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Recent advancements in nanotechnology and biomedicine have promoted the utilization of
nanomaterials for various medical applications, particularly in the detection of Helicobacter pylori
infections. The colonization of the gastric mucosa by H. pylori significantly establishes the risk factors for
the development of chronic gastritis, peptic ulcers, and gastric cancers. While conventional methods,
both invasive and non-invasive, are available for the detection of H. pylori, they often face limitations in
terms of sensitivity, specificity, cost-effectiveness, and point-of-care applications. Two-dimensional
nanomaterials exhibit considerable potential in the development of robust analytical platforms tailored
for point-of-care (POC) detection of H. pylori, thereby presenting streamlined and economically viable
biosensing solutions for the purpose of detecting H. pylori infections. This review summarizes the
primary biomarkers utilized for the detection of H. pylori infections, elucidating how 2D nanomaterials
enhance biosensor efficacy and the diverse applications of biosensors coupled with 2D nanomaterials in
detecting H. pylori infection. Additionally, it examines different types of biosensing platforms that
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harness the unique properties of 2D nanomaterials and design considerations for optimizing biosensor
performance for the accurate and reliable identification of H. pylori infections. The last part explores the
industrialization potential and commercial viability and challenges inherent in utilizing 2D nanomaterials
in biosensing and outlines future research and development prospects in 2D nanomaterial-based
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1. Introduction

H. pylori is a Gram-negative bacterium that colonizes the
stomach in humans. This bacterium has adapted to survive
in high acidic conditions of the stomach, where it colonizes the
gastric mucosa, particularly the antrum and corpus regions and
exists for most of its lifetime." Morphologically, H. pylori has a
curved or spiral rod shape of 2.5-5.5 um in length and 0.5-1.5 pum
in width.>® It has 2-6 unipolar, sheathed lophotrichous flagella
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that enable mobility and chemotaxis within the viscous mucosal
layer of the stomach.” These flagella also aid adherence to gastric
epithelial cells. H. pylori is microaerophilic, requiring 3-5% oxy-
gen, 5-10% CO,, 0-10% H,, and high humidity to grow
optimally.” The bacterium possesses a unique urease enzyme that
allows it to hydrolyze urea, producing ammonia and bicarbonate,
which neutralize the acidic environment of the stomach and
create a microenvironment favorable for bacterial survival. It also
produces catalase and oxidase enzymes, which are used as
biochemical factors for identification. The bacterial cell envelope
consists of a cytoplasmic membrane, cell wall, and outer
membrane containing lipopolysaccharides and membrane pro-
teins. The helical cell shape, flagella, and outer membrane
components are key virulence factors that promote colonization
persistence in the hostile acidic stomach.

This bacterium colonizes the stomach of approximately
50% of the population globally, making it one of the most
ubiquitous infections worldwide.” However, prevalence rates
vary geographically with higher rates noted in developing coun-
tries compared to industrialized nations. In Africa, H. pylori
infects 60-90% of adults whereas prevalence is around 20-50%
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in Western Europe and North America. In Asia, prevalence
ranges from 22% in Japan to 87% in Bangladesh. India has an
estimated H. pylori prevalence of 50-80% in adults.®” Low
socioeconomic status and crowded living conditions correlate
with higher infection risk. Primary transmission occurs through
the fecal-oral and gastric-oral routes through contaminated food/
water sources or close person-to-person contact. Infection is
usually acquired in early childhood and without treatment,
colonization persists lifelong. Given its high global prevalence,
H. pylori infection is believed to play a causal role in 75-80% of
gastric cancer cases worldwide.*® Epidemiologic patterns corre-
spond with gastric cancer incidence in both developing and
developed regions. Eradication of H. pylori can lead to regression
of gastric precancerous lesions and reduce cancer risk. Hence
many health organizations recommend routine testing and
treatment to prevent long-term complications, especially in
high-risk populations. However, reinfection after antibiotic ther-
apy remains a challenge especially in developing countries due
to continued exposure.

H. pylori colonization triggers chronic active gastritis in all
infected persons but only 10-20% develop more severe compli-
cations like ulcers and cancer.®*° Colonization initiates persis-
tent inflammation through bacterial virulence factors and
dysregulated host immune responses. Gastric epithelial cell
injury arises due to direct cytotoxicity mediated by factors like
the vacuolating cytotoxin A (VacA), the oncoprotein cytotoxin-
associated gene A (CagA), and urease-driven pH alterations.>""
Robust pro-inflammatory Thi-cell mediated responses further
damage the mucosa."’ Concurrently, H. pylori evades immune
clearance through myriad mechanisms thereby establishing
persistent infection. The pattern and severity of gastritis and
epithelial damage determines specific disease outcomes. Antral-
predominant colonization increases acid secretion and causes
duodenal ulcers. Body-predominant gastritis reduces acid levels
leading to atrophic gastritis, a precursor of gastric cancer. Surface
mucosal damage allows back-diffusion of acid that worsens
inflammation.” Ulcers arise when this exceeds the tissue’s
reparative capacity. Atrophic gastritis accompanied by mutagenic
properties of H. pylori promotes oncogenic mutations in gastric
stem cells over decades.”™’ The stepwise progression from
chronic gastritis through precancerous lesions culminates even-
tually in gastric adenocarcinoma. Gastric mucosa-associated lym-
phoid tissue (MALT) lymphoma is another serious complication
attributed to chronic H. pylori-triggered immunostimulation.'*
Despite its prevalence, not all individuals infected with H. pylori
develop symptomatic disease, with factors such as bacterial
virulence factors, host genetics, and environmental factors playing
a role in disease manifestation.

Early diagnosis and eradication of H. pylori infection is
crucial to prevent progression to severe gastroduodenal complica-
tions, especially in high-risk populations allowing for timely
intervention and treatment. Furthermore, early detection can help
reduce the risk of transmission to others and minimize the
burden of disease in affected individuals and healthcare systems.
However, detection of H. pylori can be challenging as up to
50-80% of infected individuals are asymptomatic.”"> For the
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detection of H. pylori, two approaches - invasive and non-
invasive techniques - are utilized. Fig. 1 illustrates invasive,
noninvasive, and biosensor techniques used for the diagnosis
and detection of H. pylori infection. Conventional invasive tests to
detect active infection require endoscopy to obtain gastric muco-
sal biopsies followed by culture, histology, rapid urease testing, or
PCR."™ Endoscopy allows direct visualization of the stomach
lining but is uncomfortable for patients, has procedure-related
risks, and is expensive. Non-invasive indirect tests like the urea
breath test (UBT), stool antigen test, and serology are easier and
cheaper but have reduced accuracy. *C-UBT and '*C-UBT are
widely used for initial diagnosis and post-treatment confirmation;
patients ingest *C- or "*C-labeled urea which gets hydrolyzed by
H. pylori’s urease, releasing labeled CO, detected in breath
samples.'® Stool antigen ELISA detects H. pylori proteins in fecal
samples."® Both methods have high sensitivity and specificity but
cannot gauge severity or locate lesions. Serology detects serum
antibodies to H. pylori but remains positive even after clearance,
limiting use for test-of-cure. Sensitivity also varies based on local
infection prevalence affecting the positive predictive value. The
constraints of these conventional tests include the requirement
for reliably cultured bacteria, lack of quantitation, and inability to
evaluate pathological changes or antibiotic susceptibility. Rapid
molecular techniques like fluorescence in situ hybridization
(FISH) overcome some limitations due to direct detection of
H. pylori DNA/RNA in tissues or body fluids."”” But invasive
sampling restricts routine applicability. Non-invasive and highly
sensitive urine, saliva or blood PCR-based assays are being devel-
oped but remain experimental. Thus, while a range of methods
are available for detecting active H. pylori infection, no single test
meets all clinical needs regarding speed, cost, accuracy, and
ability to monitor pathogenesis or response to therapy. More
convenient and quantitative point-of-care tests are needed, espe-
cially in resource-limited settings with high disease burden.

The limitations of conventional techniques have driven
research into nanomaterial-based biosensors for improved
H. pylori detection (Table 1). Biosensors offer a non-invasive,
rapid, and cost-effective alternative for H. pylori detection,
enabling point-of-care testing and improving access to timely
diagnosis for patients.

These biosensors incorporate a biological sensing element
with a transducer to yield a detectable signal proportional to
the target pathogen. 2D nanomaterials exhibit diverse proper-
ties in terms of their mechanical, chemical, and optical attri-
butes, apart from uniqueness in their size, aspect ratio, shape,
biocompatibility, and biodegradability. These varied properties
afford a suitable platform for these nanomaterials for myriad
applications in the healthcare sector, including drug delivery,
bioimaging, tissue engineering, biosensors, and
However, their low dimensionality and exceptionally large aspect
ratios (surface area-to-volume ratio) make these nanomaterials
invaluable for uses demanding high levels of surface interactions
in the nanoscale regime.*”* Specifically, 2D nanoparticles like
graphene oxide (GO) allow for efficient immobilization of bio-
molecules, such as antibodies or nucleic acid-based probes, to
capture H. pylori cells or antigens through strong n-n stacking

SO on.
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A. Invasive Methods
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Fig. 1

interactions, enhancing the specificity of detection.* This review
summarizes the overview of H. pylori infection and associated
diseases, possible biomarkers of H. pylori, and how integration
of 2D nanoparticles in biosensors enhances the detection of H.
pylori infection. Challenges associated with biosensing technol-
ogy for diagnostic purposes, recent advancements and future
perspectives in the detection of H. pylori infection are covered in
the last section.

2. Biomarkers associated with H. pylori
infection

H. pylori utilizes a variety of virulence factors and mechanisms to
induce pathogenesis while evading host immunity.* These
include both bacterial components and products that directly
damage gastric tissues as well as factors that help in its persis-
tence and proliferation.>® Some key general virulence attributes
are the spiral shape, flagella, and urease production.*!'%*3¢

C. Biosensor Techniques
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B. Non-invasive Methods
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Invasive, noninvasive, and biosensor techniques used for the diagnosis and detection of H. pylori infection.

