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ABSTRACT

Carbon nanotubes (CNTs) have emerged as powerful nanomaterials for enhancing the performance of biosensors due to
their exceptional electrical conductivity, high surface area, and compatibility with biological molecules. Their unique
structure supports efficient electron transfer and robust immobilization of biomolecules, enabling high sensitivity and
selectivity in detecting a wide range of analytes. This review reviews the integration of single-walled and multi-walled
CNTs into various biosensing platforms, including electrochemical, optical, and field-effect transistor-based sensors. We
highlight how functionalization strategies involving carboxyl, amine, and hydroxyl groups improve biocompatibility and
target binding, and how CNT-based nanohybrids with metal nanoparticles enable multiplexed and dual-mode detection.
The versatility of CNTs has also facilitated the development of flexible, wearable biosensors for real-time health monitoring.
Despite challenges in large-scale synthesis and consistent functionalization, recent technological advances continue to dri-
ve innovation in this field. This review aims to provide an overview of the latest progress in CNT-based biosensors and their
growing impact in clinical diagnostics, environmental monitoring, and food safety applications.
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|<arbon nanotupler (CNT'ler), olaganisti elektriksel iletkenlikleri, yiksek ytzey alanlari ve biyolojik molekullerle uyumlu-
luklari sayesinde biyosensorlerin performansini artirmak igin gicli nanomalzemeler olarak éne ¢ikmistir. Bu benzersiz
yapilari, verimli elektron transferini ve biyomolekullerin saglam bir sekilde immobilizasyonunu destekleyerek, ¢ok gesitli
analizlerin tespitinde yiksek hassasiyet ve segicilik saglar. Bu derleme, tek duvarli (SWCNT) ve ¢ok duvarli (MWCNT) karbon
nanotuplerin elektrokimyasal, optik ve alan etkili transistor (FET) tabanli sensorler dahil olmak Gzere gesitli biyosensor plat-
formlarina entegrasyonunu ele almaktadir. Karboksil, amin ve hidroksil gruplarini igeren fonksiyonellestirme stratejilerinin
biyouyumlulugu ve hedef baglanmayi nasil artirdigini, ayrica metal nanoparcaciklarla olusturulan CNT tabanl nanohibritle-
rin gcoklu ve ¢ift modlu tespiti nasil mimkan kildigini vurgulamaktayiz. CNT'lerin gok yonltlugu, gergek zamanli saglik takibi
icin esnek ve giyilebilir biyosensorlerin gelistirilmesini de kolaylastirmistir. Blytk 6lgekli sentez ve tutarli fonksiyonellestir-
me konusundaki zorluklara ragmen, son teknolojik gelismeler bu alandaki yenilikleri sirdirmektedir. Bu derleme, CNT ta-
banli biyosensorlerdeki en son gelismeleri ve bunlarin klinik tani, cevresel izleme ve gida giivenligi uygulamalarindaki artan
etkisini kapsamli bir sekilde sunmayi amaglamaktadir.
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INTRODUCTION

josensors, which combine a biological recognition
Belement with a transducer, have become indis-
pensable tools in fields such as clinical diagnostics, en-
vironmental monitoring, and food safety [1]. CNTs are
highly valued in biosensors due to their outstanding
qualities, like high electrical conductivity, large sur-
face area, and compatibility with biological materials
[2]. These features make CNTs ideal for boosting bio-
sensor performance by allowing fast electron transfer
and increasing sensitivity [3]. The long, thin structure
of CNTs also supports the efficient attachment of bi-
omolecules, which enables accurate and selective de-
tection of targets [4]. Additionally, CNT-based biosen-
sors are very stable and durable, making them suitable
for long-term monitoring [5]. The ability of CNTs to be
chemically modified allows further control over their
interaction with biological elements, which improves
selectivity and signal stability. These modifications are
essential for enhancing biocompatibility and minimizing
background interference [6]. Functional groups such as
carboxyl, amine, and hydroxyl can be introduced onto
CNT surfaces to provide binding sites for enzymes (7],
antibodies [8], DNA [9], or aptamers [10]. Researchers
have demonstrated that both single-walled and multi-
walled CNTs can be incorporated into electrochemical
biosensors to enhance current response and detection
accuracy. These biosensors convert biochemical reacti-
ons into electrical signals, and the high conductivity of
CNTs significantly enhances this conversion efficiency
[11]. In amperometric glucose biosensors, for example,
CNTs have provided a large and conductive surface for
enzyme immobilization, resulting in lower detection li-
mits and improved response times [12]. In addition to
electrochemical platforms, CNTs have also been integ-
rated into optical biosensors, where they have been
used to enhance fluorescence and Raman signals [13].
These sensors benefit from the photoluminescence and
quenching properties of CNTs, which allow highly sensi-
tive and label-free detection [14]. Their utility has been
demonstrated in surface-enhanced Raman scattering
(SERS) [15] and fluorescence resonance energy transfer
(FRET)-based assays [16]. Hybrid biosensor systems that
combine CNTs with nanoparticles have shown synergis-
tic effects that improve sensitivity, stability, and signal
amplification. These nanohybrids can be used to build
multi-functional biosensors capable of simultaneous
detection of multiple targets. For instance, CNT-Au na-
nocomposites have been successfully used for dual-mo-

