genomic DNA from related Gram-negative bacteria
to further assess diagnostic robustness under clinical-

ly relevant conditions.

The use of developed biosensors in artificial

samples

S. maltophilia has been reported in the orophar-
ynx and sputum, suggesting saliva as a potential res-
ervoir. Likewise, S. sonnei, transmitted via the fecal-
oral route and direct contact, may also be present in
saliva, supporting non-invasive diagnostics. Figure
6. shows guanine oxidation currents for TAR-SON
and TAR-MALT prepared in artificial saliva at differ-
ent concentrations and hybridized with PI-SON and
PI-MALT on SWCNT-COOH-modified electrodes,
demonstrating effective performance in a biologically

relevant matrix.
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Figure 6. Differential pulse voltammograms (A) of hybridization using 20-100 pg/mL TAR-SON prepared
in artificial saliva and 20 pg/mL PI-SON. Calibration curve (B) shows the average guanine oxidation currents
corresponding TAR-SON concentrations. Differential pulse voltammogram (C) of hybridization using 20-100
pg/mL TAR-MALT prepared in artificial saliva and 20 pg/mL PI-MALT. Calibration curve (D) shows the av-

erage guanine oxidation currents corresponding TAR-MALT concentrations (n=>5)

To demonstrate diagnostic applicability, S. sonnei
and S. maltophilia target DNAs were analyzed in ar-
tificial saliva matrices. Target oligonucleotides (20-
100 pg/mL) were prepared in artificial saliva diluted
1:1 with TE buffer to ensure suitable pH and ionic
strength for hybridization while preserving matrix ef-
fects. As shown in Figure 6A., the guanine oxidation
signal for S. sonmei increased in a clear concentra-

tion-dependent manner.

From the calibration plot in Figure 6B., the LOD
and LOQ were determined as 8.52 pg/mL (1.48 puM)
and 28.41 pg/mL (4.93 puM), respectively. While the
LOD for S. sonnei in buffer was 1.05 pM, it increased
slightly to 1.48 pM in artificial saliva, indicating that
the nanomaterial-based biosensor maintains high an-
alytical performance in complex matrices. The close
agreement between buffer and saliva responses con-
firms good matrix compatibility and minimal inter-
ference from biological components, highlighting

the platform’s diagnostic reliability and translational

potential for pathogen detection. As shown in Fig-
ure 6C., the guanine oxidation signal increased with
S. maltophilia target concentration up to 80 pg/mL.
From the calibration curve (Figure 6D.), the LOD and
LOQ in artificial saliva were 13.76 pg/mL (2.99 uM)
and 45.86 pg/mL (9.97 uM), respectively, compared
to a lower LOD of 1.82 uM in buffer. Consistent with
S. sonnei, the slightly higher LOD in saliva confirms
that the biosensor maintains sensitive and reliable de-
tection in clinically relevant matrices, highlighting its
diagnostic potential for real-world applications. These
findings provide proof-of-concept for reliable perfor-
mance in biological environments and support future

validation with genomic DNA and clinical samples.
CONCLUSION

This study reports the first electrochemical DNA
biosensors specifically designed for the detection of S.
sonneiand S. maltophilia, two clinically relevant patho-
gens. The incorporation of carboxyl-functionalized
SWCNTs onto the electrode surface significantly im-
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proved the DNA biosensors’ reproducibility. Efficient
immobilization of ssDNA probes onto the electrode
surface was achieved in the DNA biosensor design
through specific -COOH/-NHy, interactions between
carboxyl-functionalized SWCNTs and amine-mod-
ified probes, ensuring stable and high-density probe
attachment. Guanine-containing probes were utilized
to fine-tune probe immobilization, with 20 pug/mL es-
tablished as the optimal concentration. In hybridiza-
tion-based detection, the use of inosine-substituted
probes enabled specific interaction with guanine-rich
target sequences, producing a highly specific and
readily discernible presence/absence signal, effectively
captured through guanine oxidation by DPV, demon-
strating the precision and reliability of the biosensing
strategy. T The biosensors exhibited a linear response
over the 20-80 pg/mL range, with LODs determined
as 1.05 uM for S. sonnei and 1.82 uM for S. maltophil-
ia. By enabling direct, label-free detection of target
DNAs from S. sonnei and S. maltophilia, the proposed
platform represents a proof-of-concept approach for
rapid nucleic acid analysis. Although its sensitivity is
lower than that of amplification-based methods, the
assay eliminates enzymatic amplification steps, offer-
ing a simple, reproducible, and potentially more cost-
and time-efficient alternative, with possible applica-
tion as a post-amplification electrochemical readout

when higher sensitivity is required.

Selectivity was also demonstrated, including suc-
cessful differentiation of mismatched, non-comple-
mentary, and mixed sequences, underscoring the bi-
osensor’s ability to discriminate these pathogens with
high specificity, thereby enabling precise and reliable
pathogen identification in complex diagnostic set-
tings. Detection was further validated in artificial sa-
liva, with LODs of 1.48 uM and 2.99 uM, respectively;
the close agreement with LODs obtained in buffer
solution highlights that the developed biosensing plat-
form preserves its analytical sensitivity and reliability
even in complex biological matrices, underscoring its
suitability for accurate pathogen detection under clin-
ically relevant conditions. Future studies will focus on
834

extending this proof-of-concept platform to genomic
DNA and clinical samples, as well as integrating the
proposed strategy into disposable and portable elec-
trochemical devices for point-of-care applications. In
addition, the inosine-based signal-on approach may
provide a versatile framework for the development of
multiplex biosensing systems targeting multiple clin-
ically relevant bacterial pathogens within a single an-

alytical platform.
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