The helical cell morphology along with flagella enables motility
and chemotaxis allowing it to penetrate and survive within the
viscous mucosal layer.® The outer membrane lipopolysaccharides
(LPS) and other surface molecules help evade phagocytosis and
complement-mediated killing.*'" The urease enzyme is a vital
virulence factor for colonization as it catalyzes urea breakdown
into ammonia and CO,, neutralizing gastric acid and forming
a microenvironment conducive for bacterial growth. Urease is
encoded by the ureA, ureB, and ureC genes and expression of the
accessory genes urel, ureE, ureF, ureG, and ureH results in the
catalytically active urease enzyme.*”*® Due to the high specificity
and sensitivity of the urease enzyme, it has been shown to be a
significant biomarker for H. pylori infection detection.*® Studies
have shown that urease activity correlates with the severity of
gastritis and peptic ulcer disease (PUD), making it a valuable
biomarker for disease monitoring and treatment response
assessment.”

H. pylori secretes two major cytotoxins (VacA and CagA)
which are the major virulence factors as well as biomarkers

Table 1 Performance metrics of commonly used conventional diagnostic tests for H. pylori detection

Current methods Limitation Sensitivity (%) Specificity (%) Time Ref.
Endoscopy Uncomfortable, highly expensive, risk of infection, risk of bleeding 95 99 7 days 18-20
Histology Sample error (sampling can lead to false negatives) 95 99 7-10 days 21

Urea breath test Recent use of PPIs or antibiotics reduces the bacterial load 90 95 1h 16, 22 and 23
Culture More time consuming 58 99 7 to 10 days 20, 24 and 25
Urease test Recent use of PPIs or antibiotics reduces the bacterial load 95.2 95.1 1 day 26-28

Stool antigen test If the sample is not stored properly, the antigen degrades over time 95 96 2-4 days 29-31

Serology

© 2025 The Author(s). Published by the Royal Society of Chemistry

Cannot differentiate between past and recent infection

75-85 79-90 More than 3 h 20, 29 and 32
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associated specifically with H. pylori infection. The toxin vacuo-
lating cytotoxin A (VacA) induces cellular vacuolization and
injury.®® It also increases permeability of epithelial layers
enabling H. pylori access to underlying tissues. Studies have
shown that the VacA S1 genotype is highly associated with
increased levels of interleukin-8, chronic inflammation in
gastric mucosa, epithelial damage and metaplasia as compared
to the VacA S2 genotype.***' The cytotoxin-associated gene A
(CagA) protein is among the most extensively studied and
occurs in 60-70% of isolates globally. It is located in the cag
pathogenicity island (cagPAI), a 40 kb DNA segment encoding a
type IV secretion system that forms needle-like pili.*>** The
CagA effector protein is injected via this secretion system
directly into host cells where it dysregulates signaling through
intramolecular interaction and causes cellular defects.** CagA
by interacting with multiple host signaling molecules such as
the pro-oncogenic phosphatase (SHP2) and the polarity-
regulating kinase (PAR1) induces pro-inflammatory responses
by activating NF-kB in a phosphorylation-dependent manner.**
Fig. 2 describes the major pathogenic markers of H. pylori and
the delivery of the CagA gene into the epithelial cell through the
T4SS and the intramolecular interaction disrupting cellular
signaling.**> Recent research has focused on elucidating
the mechanisms underlying CagA-mediated pathogenesis
and its role as a biomarker for disease risk stratification and
prognosis assessment.*>** These studies show that Caga- and
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cagPAI-positive strains are associated with heightened inflamma-
tion and increased risk for severe gastritis, peptic ulcers and
cancer compared to cagPAI-negative isolates. A meta-analysis has
associated CagA-positive strains with a 2-fold increased risk for
peptic ulcer disease and 5-fold higher risk for gastric cancer
compared to cagPAI-negative isolates.** CagA also causes cellular
changes that may promote carcinogenesis including disruption of
cell-to-cell adhesion, elongation of epithelial cells, and abnormal
proliferation. Another cagPAI effector called CagL binds to and
activates P1 integrin receptors on gastric cells triggering pro-
inflammatory signaling.*> The cagPAI genes also induce the pro-
duction of cytokines like interleukin-8 by gastric epithelial cells
which drive neutrophil infiltration and chronic inflammation.****
CagA is the first bacterial oncoprotein to be identified and remains
a major virulence factor driving H. pylori-mediated injury and
carcinogenesis through its multifaceted effects on gastric epithelial
cells." Furthermore, studies have explored the use of CagA-specific
antibodies and DNA probes in biosensor-based diagnostic assays
for the detection of H. pylori infection, highlighting the potential
clinical utility of CagA as a diagnostic biomarker.*®

Other ubiquitous virulence determinants that may serve as
biomarkers for pathogenic potential are adhesins like BabA,
SabA, pylori AlpA, AlpB and HopZ that mediate binding to gastric
epithelial cells, an essential initial step in colonization.
The blood group antigen binding adhesin (BabA) is encoded
by the BabA2 gene, and shows increased association with
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Fig. 2 The major pathogenic markers of H. pylori and the delivery of the CagA gene into the epithelial cell through the T4SS and the intramolecular

interaction disrupting cellular signaling.
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duodenal ulcer (71-83%) and gastric cancer (83-85%) com-
pared to gastritis alone (22-59%).""">*%*” The outer inflam-
matory protein A (OipA) induces interleukin-8 secretion and
neutrophil infiltration.”” OipA is linked to higher inflammation
severity. The dupA gene stimulates IL-12 and is variably asso-
ciated with duodenal ulcers and reduced risk of gastric
cancer.”” Another biomarker gene is the H. pylori cholesterol-
a-glucosyltransferase (CGT) gene which is involved in the
synthesis of lipopolysaccharides of the cell wall. The CGT
catalyzes the conversion of membrane cholesterol to cholesteryl
glucosidases which are incorporated in the cell wall enabling
the bacteria to evade phagocytosis by the immune cells.*” The
catalase enzyme is also secreted and plays a role in protecting
the bacteria against oxidative damage by breaking down
harmful reactive oxygen species. Superoxide dismutase and
alkyl hydroperoxide reductase further enhance resistance to
oxygen radicals.”” The arginase enzyme is also secreted and
allows H. pylori to compete with host cells for r-arginine,
thereby impairing T-cell function.*” Other emerging biomarkers
include iceA alleles, homologues of the helicobacter outer
membrane PorD protein, and fur mutations which are postulated
to enhance H. pylori virulence but require more confirmatory
studies.*®*® Host genetic factors like IL-1B polymorphisms com-
bined with specific bacterial alleles are also increasingly investi-
gated as joint biomarkers.*® Many studies have provided insights
into the molecular mechanisms underlying the actions of these
virulence factors and their potential as diagnostic and therapeutic
targets for H. pylori-associated diseases. Recent investigations
have revealed that a strategic combination of biomarkers signifi-
cantly enhances the diagnostic precision for H. pylori-associated
gastric and duodenal cancers. By employing isobaric tag for
relative and absolute quantitation, researchers have analyzed
protein expression levels in patients infected with H. pylori. The
optimized integration of virulence factors OipA, BabA, and SabA
achieved a predictive accuracy of 77.3% in differentiating between
gastric cancer and duodenal ulcer patients.*® This combination
not only improves diagnostic precision but also suggests that a
protein microarray incorporating these antigens could facilitate
rapid and efficient diagnosis of H. pylori-related gastric cancer.
Moreover, the incorporation of these biomarkers with advanced
technologies such as 2D nanomaterials underscores their
potential in developing rapid diagnostic sensors that enable early
detection and timely intervention.

3. Integration of 2D nanoparticles in
biosensors for detection of H. pylori

3.1. Properties and synthesis of 2D nanoparticles

Nanomaterials such as graphene, graphene oxide, hexagonal
boron nitride, transition metal dichalcogenides (TMDs),
MXenes, layered double hydroxides, transition metal oxides,
and black phosphorus have emerged as promising 2D nano-
materials for biosensing platforms. This is attributed to their
exotic structural, electrical, optical, and catalytic properties
originating from the quantum confinement in 2D layers with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For instance, graphene exhi-
bits exceptionally high electron mobility, mechanical strength,
specific surface area and thermal conductivity. Its large surface
area allows for efficient immobilization of biomolecules, such
as antibodies or DNA probes, enhancing the sensitivity and
specificity of biosensors. Moreover, the high conductivity of
graphene enables rapid electron transfer, resulting in fast and
accurate detection of analytes. Recent literature has demon-
strated the integration of graphene-based biosensors for the
detection of various biomarkers, including proteins, nucleic
acids, and pathogens. For example, graphene-based biosensors
have been utilized for the detection of cancer biomarkers, infec-
tious diseases, and environmental pollutants, offering sensitive
and selective detection platforms for diagnostic purposes.®’
The smart health watch “GF1” is one such graphene-based
commercially available product launched by Wuxi Graphene Film
(a subordinate of The Sixth Elements Materials). Chemical vapor
deposited graphene film acts as a touch screen conductive
element in lieu of commonly used indium tin oxide glass. GF1
is a smart health monitoring watch that provides a detailed health
index and scrutinizes the dynamic electrocardiogram, heart rate,
temperature, and blood pressure, apart from tracking the
calories burned during physical workouts.>® The integration of
molybdenum disulfide (MoS,) in biosensors allows for enhanced
sensitivity and selectivity, as well as improved stability and
biocompatibility. Studies have highlighted the potential of
MoS,-based biosensors for point-of-care diagnostics, environmen-
tal monitoring, and biomedical research. For instance, MoS,-
based biosensors have been utilized to detect glucose, cholesterol,
and other metabolites in clinical samples, offering rapid and
accurate measurements for disease diagnosis and management.”®
MXenes containing hydroxyl or fluoride terminations readily
adsorb biomolecules electrostatically. Layered black phosphorus
demonstrates superior anisotropic electrical properties, chemical
inertness, thermal stability, and a wide bandgap optimal for field-
effect biosensing. Such unique characteristics make 2D nano-
materials extremely attractive for fabricating electrochemical,
optical, piezoelectric or field-effect biosensors with high sensitivity
and selectivity.