de electrochemical and optical sensing [17]. Recent ad-
vancements also include CNT-based field-effect transis-
tor (FET) biosensors, which enable real-time and label-
free detection with ultra-low limits of detection [18].
These devices are especially promising for the detection
of cancer biomarkers, viruses, and toxins. The semicon-
ducting properties of CNTs are ideal for modulating
current in FET channels upon biomolecular interaction
[19]. The flexibility, miniaturization potential, and repro-
ducibility of CNT-based biosensors make them suitable
for wearable devices and point-of-care testing kits [20].
Researchers are exploring printed and stretchable bio-
sensor designs using CNT inks and flexible substrates
[21]. These systems have been used in continuous glu-
cose monitoring and wearable sweat sensors [22]. Des-
pite significant progress, some challenges still need to
be addressed. These include large-scale production of
CNTs with consistent quality, removal of metallic impu-
rities, and reliable functionalization strategies for repro-
ducible sensor responses [23]. Nevertheless, the rapid
evolution of nanotechnology and surface chemistry is
expected to overcome these obstacles. Altogether, ad-
ding CNTs to biosensor systems shows great potential
for advancing health diagnostics, environmental checks,
and food safety monitoring. This review aims to provide
a comprehensive overview of the current state of CNTs-
based biosensors. We will discuss the recent advance-
ments that have been made in this field.

Recent Advances in CNTs-Based Biosensors

Carbon nanotubes (CNTs) have emerged as a powerful
material in biosensing due to their exceptional elect-
rical conductivity, high surface-to-volume ratio, and
strong interaction with biomolecules. Their unique
structure allows for fast electron transfer and efficient
molecular recognition, making them ideal for electroc-
hemical and field-effect transistor (FET)-based biosen-
sors. CNT-based biosensors have been applied in vario-
us fields, including medical diagnostics, environmental
monitoring, and food safety. Recent advancements
have focused on functionalizing CNTs with biomolecu-
les, integrating them into flexible and wearable sensor
platforms, and enhancing their selectivity and stability.
These advancements have enabled highly sensitive, re-
al-time detection of biomarkers, pathogens, and toxins,
setting the foundation for next-generation biosensing
technologies (Table 1). In this context, Shi et al. develo-
ped an electrochemical biosensor by modifying screen-
printed electrodes (SPEs) with a composite of Au and
manganese (IV) nanomaterials on MWCNTs, denoted
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as Au@MnO2/MWCNTs. They found that due to the ex-
cellent electrochemical activity and catalytic capability
of Au@Mn0O2/MWCNTSs, the biosensor exhibited a wide
linear range (5-125 umol L), high sensitivity (0.01110
WA (umol L)™?), and a low detection limit (0.6173 umol
?) for homocysteine, completing detection in just 400
seconds. Shi et al. successfully applied this biosensor to
the determination of serum homocysteine, with results
consistent with those obtained from an automated clini-
cal chemistry analyzer. Moreover, they highlighted that
the simple and portable electrochemical device offered
a promising method for on-site analysis and home he-
alth monitoring. They constructed an electrochemical
analysis system based on a mini-potentiostat (xenSTAT)
by modifying functional nanocomposites (Au@MnO,/
MWCNTSs) on SPEs. This system provided rapid and sen-
sitive determination of homocysteine with a linear ran-
ge from 51to 125 umol L and a detection limit of 0.6173
umol L. Furthermore, Shi et al. concluded that the de-
veloped biosensor was suitable for the determination
of homocysteine in human serum, offering an approach
for clinical diagnosis and prognosis of cardiovascular
and cerebrovascular disorders, as well as daily health
monitoring [24]. In an alternate inquiry, Cui et al. de-
vised a pioneering CNTs-infused field-effect transistor
(CNTs FET) nanosensor for swift, tag-free, and identifi-
cation of endotoxin, a pivotal element in perilous con-
ditions like endotoxemia and bacteremia. The CNTs FET
configuration is materialized by amalgamating polymer-
sorted high-grade semiconductor CNT films onto the
detection conduit. To enhance sensitivity, they united
carboxylated graphene quantum dots (cGQDs) to the
CNT facade through poly-L-lysine (PLL). They then cova-
lently bonded Polymyxin B (PMB), exceptionally speci-
fic to endotoxin, to cGQDs for endotoxin apprehension
and recognition. This methodology exhibited an excee-
dingly minimal detection threshold in both PBS (4.6 fg/
mL) and serum (30.3 fg/mL), with exceptional resilien-
ce to interference, allowing for the scrutiny of Gram-
negative bacterial infections in blood specimens within
a brief period. The receiver operating characteristic
curve (ROC) substantiated the methodology’s superior
diagnostic precision (AUC = 0.990), rendering the CNTs
FET biosensor a promising apparatus for premature di-
sease alert in clinical Gram-negative bacteremia and
endotoxemia. By employing cGQDs nanoparticles to
broaden the operative territory and incorporate more
capture probes, the sensor showcased high-sensitivity
prowess, discerning endotoxin with a detection thres-
hold of 30.3 fg/mL in intricate matrices. Moreover, it
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adeptly pinpointed endotoxin in serum specimens from
clinically Gram-negative bacterial infections and disc-
riminated against them from healthy individuals with
compelling precision (AUC of ROC curve = 0.99). The
sensor also facilitated real-time surveillance of endo-
toxin levels in clinical samples and dispensed pertinent
findings within 3 minutes. These extraordinary accomp-
lishments and detection competencies propose poten-
tial clinical utilities for the sensor [25].

Additionally, Ma et al. proposed an innovative appro-
ach for the swift detection of SARS-CoV-2 antigen using
CNT-array-based thin-film transistor biosensors, incor-
porating tetrahedral DNA nanostructures (TDNs) and
triple aptamers. These biosensors exhibited superior
response capabilities for detecting the SARS-CoV-2 re-
ceptor-binding domain (RBD) compared to alternative
sensor technologies. They flaunted an extensive de-
tection span spanning eight orders of magnitude and
an astonishingly meager detection limit of 10 aM for
wildtype SARS-CoV-2 RBD. Furthermore, the biosensors
accurately discerned SARS-CoV-2 Omicron RBD with a
LOD of merely 6 aM. The attained level of precision fa-
cilitated discrimination among SARS-CoV-2, SARS-CoV,
and MERS-CoV antigens. By capitalizing on the merits
of CNT-array-based thin-film transistor biosensors and
TDNs, Ma et al. established a top-tier, swift methodo-
logy for SARS-CoV-2 detection. This tri-aptamer bio-
sensor platform demonstrates potential for identifying
emergent SARS-CoV-2 variants and other deadly viruses
clinically, furnishing a prompt and high-fidelity appro-
ach for diagnosing viral infections beyond the purview
of COVID-19 [26].