2D nanoparticles are generally synthesized through three
broad approaches - top-down approaches, bottom-up synthesis,
and hybrid methods.>*** The top-down approach involves
splitting bulk crystals into nanosheets using mechanical or
liquid phase exfoliation. Mechanical exfoliation repeatedly peels
off layers using adhesive tape but has very low yield. Liquid
exfoliation uses ultrasonication or chemical intercalation in
solvents like N-methyl-2-pyrrolidone (NMP) to produce disper-
sions of 2D flakes. This is simple and scalable but can damage
sheets and provide limited control over thickness. The bottom-
up synthesis builds 2D layers atom-by-atom via chemical vapor
deposition, solvothermal synthesis, or self-assembly. While high-
quality sheets are produced, these methods require high tem-
peratures and complex setups.’® > Hybrid techniques combine
top-down and bottom-up methods by exfoliating bulk crystals
and then using the nanosheets as 2D templates for further
synthesis through chemical vapor deposition (CVD) or atomic
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layer deposition. Each approach yields nanomaterials suited for
particular biosensing modalities. For instance, liquid exfoliated
graphene oxide (GO) with its abundant surface oxygen groups
has been widely used to develop electrochemical immunosen-
sors and fluorescent DNA biosensors for diagnostic purposes.®®
CVD-synthesized MoS, nanosheets are integrated in field-effect
transistors due to their semiconductor properties. Mechanically
exfoliated boron nitride nanosheets are ideal for surface-
enhanced Raman spectroscopy based detection. Thus, based
on the desired transduction mechanism, suitable 2D nanoma-
terials can be synthesized using an optimal technique and
integrated to develop highly efficient biosensors for clinical
applications and diagnosis of H. pylori infection.

3.2. Surface functionalization of 2D nanoparticles for
biosensing applications

Efficient functionalization and modification facilitate immobili-
zation of biorecognition elements and improve interaction with
target analytes. The utilization of 2D nanomaterials in biosen-
sing applications transcends conventional detection methods,
encompassing capabilities for real-time monitoring and point-
of-care diagnostics. The high surface area and ease of functio-
nalization of these nanomaterials significantly enhance their
performance in dynamic biological environments, making
them particularly suitable for continuous health monitoring
applications.®' This adaptability allows for the development of
biosensors that can operate effectively in complex biological
matrices, thereby improving diagnostic accuracy and reliability.
The clinical implications of employing functionalized 2D nano-
particles in biosensing are substantial, as they have the potential
to revolutionize diagnostic practices. By facilitating early detec-
tion of diseases through enhanced sensitivity and specificity,
these advanced biosensors can lead to improved patient
outcomes.®>** Moreover, the integration of 2D nanomaterials
into biosensing platforms supports the implementation of per-
sonalized healthcare solutions, enabling clinicians to tailor
treatments based on individual patient profiles.

Two main common approaches for functionalizing 2D nano-
particles involve covalent and non-covalent strategies.®**® Cova-
lent approaches involve covalent attachment of biomolecules,
such as antibodies, aptamers, or DNA probes, onto the nanopar-
ticle surface forming stable bonds between surface groups like
-COOH, -NH,, and -OH and biomolecules via crosslinkers,
providing precise control over orientation and conformation.
Non-covalent methods utilize electrostatic, n—m stacking or hydro-
phobic interactions for bioconjugation. These are simpler, pre-
serve nanomaterial properties better but provide less control over
binding. For example, graphene oxide contains abundant surface
carboxyl and hydroxyl groups amenable to covalent tethering of
enzymes, antibodies or aptamers using EDC/NHS chemistry.®”
TMD nanosheets can be functionalized by silanization of surface
—-OH groups, allowing covalent protein attachment. MXenes
with -OH, -O and -F terminations readily adsorb biomolecules
non-covalently through electrostatic and hydrogen bonding.
Proper bioconjugation and blockage of unused sites is vital for
optimal biorecognition while minimizing non-specific binding.
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The literature has shown that suitable chemical or physical
functionalization facilitates the immobilization of bioreceptors
on 2D surfaces and enables specific, oriented binding of analytes
in biosensing applications.®®

In addition to biomolecule functionalization, surface engi-
neering strategies have been employed to modify the properties
of 2D nanoparticles for biosensing applications. One such
strategy involves modifying the surfaces of 2D nanoparticles
with metal nanoparticles, such as gold nanoparticles (AuNPs)
or silver nanoparticles (AgNPs), to enhance their sensing cap-
abilities. Metal-decorated 2D nanoparticles exhibit localized
surface plasmon resonance (LSPR) effects, which can amplify
the signal response upon target binding, leading to improved
detection sensitivity.”* For instance, AuNP-modified graphene-
based biosensors have been developed for the ultrasensitive
detection of SARS-CoV-2 antigens in clinical samples.”* Another
surface modification approach involves the introduction of
defect sites or functional groups onto the nanoparticle surface
to create specific binding sites for target molecules. Functio-
nalized defect-engineered graphene has been used to selectively
capture DNA sequences in biological samples, enabling the
rapid and sensitive detection of the infectious pathogens in
clinical samples.”* The graphene biosensor based on a field-
effect transistor (FET) architecture, functionalized by phage tail
spike proteins (TSPs), has been shown to accurately detect
pathogens such as E. coli at the single bacterium level.”>”®
Additionally, a DNA-functionalized graphene FET has been
proposed for the quantitation of proteins, utilizing the ability
of DNA hybridization to amplify the detection signal.””
Graphene nanosheets modified on a glassy carbon electrode
have demonstrated enhanced electron transfer ability and
interface adsorption capacity, leading to improved sensitivity
in the detection of rutin, nitrofurazone and linagliptin.”®”°
Furthermore, an armchair graphene nanoribbon (AGNR) inter-
connected between gold electrodes has been investigated as a
detector of DNA hybridization, showing high sensitivity and
accuracy in detecting changes in electrical properties upon
functionalization with probe and target DNA.?*®" These surface
engineering strategies offer versatile means of tailoring the
properties of 2D nanoparticles for biosensing applications,
allowing for the development of highly sensitive and selective
biosensors for analyte detection.

Another approach involves the incorporation of 2D nano-
particles in microfluidic systems, where target molecules are
selectively captured and concentrated within microfluidic chan-
nels, enabling sensitive and rapid detection. Microfluidic biosen-
sors based on MoS, have been developed for the immune
detection of Toxoplasma gondii in serum, offering a portable
and point-of-care diagnostic platform.*” The biosensor showed a
detection range of 1 pg mL ' to 10 ng mL " for T. gondii
monoclonal antibody solutions with a sensitivity of 3.358 nm/
log (mg mL™"). The biosensor demonstrated excellent specificity
and clinical characteristics when tested with rabies virus, pseu-
dorabies virus, and T. gondii serum, indicating its potential for
biomedical applications.®” Integration of biosensing platforms
leverages the unique properties of 2D nanoparticles to achieve
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sensitive, selective, and rapid detection of infectious pathogens
such as H. pylori biomarkers, paving the way for the development
of next-generation POC diagnostic devices for the early diagnosis
and monitoring of H. pylori-related diseases.

3.3. Biosensing platforms for H. pylori detection

Biosensors are qualitative and semiquantitative analytical
devices that translate a biological recognition reaction into a
measurable signal. They integrate biological components like
enzymes, antibodies, nucleic acid, and cells with a physico-
chemical transducer.®® Upon interaction with the analyte, the
biorecognition element undergoes a specific biochemical reac-
tion, leading to a change in the physicochemical properties of
the transducer, which is then converted into an electrical,
optical, or mechanical signal. This signal is subsequently
amplified, processed, and displayed by a readout system,
allowing for the quantitative analysis of the target analyte.
These features have revolutionized biosensors as the point-of-
care detection technique for various infections by offering
rapid, sensitive, and specific diagnostic capabilities. The devel-
opment of advanced biosensing platforms for the detection of
H. pylori infection represents a crucial bridge between scientific
innovation and clinical practice. Multiplexing capabilities of
these platforms significantly enhance diagnostic precision by
allowing simultaneous detection of multiple biomarkers, offer-
ing a more detailed analysis of a patient’s condition.*® This
approach facilitates the development of personalized therapeu-
tic strategies tailored to individual biomarker profiles. Clini-
cally, these biosensing technologies hold promise for delivering
rapid and highly reliable diagnostics, leading to more effective
patient management and improved health outcomes.®*™%¢
Furthermore, their adaptability for point-of-care use positions
these biosensors as invaluable tools in resource-constrained
environments where conventional diagnostic infrastructure
may be unavailable.>*%’

Recent studies revealed that several electrochemical, optical,
field-effect transistor and piezoelectric biosensors have been
developed for point-of-care detection of H. pylori infection.
Immunosensors utilizing H. pylori antibodies as biorecognition
elements are integrated into formats like enzyme-linked immu-
nosorbent assay (ELISA), chemiluminescence, and fluorescence
platforms. DNA biosensors incorporating sSDNA probes com-
plementary to H. pylori 16S rRNA or 23S rRNA provide rapid
hybridization-based analysis. Aptasensors using synthetic apta-
mers selected against H. pylori whole cells or specific antigens
offer high selectivity. Emerging 2D nanomaterials have signifi-
cantly improved the performance of biosensors for H. pylori
detection. Recent literature has evaluated the performance of
different biosensor systems in terms of sensitivity, specificity,
selectivity, and limit of detection. These 2D nanoparticle-based
biosensors demonstrated high selectivity, good stability, repro-
ducibility, and cost-effectiveness for early detection of H.
pylori.®7°> These biosensors offer superior performance com-
pared to conventional methods such as enzyme-linked immu-
nosorbent assay (ELISA) and polymerase chain reaction (PCR),
which typically have higher LODs and longer assay times.
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Table 2 shows a comparison of performance parameters among
2D nanoparticle-based biosensors, biosensors with other nano-
materials, and conventional diagnosis methods. 2D nano-
particles have been integrated into optical, colorimetric and
electrochemical biosensing platforms as well as field-effect
transistors and piezoelectric sensors due to their unique prop-
erties and ease of functionalization.>”*>#%°® The integration of
2D nanoparticles into these sensing platforms has further
advanced their detection capabilities by enhancing sensitivity,
specificity, and selectivity.