Malinowski et al. devised an innovative electrochemical
biosensor capable of concurrently detecting catechol
and hydroquinone. Their method involved applying a
laccase biorecognition layer through soft plasma poly-
merization onto a MWCNT-modified GCE, enhancing
peak separation between catechol (CT) and hydroqu-
inone (HQ) oxidation peaks. By utilizing density func-
tional theory (DFT) calculations, they evaluated the
variations in electronic structures between dihydroxy
benzene isomers and MWCNTSs constituting the biosen-
sor interlayer. Optimal performance was attained with
75 pug of MWCNTSs possessing a larger internal diameter,
resulting in a linear range of 0.1 to 57 uM for CT and 0.5
to 57 uM for HQ, with sensitivities of 0.56 and 0.54 uA/
uM, respectively, and LOD values of 0.028 and 0.15 uM.
The biosensor exhibited exceptional selectivity, stabi-
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lity, and reproducibility and was effectively utilized for
guantifying contaminants in natural water samples [27].

In a separate study, Feng et al. employed aptamer-
functionalized CNT-FET biosensors for highly sensitive,
specific, and rapid detection of Salmonella enterica and
Staphylococcus aureus in food samples. Their biosen-
sor achieved detection limits of 1 CFU for S. enterica
and 1.2 CFUs for S. aureus in phosphate-buffered sa-
line buffer, complying with international standards for
non-detectability. Despite challenges in food sample
analysis, the biosensor reliably detected both bacte-
ria across six food types with detection levels below
15 CFUs, facilitated by a simple dilution preprocessing
method. It showed instant recognition within 200 ticks,
remarkable precision, and fortitude against disruption,
guaranteeing precise outcomes without erroneous po-
sitives or negatives. The outstanding efficiency of the
biosensor was credited to the extraordinary caliber
of its components, encompassing the CNT mesh layer
for hyper-sensitive recognition, Y,0, coating to dimi-
nish disruption, and AuNPs to amplify sensitivity. This
innovation holds significant potential for on-site rapid
testing scenarios, offering a promising solution for ef-
ficient and reliable pathogen monitoring in various set-
tings [28].

In another study, Liang et al. unveiled a versatile floa-
ting gate CNT FET(FG-CNT FET) biosensor for swift and
delicate identification of SARS-CoV-2 virus antigen and
RNA at the individual virus scale. The sensors, functio-
nalized with aptamers, identified SARS-CoV-2 antigens
from raw nasopharyngeal swab specimens in under a
minute. Boosted by a multi-probe tactic, the FG-CNT
FET biosensor detected extended chain RNA directly
without amplification down to the single virus level
within the same period. In clinical tests, the device dis-
tinguished COVID-19 patients from healthy individuals
with an overall percent agreement (OPA) close to 100%
for both RNA and antigen detection. Their revelation of
a tag-free multiprobe and dual-sensing method emplo-
ying a FG-CNT FET as the detecting element amplified
keenness. The multiprobe tactic identified three dispa-
rate loci of an elongated RNA strand, boosting discern-
ment towards genuine viral nucleic acid samples. Addi-
tionally, ensnaring long RNA nearer to the sensor’s sur-
face circumvented the Debye length boundary in the
solution, thus elevating sensor keenness. The FG-CNT
FET directly discerned unamplified SARS-CoV-2 nucleic
acids down to a solitary virus level of 0.05 copies uL?

in nasopharyngeal swab specimens. Furthermore, the
sensor adjusted by the Sp-aptamer identified SARS-
CoV-2 antigens (spike protein) from untreated nasop-
haryngeal swab samples within a single minute, outpa-
cing gRT-PCR in swiftness. Fusing nucleic acid detection
with protein detection markedly augmented precision,
with the unified OPA value attaining 100% on nasop-
haryngeal swab test outcomes. Their system offers con-
siderable edges over alternative testing techniques, and
the advancement of a portable setup provides a univer-
sal and rapid diagnostic tool that may evolve into a swift
detection aid to supplement PCR for disease screening
and extensive epidemic monitoring [29].

Additionally, Yang et al. devised an innovative elect-
rochemical biosensor founded on a 3D Super-Aligned
CNT (SACNT) array for POC uric acid surveillance. The
biosensor’s operative electrode featured an organized
3D SACNT array immobilized with uricase through a pre-
cipitation and crosslinking process, yielding elevated
enzyme density, notably larger contact area with reac-
tants, and preserved SACNT structure with exceptional
conductivity post-modification. The 3D SACNT array
electrochemical biosensor showcased remarkable sen-
sitivity (518.8 uA/(mM-cm?)), an expansive linear range
(100-1000 puM), and a minimal LOD (1 uM) for uric acid.
Moreover, the biosensor facilitated dynamic uric acid
monitoring, yielding results in serum samples akin to
those obtained using an FDA-approved electrochemical
analyzer, indicating its potential for POC monitoring of
diverse biomolecules to enhance prognosis, diagnosis,
and treatment outcomes of metabolic disorders [30].
Yang et al. also realized continuous flow dynamic mo-
nitoring of uric acid with the biosensor, potentially ai-
ding in the early diagnosis and prevention of gout. The
biosensor’s fabrication was streamlined, relying on
conventional microfabrication procedures, rendering it
poised for large-scale production. Future investigations
could explore diverse 3D structured materials for enz-
yme immobilization and broaden the detection system
to encompass other biomolecules. The apparatus could
amalgamate supplementary components to facilitate
POC instantaneous surveillance of assorted biomolecu-
les. Their triumph in crafting a 3D SACNT array electroc-
hemical biosensor for POC uric acid monitoring satisfies
the medical exigency for regular and effortless uric acid
detection. Their discoveries emphasize the biosensor’s
accuracy and reliability for uric acid measurement in
real-world samples, bearing significant potential for fu-
ture use in observing the fluctuating patterns of various



biomolecules, such as glucose and lactic acid, down the
line [30].

Nasiri et al. was presented a breakthrough in bio pho-
tonic sensing technologies by developing a carboxyla-
te-functionalized CNT (CCNT) and chitosan (CS) nano-
composite for enhanced SPR biosensors. This study
leverages effective medium theory and FDTD simulati-
ons to optimize the plasmonic properties of the CCNT/
CS composite, focusing on its sensitivity to variations in
chitosan content. The researchers evaluated the SPR
performance of this composite against a traditional Au
thin layer, demonstrating that the CCNT/CS nanocom-
posite significantly outperformed Au layers in terms of
sensitivity and detection limits. The biosensor exhibited
a linear detection range from 0.01 uM to 150 uM and a
detection limit of 10 nM, with an impressive sensitivity
of 134° RIU™", which is 20 times higher than that of the
standard Au thin layer. This biosensor was designed for
detecting acute myeloid leukemia (AML) by monitoring
changes in the Rl upon exposure to AML biomarkers.
The study is the first to demonstrate the use of CCNT
in SPR biosensing for AML detection. Experimental
data confirmed that the CCNT/CS-coated SPR sensor
exhibited a significantly stronger interaction with AML
solutions compared to unmodified Au sensors. Nasiri
et al. conclude that this innovative CCNT/CS composite
offers tremendous potential in biomedical diagnostics,
particularly in developing highly sensitive biosensors
for early cancer detection. The combination of theore-
tical and experimental results paves the way for further
applications of CNT-based SPR biosensors in precision
healthcare [31].

In a study by Liang et al., a novel approach was deve-
loped to address challenges in conventional biosensors,
including poor sensitivity, unstable functionalization,
and nonuniform performance. Ultrasensitive, label-free,
and scalable FG-CNT-FET biosensors were constructed
using polymer-sorted high-purity semiconducting CNT
films with wafer-scale fabrication to ensure high unifor-
mity and CMOS compatibility. A significant innovation
involved the integration of an ultrathin 6 nm Y,03 high-k
dielectric layer between the CNT channel and FG. This
layer was shown to amplify the sensor response and en-
hance sensitivity via the chemical gate-coupling effect,
which minimized ambiguous interactions between bio-
molecules and the CNT channel. Detection limits of 60
aM for DNA (used for Patau syndrome screening) and
6 particles/mL for microvesicles from hepatoma car-
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cinoma cells were achieved, setting a new benchmark
for FET biosensor sensitivity. High reproducibility and
uniformity were demonstrated across a 4-inch wafer,
and superior bias stress stability was maintained thro-
ughout the testing process. The FG-CNT-FET platform
was further modified by functionalizing specific pro-
bes on Au NPs, allowing for the multiplexed detection
of various biological molecules on a single chip. It was
concluded that the FG-CNT-FET biosensors provided a
universal platform for ultrasensitive and reliable bio-
sensing. Due to their fabrication process being similar
to that of high-performance CNT logic devices, the po-
tential for mass production and integration with CNT-
based integrated circuits (ICs) was demonstrated. This
breakthrough is expected to advance the development
of real-time, multibiomarker detection systems for bio-
medical applications [32].