3.3.1. Electrochemical-based biosensors. Electrochemical
biosensors have emerged as promising tools for the rapid,
accurate, and timely detection of H. pylori infection. Research-
ers have been actively exploring various approaches to improve
the sensitivity, specificity, and convenience of electrochemical
biosensors for H. pylori diagnosis. Electrochemical biosensors
provide an attractive means to analyze the content of a biological
sample due to the direct conversion of a biological event to an
electronic signal. The signal transduction and the general perfor-
mance of electrochemical sensors are often determined by the
surface architectures that connect the sensing element to the
biological sample at the nanometer scale. The most common
surface modification techniques, the various electrochemical
transduction mechanisms, and the choice of the recognition
receptor molecules all influence the ultimate sensitivity of the
sensor.”® Fig. 3 describes the basic principle and working mecha-
nism of the electrochemical biosensors for H. pylori detection. To
improve the functionality and stability of these sensors, research-
ers have developed a method of integrating 2D nanoparticles
enabling the reliability of these sensors for use in biomedical
applications. Jaradat et al. developed an electrochemical immu-
nosensor for detecting the HopQ protein, a biomarker present in
saliva samples for the detection of H. pylori.*” Consequently, this
immunosensor exhibited high sensitivity and excellent linearity
within the range of 10 pg mL ™" to 100 ng mL ™", with a remarkably
low limit of detection of 10 pg mL~". Moreover, it demonstrated
desirable characteristics such as good stability, reproducibility,
and cost-effectiveness, rendering it a promising tool for early
detection of H. pylori.*

In a recent study, Mirzaei et al. introduced a novel Hsp60
biosensor with enhanced sensitivity and selectivity, developed
using a nanocomposite with an aptamer-recognition surface
for enhancing H. pylori detection.'*® The biosensor was con-
structed by modifying a glassy carbon electrode with a nano-
composite composed of carbon quantum dots, gold
nanoparticles, and polythiophene. The integration of these
materials provided the biosensor with high stability, a large
surface area, excellent electrical conductivity, and compatibility
with biological systems. Electrochemical techniques, including
square wave voltammetry (SWV) and electrochemical impe-
dance spectroscopy (EIS), were used to detect the interaction
of Hsp60 with immobilized aptamers, resulting in a decrease in
peak current and increased resistance. The aptasensor demon-
strated a detection limit of 7.38 nM and a linear detection range
of 0.01 to 0.25 pM.™° It also exhibited high reproducibility,
selectivity, rapid response, and stability for detecting H. pylori,
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Fig. 3 Electrochemical biosensors for H. pylori detection. When the target interacts with the immobilized bioreceptors, they cause biochemical
reactions which are converted into measurable electrical signals, enabling the detection and quantification of the target.

highlighting its potential for biomedical, bioengineering, and
clinical applications.

Saxena et al. conducted research on a molecularly imprinted
polymer (MIP)-based electrochemical biosensor to detect the
VacA antigen.®® This was achieved by polymerizing the template
VacA antigen on a paper electrode. Notably, the VacA antigen
utilized MIP coated on a silicon dioxide (SiO,) substrate inte-
grated into a screen-printed paper electrode (SPPE) platform
(VacA-MIP/SiO,/SPPE sensor) exhibited exceptional sensitivity
(0.304 mA ng' mL™") and an exceptionally low limit of detec-
tion (0.01 ng mL ") within a linear range of 0.01-100 ng mL~".%°
Furthermore, the sensor demonstrated successful determination
of the VacA antigen in the presence of various potential inter-
ferents, thereby underscoring its robustness and specificity. In
another study, a nanohybrid-based immunosensor was devel-
oped to detect the H. pylori BabA antigen. This biosensor utilized
an electrode loaded with palladium nanoparticles (Pd) through
electrodeposition to create rGO and poly(3,4-ethylenedioxy-
thiophene) (PEDOT). This nanohybrid platform enhanced the
surface area and electroconductivity for the immobilization of
antibodies and the BabA antigen.®® The immunosensor demon-
strated the capability to detect H. pylori antigens in a linear
range of 0.2-20 ng mL ' with an LOD of 0.2 ng mL "
Computational simulations confirmed stable antigen-antibody
interactions, emphasizing the sensor’s functionality in the
electrochemical detection of H. pylori. This immunosensor
exhibited high specificity, sensitivity, and reproducibility,

126 | Mater. Adv, 2025, 6, 117-142

making it a promising tool for accurate detection of the H.
pylori BabA antigen.

Furthermore, a label-free electrochemical immunosensor
was fabricated for rapid detection of H. pylori. This sensor
was based on the combination of titanium oxide, carboxylated
multi-walled carbon nanotubes, and polyindole carboxylic
acid composites.'”” The sensor demonstrated an LOD of
0.1 ng mL™" in a dynamic linear range of 0.1-8.0 ng mL™,
having high sensitivity and selectivity. The study involved
testing for H. pylori detection in five human stool specimens,
showing good results with suitable accuracy.'*”"**® The analysis
of these studies highlights the potential of electrochemical
biosensors for rapid, accurate, and timely detection of H. pylori
infection. The rapid and accurate detection of H. pylori infec-
tion facilitated by these electrochemical biosensors has led to
timely therapeutic interventions, ultimately improving patient
outcomes and reducing the risk of associated complications.
In another study, a titanium carbide (Ti;C,T,) MXene-based
electrochemical biosensor was developed for the detection
of antibodies in serum samples. The biosensor exhibited higher
sensitivity with an LOD of 0.1 ng mL ™" and better selectivity
compared to conventional serological tests like ELISA.”
The superior performance was attributed to the exceptional
conductivity, high bandgap, large surface area, and tunable
surface chemistry of Tiz;C,T, MXene, enabling efficient anti-
body immobilization and signal transduction. Furthermore,
an immunosensor was developed for CagA antigen detection.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The gold electrode was subsequently modified by platinum
nanoparticles, poly(3,4-ethylenedioxythiophene) (PEDOT), and
reduced graphene oxide (rGO) for immobilization of the CagA
antigen on this electrode. The fabricated device was used
for immunosensing through interaction between antigen and
antibodies present in serum samples. The linear range of the
biosensor was calculated as 0.1 ng mL™" to 30 ng mL™' and LOD
as 0.1 ng mL %

Similar to immuno-based biosensors, researchers have
developed nucleic acid based sensors, such as DNA or aptamer
based biosensors, to detect H. pylori. For example, the DNA-
based sensors rely on the hybridization of the single-stranded
DNA probe with its complementary DNA target sequence. These
DNA-based biosensing platforms are advantageous due to their
high chemical stability and ease of modification, and have
attracted the focus of many researchers developing biosensors
aimed at detecting H. pylori."*® The ability to tailor the DNA
probes and transduce hybridization events into measurable
outputs has led to widespread exploration of DNA biosensors
for detection of H. pylori. Hajihosseini et al. developed a
sensitive electrochemical DNA biosensor for detecting H. pylori
utilizing a single-stranded DNA probe immobilized on a gra-
phene oxide/gold (GO/Au) nanocomposite modified glassy car-
bon electrode. The biosensor demonstrated a linear range of
60 pM to 600 pM with an LOD of 27 pM to detect H. pylori.">°

del Pozo et al employed a surface-based approach to
study DNA-based electrochemical interactions with redox-active
osmium complexes containing 1,10-phenanthroline-5,6-dione
ligands. In this approach, gold electrodes were functionalized
with DNA probes and osmium reporter molecules like
[Os(bpy)2(phen-dione)]3*/2* enabling accumulation within the
DNA layer. Voltammetric charge quantified the bound osmium
complexes, exploiting the phen-dione quinone’s low-potential
redox activity for electrochemical DNA sensing. A single-stranded
H. pylori DNA probe was linked with thiol and immobilized on
gold, and hybridization with its complement allowed osmium
accumulation within the dsDNA. The platform enabled quanti-
fication of H. pylori sequences ranging from 5 to 20 pM, with a
detection limit of 6 pM."™" In another study, Asadzadeh-
Firouzabadi et al. demonstrated a novel electrochemical DNA
hybridization biosensor with a signal range from 20.0 to 410.0
nM for H. pylori complementary DNA, achieving a detection limit
of 7.2 nM. This sensing platform utilized chlorogenic acid (CGA)
as the electroactive indicator. The detection mechanism of the
sensor relied on interaction of CGA with an immobilized 18-mer
H. pylori alkanethiol DNA probe and its hybridized form on a
self-assembled gold electrode.®*