Chen et al. developed aptamer-functionalized CNTFET
biosensors for the highly sensitive and selective de-
tection of Alzheimer’s disease (AD) blood biomarkers,
specifically B-amyloid (AB42 and AB40) peptides. These
sensors utilize mass-produced, highly uniform semi-
conducting CNT thin films as ultrathin active channels
and nucleic acid aptamers as selective receptors. The
biosensors demonstrated a LOD as low as 45 aM for
AB42 and 55 aM for AB40, outperforming other repor-
ted methods. To enhance selectivity, a multi-blocking
step was introduced, effectively reducing nonspecific
adsorption and achieving selectivity ratios of 800% for
AB42 and 730% for AB40, even in the presence of struc-
turally similar proteins like human IgG and albumin. The
sensors exhibited a large dynamic range (>10%), high
accuracy with a recovery range of 88-108%, and low
sensor-to-sensor variation (<10%). These robust biosen-
sors enabled real-time detection in full human serum
within minutes, making them suitable for rapid clinical
diagnostics and mass screening. The platform integra-
tes aptamer-functionalized CNT-FETs with a FG insulator
design to detect AR peptides in both 1x PBS and undi-
luted serum, offering high sensitivity and reproducibi-
lity. With four decades of linear analytical range, these
biosensors demonstrated long-term stability in serum
and reliable performance across multiple devices. The
study underscores the potential of CNT-FET-based bio-
sensors as low-cost, scalable, and highly sensitive tools
for early AD diagnosis and POC testing, bridging the gap
between expensive laboratory methods and accessib-
le clinical diagnostics [33]. Besides, Ho et al. illustrated
the integration of CNTs into next-generation biosensor
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chips, combining the sensitivity of CNT-FETs with anti-
body-based antigen targeting for a robust, multiplexed
diagnostic platform. In the study demonstrated the
practical application of CNT-FETs for rapid pathogen
detection in biological samples by leveraging 200 mm
wafer-scale and VLSI-compatible fabrication processes.
The CNT-FET-based biosensor was designed to simulta-
neously detect and identify multiple pathogens through
hundreds of functionalized CNT-FET-antibody sensors
on a single chip. This multiplexing capability allowed di-
agnostic results to be obtained within 1 hour of sample
collection, in contrast to conventional diagnostic met-
hods such as culture-based pathogen identification,
which often require several days thereby offering a sca-
lable, fully electronic solution for real-time infectious
disease diagnostics. Ho et al. also emphasize the role of
VLSI integration in enabling the large-scale production
and accuracy of these biosensors, making them suitable
for clinical settings [34]. Amin et al. developed a novel
MWCNT-based enzyme biosensor for the detection of
cadaverine, a biomarker associated with periodontal
disease. Current methods for cadaverine detection
are inefficient, prompting the need for a rapid, cost-
effective, POC diagnostic tool. In this study, the authors
engineered a SPE functionalized with diamine oxidase
(DAO) and MWCNTs, enabling precise detection via CV
and differential pulse voltammetry (DPV). The functi-
onalization process involved carbodiimide crosslinking
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-Hydroxy succinimide (NHS),
facilitating the covalent bonding of DAO to MWCNTs
through amide linkages. The biosensor exhibited dis-
tinct redox peaks for cadaverine with the modified
C-MWCNT/DAO electrode, whereas unmodified SPEs
failed to display redox signals. The device demonstra-
ted linear detection of cadaverine concentrations bet-
ween 3-150 ug/mL, with a LOD of 0.8 pug/mL. Moreover,
the biosensor’s efficacy was validated using artificial
saliva, serving as a proof-of-concept model to enhan-
ce the Technology Readiness Level (TRL). The sensor’s
ability to detect cadaverine in real-time and respond
to slight concentration changes highlights its potential
for monitoring disease progression in periodontal con-
ditions. Amin et al. suggest that this cost-effective and
scalable biosensor could be instrumental in early disea-
se detection, offering a viable alternative to traditional
diagnostic methods with superior sensitivity. This work
underscores the significant potential of MWCNT-based
electrochemical biosensors in advancing personalized
healthcare by enabling real-time, POC monitoring of

key biomarkers like cadaverine [35]. Yulianti et al. de-
veloped a non-enzymatic electrochemical sensor based
on molecularly imprinted polymers (MIP) and MWCNTSs
for the selective detection of uric acid (UA). Uric acid is
a critical biomarker for preventing hyperuricemia and
related conditions, such as monosodium urate (MSU)
formation and Lesch—Nyhan syndrome. Conventional
detection methods are inefficient, prompting the need
for a cost-effective, high-performance sensor. The rese-
archers used a pencil graphite electrode (PGE) modified
with MWCNTs and polypyrrole (PPy), creating a robust,
low-cost alternative to traditional carbon electrodes.
The fabrication of the sensor involved the functionali-
zation of MWCNTs with carboxylic acid groups to imp-
rove their solubility, biocompatibility, and adsorption
properties, thereby enhancing their integration into
the electrode. The next step was the electropolyme-
rization of PPy, performed using a 1:10 uric acid-to-
monomer ratio, 20 polymerization cycles at 100 mV/s,
and 30 template removal cycles, which optimized the
formation of the molecularly imprinted polymer (MIP)
layer. This process yielded a PGE/MWCNTs/MIP elect-
rode with remarkable electrocatalytic performance.
The sensor exhibited a linear detection range of 0.22—
3.5 mM, a LOD of 0.76 mM, and a sensitivity of 97.459
HA uM™ cm™2. Additionally, the sensor demonstrated
excellent long-term stability, retaining 71% of its per-
formance after 19 days of use, making it a promising
tool for reliable, real-time uric acid detection in clinical
applications. The sensor demonstrated good selectivity
even in the presence of common interfering molecules
such as K*, Na*, sarcosine, citric acid, ascorbic acid, glu-
cose, and dopamine (DA). Additionally, it showed high
reproducibility (%RSD = 5.37) and repeatability (%RSD
= 3.43), indicating potential for long-term use in clinical
and POC applications. The combination of MWCNTs and
PPy significantly enhanced the electrical conductivity
and electron transfer efficiency, making this biosensor
suitable for real-time uric acid monitoring. Yulianti et al.
propose that future work should involve testing in na-
tural sweat samples to validate the sensor’s selectivity
and integration into wearable devices. This would pave
the way for continuous, real-time monitoring of uric
acid in personalized healthcare [36].

In a separate investigation, Tran et al. unveiled a meti-
culously designed label-free biosensor that seamlessly
integrates the physical and chemical attributes of sing-
le-walled carbon nanotubes (SWNTs) within an innovati-
ve FET/chemiresistor framework, augmented by selecti-



ve antibodies targeting Sec-delivered effector 1 (SDE1),
for the precise identification of Huanglongbing (HLB)
disease in citrus plants. This pioneering biosensor de-
monstrated exceptional proficiency in detecting SDE1
biomarkers within plant tissue extracts, showcasing a
dynamic detection range spanning over three orders
of magnitude, from low nanomolar to micromolar con-
centrations, and boasting an impressive LOD of 5 nM. By
employing the standard additions assay methodology,
the biosensor facilitated quantitative detection sans
external calibration, effectively mitigating the challen-
ges inherent in nucleic acid-based assays and symptom-
driven diagnoses susceptible to erroneous outcomes.
The successful detection and quantification of the HLB
biomarker SDE1 underscore the potential of this chemi-
resistive biosensor, albeit further refinements are impe-
rative for its seamless integration into field applications.
Subsequent endeavors will prioritize the reduction of
inter-device variability, enhancement of sensor limits
of detection and stability, and the development of por-
table biosensor platforms tailored for field deployment.
Positioned as a label-free chemiresistive biosensor, this
innovative platform holds considerable promise in the
detection of HLB biomarkers, offering a proactive stra-
tegy to combat the proliferation of citrus greening [37].