In addition to DNA, researchers employ small oligonucleo-
tides known as aptamers for creating nucleic acid-based elec-
trochemical biosensors. These aptamers exhibit exceptional
binding affinity for their targets; they are selected from rando-
mized libraries and are capable of recognizing and binding to
particular protein regions with high specificity. For example,
Yadav and colleagues developed an aptasensor by utilizing
graphitic carbon nitride (g-C;N,) with 3-(aminopropyl)triethoxysi-
lane (APTES). H. pylori CagA-specific aptamers were covalently

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conjugated to the modified electrode enabling the detection
of CagA with 1.98 pA ng mL™' em™' sensitivity and 0.1-
160 ng mL ™' linear range. The aptasensor demonstrated an
LOD of 0.017 ng mL". In this study, the aptasensor developed
exhibited exceptional specificity toward the H. pylori CagA toxin,
enabling highly stable gastric cancer detection for point-of-care
applications.'*”

3.3.2. Optical-based biosensors. Recent advancements in
optical biosensors have significantly enhanced the detection of
infections by offering high sensitivity, rapid response times, and
multiplexed detection capabilities. One notable advancement
is the development of plasmonic biosensors, which leverage
the unique optical properties of plasmonic nanostructures to
detect biomolecular interactions with exquisite sensitivity."*” For
example, surface plasmon resonance (SPR) biosensors utilize the
evanescent field generated by the interaction of light with a metal-
dielectric interface to monitor changes in the refractive index upon
biomolecular binding."*” Recent studies have demonstrated
the application of SPR biosensors for the detection of various
infectious agents, including bacteria, viruses, and parasites,
by immobilizing specific capture molecules, such as antibodies
or aptamers, onto the sensor surface (Fig. 4). These plasmonic
biosensors offer label-free detection, real-time monitoring, and
high-throughput capabilities, making them invaluable tools for
infectious disease diagnosis and surveillance.

In addition to plasmonic biosensors, advancements in
photonic and photonic crystal biosensors have enabled highly
sensitive and selective detection of infections. Photonic biosen-
sors exploit the principles of light propagation and modulation
within photonic structures, such as waveguides, resonators,
and gratings, to detect changes in the refractive index or optical
properties induced by biomolecular interactions. For instance,
photonic crystal biosensors utilize periodic nanostructures
with tailored optical properties to achieve enhanced sensitivity
and specificity in detecting infectious agents.**” Studies have
demonstrated the application of photonic crystal biosensors for
the label-free detection of bacteria, viruses, and toxins in
clinical samples, offering advantages such as rapid analysis,
low sample consumption, and compatibility with microfluidic
systems. These photonic biosensors hold promise for point-of-
care diagnostics, environmental monitoring, and biosecurity
applications, facilitating early detection and containment of
infectious diseases.

Furthermore, the integration of advanced materials, such as
graphene, quantum dots, and metal nanoparticles, into optical
biosensors has led to significant improvements in sensitivity,
signal amplification, and multiplexed detection capabilities.
Graphene-based biosensors, for example, offer unique optical
and electrical properties that enable highly sensitive detection
of biomolecular interactions.'>® Similarly, quantum dot-based
biosensors utilize semiconductor nanoparticles with tunable
optical properties to achieve ultrasensitive detection of bio-
molecules. In a study, a FRET (fluorescence resonance energy
transfer) based biosensor was developed for sensitive determi-
nation of H. pylori. Two types of oligonucleotide probes were
labeled with cadmium telluride (CdTe) QDs (the donor) and
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5-carboxytetramethylrhodamine (the acceptor) respectively. Fol-
lowing the donor’s photoexcitation, the donor and acceptor’s
proximity is used to measure FRET. The probes were not able to
bind in the absence of target analytes and, subsequently, there
was no emission. The fabricated biosensor was simple, rapid,
and highly efficient for the detection of homogeneous DNA.">*
Israa et al. developed an optical biosensor based on a multi-
mode no core fiber to determine the minimum inhibitory
concentrations (MICs) of antibiotics against H. pylori. In this
study, the biosensor used an inline Mach-Zehnder interferom-
eter to measure the bacteria in the BHI broth turbidity stabi-
lizer and compared the results with traditional methods."*® The
developed optical biosensor was presented as a facile, rapid,
and effective method for bacterial detection in comparison to
the conventional methods.

Shahrashoob et al. reported a novel optics-based biosensor
to detect a H. pylori urease-labeled probe. The probe was
immobilized on APTES-activated glass-bound gold nano-
particles. The hybridization between the probe and the target
analyte resulted in a decrease in the optical density corres-
ponding to the analyte concentration. This optics-based
approach achieved a remarkable limit of detection of 0.5 nM
for H. pylori.">® In a recent study, Rong et al. proposed a novel
optical biosensor utilizing porous silicon (PSi) nanomaterial
and photonic Tamm plasmon polariton (TPP) surface states to
detect H. pylori CagA. The findings of this study demonstrated
the biosensor’s high sensitivity of 100 pm (ng mL™")™", low
detection limit of 0.01 ng mL™", and excellent specificity with a
positive-to-negative ratio exceeding six. These promising per-
formance metrics suggest the potential of the TPP biosensor for
reliable diagnosis of H. pylori infection in both laboratory and
point-of-care testing settings.">®
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3.3.3. Colorimetric-based biosensors. 2D nanoparticle-
based colorimetric biosensors are valuable tools in the detec-
tion of diseases due to their simplicity, rapidity, and cost-
effectiveness. These biosensors rely on the principle of color
change to indicate the presence of target biomolecules asso-
ciated with the disease of interest. When the target bio-
molecules bind to the immobilized bioreceptors on the
nanoparticle surface, it induces aggregation or dispersion of
the nanoparticles, leading to a change in their optical proper-
ties, such as color or absorbance. This change can be easily
visualized with the naked eye or measured using simple spec-
trophotometric techniques, enabling qualitative or quantitative
detection of diseases.” Fig. 5 shows the main elements of
a colorimetric biosensor and the steps in the diagnosis of
H. pylori. Recent advancements in the field of 2D nanoparticle-
based colorimetric biosensors have significantly improved
their performance and applicability for the detection of H. pylori
infection. Recently, a colorimetric biosensor based on the
peroxidase-like activity of 2D nanomaterials which detects anti-
bodies in serum has been developed for infectious disease
detection. The Co;0, nanosheets used exhibited intrinsic
peroxidase-like activity, which catalyzed the oxidation of a color-
less substrate (3,3',5,5'-tetramethylbenzidine) in the presence of
hydrogen peroxide, resulting in a blue-colored product.’*® The
presence of specific antibodies in the sample induced a color
change due to the inhibition of the peroxidase-like activity of
Co;0,. This biosensor exhibited high sensitivity, with a detection
limit of 0.5 ng mL ', and excellent selectivity against other
interfering antibodies."”

Recently, Suaifan et al. conducted a study focusing on the
creation of a colorimetric nanomaterial-based paper biosensor
specifically designed for the detection of H. pylori using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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extracellular proteases as biomarkers."”® This innovative bio-
sensor employs a unique substrate that is functionalized with
magnetic nanobeads and integrated into a gold sensing plat-
form. The biosensor demonstrated a limit of detection (LOD) of
100 CFU mL™","° while also exhibiting notable selectivity and
stability. Furthermore, its efficacy in detecting H. pylori in
clinical specimens was evaluated, yielding promising results
regarding both sensitivity and specificity.

Fei et al. developed a colorimetric biosensing assay to detect
H. pylori in stool samples. The biosensing assay utilized oligo-
nucleotide probes impregnated with gold nanoparticles together
with aptamers specific for H. pylori.'®® The aggregation and
deaggregation helped to achieve the detection process with a
detection limit of 25 CFU mL™". This assay offers a promising
method for clinical field detection of H. pylori, as it is noninva-
sive and can be used for both qualitative and quantitative
detection. As research in this field continues to progress, we
can expect even more sensitive, selective, and user-friendly
colorimetric biosensors for the rapid and accurate detection of
H. pylori and other infectious diseases, ultimately contributing to
improved patient outcomes and public health management.

3.3.4. Field-effect transistor biosensors. Field effect tran-
sistor (FET) biosensors have been developed for the detection of
H. pylori. These biosensors utilize FET structures, such as
chemical FETs and ion-sensitive FETs, to detect the presence
of H. pylori by measuring changes in electrical current or pH
levels. The signal transduction interface between the electrode
surface and the biological sample is crucial in FET biosensors
because it captures target ions or biomolecules and converts

© 2025 The Author(s). Published by the Royal Society of Chemistry

their electrical characteristics and electrochemical reactions
into output signals.'®* The FET biosensors can be used in
various forms, including endoscopic tube-tip sensors and
solid-phase capillary-tube sensors. The endoscopic tube-tip
sensor allows for on-site detection of H. pylori by measuring
urease activity on the gastric wall using a pH-FET.'®' The solid-
phase capillary-tube sensor selectively captures H. pylori’s
urease in gastric mucus and measures its activity using a pH-
FET. These FET biosensors have shown promising results in
terms of sensitivity and specificity, with clinical evaluations
reporting sensitivity ranging from 89% to 100% and specificity
ranging from 86% to 98%."°"'%* Recently, a FET biosensor for
H. pylori detection based on a chemical field-effect transistor
was developed. The sensitivity of the developed device for
detecting H. pylori strains ranged from 2.1 kHz ppm ' to
3.4 kHz ppm™'."** The developed frequency transducer shows
promise for detecting H. pylori strains, with its high sensitivity
and ability to accurately determine gas concentration changes.

Researchers have also explored the integration of 2D
nanoparticle-based FET biosensors with microfluidic and lab-
on-chip devices to enhance their performance and facilitate
point-of-care (POC) diagnostics. A microfluidic chip-based
FET biosensor has been developed to quantify the presence of
pathogenic biomarkers.’®® These biosensors have been shown
to utilize complementary metal oxide or carbon semiconductor
as the channel material in the FET device, and specific bio-
markers such as H. pylori CagA or BabA can be immobilized on
its surface. The binding of biomarkers will induce a change in
the electrical properties of the metal oxide or carbon channel,
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resulting in a measurable change in the source-drain current
(Fig. 6). These integrated biosensors exhibit high sensitivity,
with a lower detection limit and they demonstrate excellent
performance in the analysis of clinical samples.’**'®* The
advancements in 2D nanoparticle-based FET biosensors offer
several advantages, including label-free detection, high sensi-
tivity, and the potential for real-time monitoring. As research in
this field continues to progress, we can expect even more
sensitive, selective, and user-friendly FET biosensors for the
rapid and accurate detection of H. pylori and other infectious
diseases, ultimately contributing to improved patient outcomes
and public health management.

3.3.5. Piezoelectric biosensors. Piezoelectric biosensors
have been proposed for the detection of H. pylori infection.
These biosensors involve the use of piezoelectric materials such
as zinc oxide and polyvinylidenefluoride (PVDF) as well as
electrode materials like aluminium, gold, and graphite.'*® The
biosensor designs are coated with a uniform layer of antibodies,
and simulations using COMSOL Multiphysics software are per-
formed to measure the voltages generated in the presence and
absence of an antigen.'®® When the target biomolecules bind to
the immobilized receptors on the nanoparticle surface, they
induce a mechanical strain or mass change in the piezoelectric
material, resulting in a change in its electrical properties, such as
frequency or impedance. This change can be quantified using
piezoelectric transducers, such as quartz crystal microbalances
(QCMs) or surface acoustic wave (SAW) devices, enabling sensi-
tive and real-time detection of diseases. The difference in
voltages produced can be used to detect the presence of
H. pylori. This approach offers a rapid and noninvasive method
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for the detection of H. pylori, which is important for ensuring the
health and safety of individuals."?*"®®

In a reported study, an enzymatically amplified piezoelectric
immunosensor was developed for the sensitive detection of anti-
bodies against the H. pylori pathogen. In this sensor, a sandwich
assay format on AT-cut quartz crystal resonators operating at 10
MHz frequency was employed. Recombinant H. pylori antigen
proteins were then immobilized onto the quartz crystal surface
serving as capture probes for the corresponding antibodies present
in patient serum samples. It was reported that the study employed
anti-human IgG secondary antibody probes specifically binding to
the human antibodies previously captured on the antigen-
modified surface, forming sandwiched immunocomplexes. This
secondary antibody binding event significantly improved the
positive-to-negative signal ratio, which was increased to 4.1-5.0.
Moreover, the horseradish peroxidase enzyme was conjugated with
anti-IgG probes to achieve an additional signal amplification. This
enzymatic amplification strategy resulted in a striking enhance-
ment of sensitivity, enabling reliable positive detection even in
serum samples diluted up to 1/100. Through this multi-pronged
approach, the piezoelectric immunosensor overcomes the obsta-
cles posed by low antibody levels in clinical specimens, paving the
way for efficient serological diagnosis of H. pylori infections.'*
Fig. 7 shows a piezoelectric immunosensor for the determination
of H. pylori and monoclonal Abs specific for H. pylori.

3.4. Design considerations for optimizing biosensor performance

The primary design goal for biosensors intended for the clinical
detection of H. pylori infections is to achieve high sensitivity,
specificity, selectivity, and reliability. Several interdependent
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Fig. 6 Carbon nanowire-based field-effect transistor biosensor for the detection of H. pylori. The binding of the analyte with biorecognition elements
will induce a change in the electrical properties of the carbon nanowire channel, resulting in a measurable change in the source—drain current.
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factors influence biosensor’s analytical performance and require
careful optimization during the design phase. One critical aspect
is the selection and immobilization of biorecognition elements
onto the biosensor surface.®#*® Optimizing the design of biosen-
sors for H. pylori detection plays a pivotal role in translating
scientific innovations into effective clinical outcomes. Emerging
research underscores the crucial role of choosing suitable trans-
ducers and bio-recognition elements, as these components
directly impact the sensitivity and specificity of the biosensors.
For example, surface plasmon resonance (SPR) biosensors have
exhibited exceptional sensitivity, capable of detecting H. pylori at
concentrations as low as 200 CFU mL™ ", being significantly more
sensitive compared to conventional diagnostic approaches like
the rapid urease test (RUT) that require much higher bacterial
concentrations to achieve reliable detection.'®®'®” For H. pylori
detection, antibodies, aptamers, and DNA probes specific to
H. pylori antigens or DNA sequences are commonly used as
biorecognition elements. Antibodies, though highly specific, can
suffer from batch-to-batch variability, instability and high costs.
Aptamers are increasingly preferred as robust, reusable synthetic
receptors but require stringent selection strategies.”*'®® DNA/PNA
probes enable excellent specificity but are unsuitable for detecting
proteins/whole cells.'® For instance, a recent study reported the
development of an ultrasensitive electrochemical aptasensor for
H. pylori detection. This sensor is based on surface modified
graphene oxide doped gold nanoparticles conjugated polythio-
phene. The linear behavior of the modified electrode against a
wide range of concentrations of H. Pylori, shows the reliability
of the developed biosensor, with a limit of detection (LOD) of
0.0080 pM for impedance and 0.0067 pM for square wave
voltammetry curves."'® The optimized immobilization strategy
of the aptamer on the polythiophene (PTP)modified electrode
resulted in enhanced sensitivity and stability of the biosensor,
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enabling the rapid and reliable detection of H. pylori antigens in
clinical samples."™* Surface chemistries utilized for bioconjuga-
tion also impact orientation, steric hindrance and bioactivity.

Furthermore, the choice of the transducer substrate influences
biosensor sensitivity. Electrochemical transducers, such as screen-
printed electrodes (SPEs) and field-effect transistors (FETs), are
commonly employed for H. pylori detection due to their high
sensitivity, low cost, and compatibility with miniaturized devices
for point-of-care testing. Recent advancements in signal amplifi-
cation techniques, such as enzymatic amplification, nanoparticle-
based amplification, and signal enhancement strategies, have
further improved the detection limits and dynamic range of
biosensors for H. pylori detection. For example, Chen et al
developed a MoS,-based biosensor for exosome detection, where
signal amplification was achieved through the use of horseradish
peroxidase (HRP)-exosome probes and the tetramethylbenzidine
(TMB) substrate, resulting in significantly enhanced sensitivity
and specificity compared to conventional methods.”

In addition, minimizing non-specific binding and matrix
interference from complex clinical samples is another critical
aspect in biosensor design. Immobilizing biorecognition ele-
ments in oriented configurations helps reduce steric hindrances.
Incorporating blocking agents like BSA, ethanolamine, and
pyrene layers prevents non-specific adsorption. Wang et al.
developed a 3D reduced graphene oxide-polypyrrole immuno-
sensor using aryldiazonium salt grafts to create antifouling
surfaces, enhancing specificity against interfering proteins.’>
2D nanomaterials can initially be more expensive than conven-
tional materials. However, these costs can decrease as mass
production and miniaturization become more feasible, leading
to potential economies of scale.'’ In addition, maintenance
costs for nanomaterial-based biosensors tend to be lower than
for traditional equipment, as they are typically more robust,
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Fig. 7 Schematic diagram showing the mechanism of the piezoelectric immunosensor for the detection of H. pylori from human serum samples.
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portable, and easier to use, particularly in resource-limited set-
tings. Surface functionalization with zwitterionic polymers like
poly(carboxybetaine) creates highly antifouling yet biocompatible
biosensor interfaces.”® Other antifouling materials include poly-
ethylene glycol, dextran, and polyoxazoline.”® The use of these
materials increases the upfront costs associated with developing
the biosensors. Advanced designs employing microfluidic, paper-
based, and lab-on-chip devices will minimize sample volumes,
improve reaction kinetics and enable instrument-free operation. A
recent 3D-printed microfluidic electrochemical cytosensor
detected cancer cells directly from gastric biopsy specimens with-
out complex labeling.”* Similarly, a low-cost paper-based vertical
flow assay incorporated antibody-conjugated carbon nanotubes
for visual immunoassay.'*> Smart design strategies like these that
synergistically optimize biorecognition elements, transducers,
surface chemistry and device architecture are key to realizing
high-performance biosensors. These designs can be integrated for
robust H. pylori diagnosis at the point-of-care.

3.5. Industrial and commercialization viability of 2D
nanomaterial-based biosensors

The industrialization potential and commercial viability of 2D
nanomaterial-based biosensors for H. pylori detection are signifi-
cant, especially given the growing demand for rapid, sensitive, and
cost-efficient diagnostic tools in healthcare. The use of 2D nano-
materials in biosensors can dramatically lower the detection limits
for H. pylori, which is essential for early diagnosis and treatment of
gastrointestinal disorders.”*>">" A nanohybrid-based immunosen-
sor was developed for the detection of the H. pylori BabA antigen.®
The reduced graphene oxide/poly(3,4-ethylenedioxythiophene)
immunosensor developed demonstrated a strong ability to
detect H. pylori antigens over a linear detection range of 0.2 to
20 ng mL ™", with a low limit of detection of 0.2 ng mL™".** This
sensitivity highlights its potential for industrial and commerciali-
zation purposes enhancing accurate and prompt diagnosis of H.
pylori-related infections. Additionally, the simplicity and afford-
ability of electrochemical biosensors made with 2D materials
make them attractive alternatives to conventional diagnostic
methods, which are often complicated and require specialized
skills.”?>"?*® Zhang et al. introduced a novel glucose sensor
utilizing enzyme-modified whole-graphene solution-gated transis-
tors (SGGTs).'”! The sensor operates through the detection of
hydrogen peroxide (H,0,) produced during glucose oxidation,
which occurs near the gate. This innovative biosensor achieves
detection limits below 0.5 uM, demonstrating excellent selectivity
for non-invasive glucose monitoring in bodily fluids."”* The trans-
conductance of these devices is significantly higher - by two orders
of magnitude - compared to that of traditional silicon field-effect
transistors, which is a critical factor for their heightened
sensitivity.”>'*>'”* Additionally, the fabrication process is straight-
forward and cost-effective, enhancing commercialization potential
for practical application in biosensing technologies.
Point-of-care testing is gaining traction in healthcare set-
tings, particularly in under-resourced areas, due to its portable
and user-friendly nature, which allows for immediate results.
This trend is bolstered by investments from governments and
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health organizations aimed at advancing disease detection and
management technologies, thereby expanding the biosensor
market. The biosensor sector is projected to grow significantly,
with estimates suggesting a market size of USD 24.12 billion in
2024, potentially reaching USD 36.55 billion by 2029, and
reflecting a compound annual growth rate (CAGR) of 8.67%
during this period.'””> The rise in chronic diseases, including
peptic ulcers, diabetes, and cancer, underscores the necessity for
continuous monitoring of H. pylori infection, blood glucose
levels, and cancer cell proliferation.”®"*”'”® This demand drives
the development of implantable and wearable biosensors cap-
able of providing accurate real-time monitoring. Specifically, the
need for reliable biosensors for H. pylori detection is critical, as
early diagnosis and ongoing management of gastritis are vital for
preventing severe complications associated with the infection.

The widespread commercialization and adoption of 2D
nanomaterial-based biosensors face challenges, including the
lack of standardized safety and efficacy guidelines for nanoma-
terials, which complicates market entry due to the demands of
the regulatory bodies for comprehensive risk assessments.***>*
Although 2D nanomaterials enhance sensor performance, their
synthesis and integration can be costly, limiting accessibility,
particularly in resource-limited settings. To ensure practical
applications, issues such as the long-term stability, biocompat-
ibility, and consistent performance of nanomaterials must be
addressed. Furthermore, the competitive biosensor market
requires new entrants to demonstrate clear advantages over
existing technologies to gain traction and secure a foothold in
the industry.

4. Challenges and future perspectives

4.1. Challenges in fabrication, integration and
biocompatibility

The integration of 2D nanoparticles in biosensors for the
detection of H. pylori and other infectious diseases has shown
promising results, but it is not without challenges. Different
studies have shown that researchers encounter notable
challenges during the fabrication and integration processes.
The controlled synthesis and functionalization of 2D nano-
particles is one of the significant challenges that nanosensing
technology is facing. These nanomaterials often exhibit diverse
physical and chemical properties which make it difficult to
achieve consistent and reproducible characteristics. For
instance, the fabrication of GO and MoS, nanosheets in bio-
sensors displayed varying degrees of oxidation, defect density,
and surface functional groups, which impacted their inter-
action with biorecognition elements and target analytes."”*"”
This means that multi-step oxidation processes are required to
improve the reproducibility and performance of the biosensor
with such nanomaterials. Studies have shown that the integra-
tion of 2D nanoparticles into some biosensing platforms often
requires complex fabrication processes and specialized equip-
ment. Savannah et al. investigated the development of a
graphene-field effect biosensor to enable real-time, quantitative
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detection of the Zika virus.'”®

The use of graphene nanosheets
offered advantages such as high surface area and excellent
biocompatibility, but challenges arose concerning the reprodu-
cibility of the fabrication process and the optimization of
graphene nanosheet dispersion in the biosensor.

Another challenge lies in the effective immobilization and
orientation of biorecognition elements on the surface of 2D
nanoparticles. Improper immobilization can lead to reduced
binding affinity, steric hindrance, and decreased sensitivity of
the biosensor. The integration of MoS, nanosheets with a
specific DNA aptamer encountered challenges in achieving
optimal orientation and spacing of the aptamer on the MoS,
surface, which initially resulted in reduced target binding and
signal transduction.’”*"”® In addition to fabrication challenges,
the integration of 2D nanoparticles in biosensors for infectious
disease detection can be a challenge due to biocompatibility,
stability, and potential toxicity properties of the 2D nanomaterial
in question,'0%10%104114.130 Nanomaterials may interact with
biological systems in unexpected ways, potentially causing
adverse effects or interfering with the performance of the
biosensor. Extensive testing and optimization are required to
ensure the biosafety and long-term stability of these biosensor
systems, especially for in vivo applications.

In addition, biocompatibility presents a significant chal-
lenge in the development of 2D nanomaterial-based biosen-
sors, as these materials can elicit immune responses or exhibit
cytotoxic effects when in contact with biological systems. %'’
To address these concerns, one effective approach is to func-
tionalize nanomaterials with biocompatible polymers or
biomolecules, enhancing their compatibility with biological compo-
nents while reducing toxicity. Over the past years, polymer-based
biosensors have demonstrated success in detecting various analytes,
including glucose, proteases, and hydrogen peroxide."”® Recent
research has highlighted their application in the detection of
H. pylori. For instance, Saber Mirzaei et al. developed an ultrasensi-
tive electrochemical aptasensor utilizing surface-modified graphene
oxide combined with gold nanoparticles and conjugated polythio-
phene polymer for H. pylori detection."'® This innovative biosensor
exhibited impressive limits of detection, reaching 0.0080 puM for
impedance measurements and 0.0067 uM for square wave voltam-
metry (SWV). Surface modifications with biocompatible polymers
can protect nanomaterials from direct exposure, further enhancing
their safety in medical applications.

4.2. Challenges related to stability, reproducibility and
sensitivity

The stability and reproducibility of 2D nanoparticles in biosen-
sing platforms still remain a challenge. 2D nanomaterials often
exhibit high surface energy and reactivity, which makes them
susceptible to degradation or alteration over time. Investiga-
tions on the stability of graphene oxide nanosheets used in an
electrochemical biosensor found that the nanosheets under-
went structural changes and oxidation over time, leading to a
gradual decrease in the sensitivity and accuracy of the
biosensor."**'3%'7* In this study, the use of protective coatings
and encapsulation techniques enhanced the long-term stability

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

of the GO nanosheets, but these approaches added complexity
and cost to the fabrication process. Challenges with the repro-
ducibility of the physicochemical properties of 2D nano-
particles can significantly impact the performance and
reliability of biosensors. The reproducibility of biosensor fab-
rication using 2D nanoparticles is also hindered by variations
in material properties, synthesis methods, and environmental
factors.'>6129 130153160 Thig gionificantly affects the acceptability
and commercialization of biosensing technologies during epi-
demics. Additionally, the dispersion of 2D nanoparticles within
sensing matrices poses a significant challenge, as agglomeration
can compromise the performance of the biosensor and result in
unreliable detection outcomes.'’® The variations in the size,
thickness, and defect density of the MoS, nanosheets led to
inconsistencies in the sensitivity and selectivity of the biosensors
developed using such nanosheets. Exposure of 2D nanoparticle-
based biosensors to harsh environmental conditions such as
temperature fluctuations, humidity, and potential contaminants
can affect their performance and reliability and result in loss of
sensitivity over prolonged use. Some 2D nanoparticles exhibit high
magnetic properties which poses high chances of contamination
with other magnetic particles during exposure to the environment.
Several studies have highlighted that the instability of graphene-
based nanomaterials in physiological environments can lead to
degradation and loss of sensing functionality over time.'°*89783
Wu et al. investigated the stability of a surface-enhanced
Raman scattering (SERS) biosensor based on silver nano-
particles and found that the SERS biosensor exhibited a gradual
decrease in sensitivity and signal intensity when exposed to
high temperatures or humid conditions, potentially limiting its
practical applications in resource-limited settings or field-
based diagnostics.'®* Furthermore, different studies have noted
that unreliable or inconsistent performance due to stability,
scalability, and reproducibility related issues can lead to inac-
curate diagnoses, potentially compromising public health
efforts and undermining the confidence of healthcare profes-
sionals and regulatory authorities in these biosensing plat-
forms. The challenges together are multifaceted and require
concerted efforts from multidisciplinary teams to unlock the
full potential of these advanced biosensing platforms, enabling
rapid and accurate disease detection during epidemics and
enhancing public health preparedness on a global scale.

4.3. Strategies for improving biosensor performance

Recent advancements in biosensors for the detection of infec-
tious diseases, particularly targeting H. pylori, have seen a surge
in interest due to the pressing need for rapid and accurate
diagnostic tools. The optimization of biosensor performance
for the detection of H. pylori is essential for enhancing diagnos-
tic accuracy and clinical applicability. Recent studies have high-
lighted several strategies that can significantly improve
biosensor functionality, bridging scientific advancements with
real-world clinical implications.’”'®® Researchers have been
actively exploring strategies to enhance the performance of
biosensors, including surface functionalization, bioconjugation,
hybrid nanostructures, and nanocomposites. These approaches
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aim to improve sensitivity, selectivity, and integration with
microfluidic and lab-on-chip systems, ultimately enabling more
efficient and reliable H. pylori detection. Surface functionalization
and bioconjugation have emerged as powerful strategies to improve
biosensor performance. A number of studies have demonstrated
the promising potential of graphene oxide nanosheet-based elec-
trochemical biosensors in detecting specific bacterial strains with
high sensitivity and selectivity. Hajihosseini et al. developed bio-
sensors utilizing GO-based platforms that could sensitively and
selectively detect H. pylori. These biosensors demonstrated excep-
tional performance, with detection limits as low as 27.0 pM for
H. pylori.*® Additionally, Duan et al. demonstrated the potential of
a GO-based aptasensor for detecting Salmonella typhimurium, with
a detection limit of 100 CFU mL™"."® This aptamer-functionalized
GO biosensor exhibited remarkable stability and reusability, mak-
ing it a promising platform for point-of-care diagnostics.

Another strategy involves the development of hybrid nanos-
tructures and nanocomposites, which combine the unique
properties of different nanomaterials to create synergistic
effects. Saxena et al. reported the fabrication of an electroche-
mical immunosensor, which detected the VacA gene, on a gold
electrode decorated with graphitic carbon nitride/zinc oxide.'®
The g-C3N,/ZnO nanocomposite was functionalized with specific
antibodies, enabling selective capture and detection of anti-
H. pylori VacA antigens in patient serum samples. The combi-
nation of graphitic carbon nitride with zinc oxide enhanced
the performance of the biosensor which showed a sensitivity
of 0.3 pA ng”' mL™" in a linear detection range of 0.1 to
12.8 ng mL™".*"" Integrating biosensors with microfluidic
and lab-on-chip systems has also emerged as a promising
strategy for enhancing biosensor’s ability to detect H. pylori
and other infectious agents. These integrated systems offer
several advantages, including reduced sample and reagent
volumes, automated sample handling, and the potential
for multiplexed analysis. Yao Xie et al. demonstrated the devel-
opment of a microfluidic electrochemical biosensor for the
detection of gastric cancer biomarkers. In this study, an electro-
chemical microfluidic chip that combines multiple biomarkers,
including carbohydrate antigen 19-9 (CA19-9), H. pylori CagA
protein (H.P.), P53 oncoprotein (P53), pepsinogen I (PG I), and
PG-II, for the early detection of gastric cancer was developed.'®®
The developed sensor offered better sensitivity compared to
enzyme-linked immunosorbent assay results.

In addition, the development of robust encapsulation
or surface modification techniques to improve the stability
and durability of 2D nanoparticles in biosensors is a promising
strategy to improve biosensor performance. Studies have
demonstrated the use of a polymer-based encapsulation
method to enhance the long-term stability and reproducibility
of GO nanosheets in an electrochemical biosensor for the
detection of H. pylori antibodies.’*”****8” The encapsulated
GO nanosheets exhibited minimal degradation and consistent
performance over an extended period, offering a potential
solution for commercialization and widespread adoption.
Furthermore, the development of standardized protocols and
quality control measures for the synthesis, characterization,
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and integration of 2D nanoparticles in biosensors is crucial for
ensuring reproducibility and consistent performance. Colla-
borative efforts among research institutions, industry partners,
and regulatory bodies are essential to establish guidelines and
best practices for the fabrication and validation of these
biosensing platforms, facilitating their acceptability and com-
mercialization during epidemics.

4.4. Future directions and conclusions

The future of 2D nanoparticle-based biosensors for the detection of
H. pylori holds immense potential, driven by advancements in
multiplexed detection, point-of-care (POC) applications, integration
with wearable and implantable devices, CRISPR-Cas technology,
and the incorporation of machine learning (ML) and artificial
intelligence (AI) algorithms. One significant direction for future
research involves the development of multiplexed biosensors cap-
able of simultaneously detecting multiple biomarkers associated
with H. pylori infection. By incorporating a variety of recognition
elements, such as antibodies, aptamers, and DNA probes, into the
biosensor platform, researchers can enhance the specificity and
accuracy of detection while enabling comprehensive profiling of
the pathogen’s biomolecular signatures. For example, recent stu-
dies have demonstrated the feasibility of multiplexed detection
using arrays of functionalized graphene-based nanomaterials,
enabling the simultaneous detection of H. pylori antigens, DNA
sequences, and metabolic biomarkers."** " This multiplexed
approach not only streamlines diagnostic workflows but also
facilitates personalized treatment strategies tailored to individual
patient profiles, thereby improving clinical outcomes and reducing
healthcare costs associated with H. pylori-related diseases.
Furthermore, the integration of 2D nanoparticle-based bio-
sensors with POC devices represents a paradigm shift in biosen-
sing technology, enabling rapid and decentralized diagnosis of H.
pylori infection at the point of need. POC biosensors leverage
miniaturized and portable platforms, such as microfluidic chips
and smartphone-based devices, to enable real-time analysis of
clinical samples in resource-limited settings. For instance, recent
advancements in microfluidic-based biosensors have enabled the
development of compact and user-friendly POC devices for the
detection of pathogenic bacterial cells, antigens and DNA in
saliva, blood, and stool samples.'®®*°'92 These POC biosensors
offer significant advantages in terms of accessibility, affordability,
and scalability, making them invaluable tools for community-
based screening, outbreak surveillance, and remote monitoring of
H. pylori infection. In addition, wearable and implantable devices
integrated with biosensors hold promise for continuous and non-
invasive monitoring of H. pylori infection dynamics in real-time.
Wearable biosensors, such as smart patches and wearable bands,
can detect biomarkers associated with H. pylori infection from
bodily fluids, sweat, or breath, providing valuable insights into
disease progression and treatment response.'”® Implantable bio-
sensors, on the other hand, offer long-term monitoring capabil-
ities by interfacing directly with the host’'s physiological
environment, enabling early detection of H. pylori-related compli-
cations, such as gastric ulcers and gastric cancer.*"> These
integrated diagnostic strategies pave the way for personalized and
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preemptive healthcare interventions, ultimately improving patient
outcomes and reducing the burden of H. pylori-related diseases
on healthcare systems worldwide.

CRISPR-Cas technology also offers promising results for
biosensor-based disease diagnosis. This technology involves
precision in targeting specific DNA or RNA sequences which
enables highly sensitive and specific detection of pathogens or
genetic mutations associated with diseases.'*® A CRISPR/Cas12a-
assisted array has been developed for the analysis of H. pylori
DNA in saliva."”” This method utilizes the CRISPR/Cas12a sys-
tem to detect specific genes of H. pylori, such as the 16S rDNA,
CagA, and VacA genes.”>™”'®® The assay process can be per-
formed at a single temperature in about 30 minutes, making it
rapid and convenient. The sensitivity of the method is 2 copies
per L and the LOD is about 50 copies.'®® The CRISPR/Cas12a
system has been shown to have high specificity for target
recognition. The detection results can be displayed using lateral
flow strips, allowing for easy interpretation.’>'**%° This
method is simple and cost-effective, and can be widely applied
in various environments, including primary hospitals, commu-
nity clinics, and POC settings.

Moreover, the integration of ML and AI algorithms into 2D
nanoparticle-based biosensors promises to revolutionize dis-
ease diagnosis by enhancing the accuracy, speed, and reliability
of detection. ML algorithms leverage vast datasets of biosensor
measurements to learn complex patterns and relationships
between input signals and target analytes, enabling robust
and adaptive detection algorithms. For example, recent studies
have demonstrated the application of ML algorithms for data
analysis and pattern recognition in graphene-based biosensors
for disease detection, achieving high sensitivity and specificity
compared to traditional signal processing techniques.?®*°!
Furthermore, Al-based diagnosis holds potential in overcoming
major challenges faced by present biosensing technology, such
as sensor drift, background noise, and interferences from
complex biological matrices. Similarly, development of
advanced models such as the convolutional neural network
(CNN) model that could accurately classify the presence of
disease biomarkers will revolutionize the detection techniques
for H. pylori infections. By integrating ML and Al algorithms
into biosensor platforms, researchers can develop smart
diagnostic systems capable of real-time error correction, self-
calibration, and adaptive signal processing, thus improving the
reliability and reproducibility of H. pylori detection in diverse
clinical settings.>**> Additionally, the use of Al-based diagnosis
opens new avenues for predictive analytics, disease modeling,
and precision medicine, enabling proactive management of
H. pylori infection and its associated complications.

Beyond H. pylori detection, these future technologies hold
promise for addressing a wide range of healthcare challenges
such as other infectious pathogens, cancer biomarkers, envir-
onmental pollutants, chronic conditions, personalized medi-
cine, and biological warfare agents. For example, multiplexed
biosensors and POC devices can be adapted to detect other
infectious agents, such as bacteria, viruses (SARS-CoV-2 anti-
gens), and parasites, enabling rapid diagnosis and surveillance
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of emerging infectious diseases.'”*?**° Wearable and
implantable biosensors offer opportunities for continuous
monitoring of biomarkers associated with chronic conditions,
such as diabetes, cardiovascular disease, and cancer, enabling
early detection of disease progression and timely intervention.
Moreover, the integration of 2D nanomaterials with Al ampli-
fies the potential of telemedicine. Al-powered systems optimize
the release of therapeutic agents in drug delivery systems
and improve the precision of disease detection through data
analysis and modeling. Real-time data analysis allows for
personalized healthcare by analyzing individual patient data,
predicting disease risk, and optimizing treatment strategies based
on patient-specific profiles, enabling immediate adjustments and
tailored interventions. This convergence of 2D nanomaterials and
Al fosters dynamic synergy, offering the prospect of elevated
patient outcomes, reduced side effects, and the expedited devel-
opment of cutting-edge healthcare solutions. Collectively, these
future technologies have the potential to transform healthcare
delivery, improve patient outcomes, and mitigate the global
burden of disease, making them indispensable tools in the fight
against H. pylori and beyond. Addressing the challenges
associated with 2D nanoparticle-based biosensors is crucial for
their widespread acceptance and commercialization as frontline
diagnostic tools during public health crises. Commercialization of
2D-nanostructure-based biomedical products, as of today, has
been lagging in its technologic development owing to multi-
faceted problems, not exclusively monetary or managerial but
more of fundamental, including manufacturing at large scale
(with), quality control (with precision in size and shape), and
biosafety issues. However, overcoming these challenges requires
interdisciplinary collaborations between materials scientists,
engineers, bio-scientists and healthcare professionals to ensure
the development of practical and deployable biosensing solutions
tailored to the needs of epidemic management. Additionally,
regulatory frameworks and quality assurance protocols must be
established to guarantee the safety, efficacy, and reliability of 2D
nanoparticle-based biosensors for use in clinical settings.
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