Furthermore, Anshori et al. engineered hybridized
f-MWCNT/AgNP constructs as a biosensing substra-
te for DA detection. The efficacy of the hybridization
process was validated through SEM, EDS, and TEM
characterizations, utilizing MWCNTs as the elemental
scaffold. Differential Pulse Voltammetry (DPV) assess-
ments revealed a linear scope of 0—-8 uM for the hybrid,
boasting a LOD of 0.2778 UM, surpassing the requisite
threshold for detecting DA in human urine (0.3—-3 uM),
while exhibiting robust selectivity for DA amid other
biofluids of human origin. The synthesized f-MWCNT/
AgNP hybrids demonstrated exceptional sensitivity
for DA detection. CV analyses unveiled an augmented
electrochemical response of the working electrode in
the presence of the hybrids, indicative of commendable
electrocatalytic prowess. The biosensor showcased an
average relative error of merely 2.80% across 10 repea-
ted measurements, underscoring its potential for repe-
ated, highly sensitive DA detection. DPV examinations
unveiled a sensitivity metric of 0.0058 mA cm™ uM™,
encompassing a linear range from 1 to 8 uM, alongside
a coefficient correlation (R?) value of 0.998, highlighting
its exquisite selectivity for DA vis-a-vis glucose, urea,
and uric acid. The inferior LOD relative to the minimum
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normal DA concentration in human urine underscores
the auspicious prospect of this hybrid for discerning ge-
nuine human DA analytes [38].

Additionally, Shumeiko et al. pioneered a reusable, cast-
and-drop, real-time optical biosensor founded on pepti-
de-encased single-walled CNTs (SWCNTs) for discerning
minute proportions of acidic vinegar in the atmosphere
at ambient temperatures. Employing the (6,5) SWCNT
chirality with pinnacle luminescence encompassed wit-
hin the span of 970 nm to 1050 nm, they facilitated the
utilization of economical and compact Si-found detec-
tors. They illustrated that the biosensor could recognize
spoilage in wine by detecting excessive airborne acidic
vinegar down to 0.05% (v/v) densities. Their outcomes
propose potential utilities for identifying gaseous pha-
ses utilizing NIR fluorescent SWCNT nanosensors. They
unveiled a prototype of an optical biosensor for gaseo-
us acidic vinegar, composed of dried drops of peptides
enshrouding SWCNTs. The arrangement, encompassing
a 532 nm laser and a CMOS camera, enabled the surveil-
lance of the photoluminescent response of the SWCNTs
to acidic vinegar at ambient temperatures. Among the
scrutinized peptide-SWCNT amalgamations, merely
the YK-SWCNT amalgamation could perceive minute
proportions of acidic vinegar down to 0.05% (v/v). The
sensor displayed complete reversibility, with UV radiati-
on considerably diminishing the recuperation period. It
also accurately identified excessive acidic vinegar in the
bouquet of wine specimens, with responsiveness bet-
ween 6% to 8%. Subsequent endeavors will be directed
towards meticulous calibration and categorization of
wine grounded on acidic vinegar concentrations, in ad-
herence to the Code of Federal Regulations. This met-
hodology unveils numerous potentials for remote sen-
sing of volatile molecules using fluorescence in intricate
settings [39]. Furthermore, Li et al. devised an excep-
tionally sensitive, label-free, and enduring FET biosen-
sor engineered around a polymer-sorted high-purity
semiconducting CNT film, tailored for the detection of
exosomal miRNA. Departing from traditional CNT FET
designs, this biosensor adopted a floating gate architec-
ture featuring an ultra-thin Y203 insulating layer, with
AuNPs meticulously assembled on Y203 serving as lin-
kers to tether probe molecules. Thiolated oligonucleoti-
de probes were immobilized onto the AuNP-coated sen-
sing area, enabling the detection of miRNA21 through
the monitoring of current fluctuations before and after
hybridization between the anchored DNA probe and
target miRNA. This pioneering approach achieved re-
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markable sensitivity (LOD: 0.87 aM) and specificity. Cli-
nical validation with plasma samples showcased prono-
unced distinctions between healthy subjects and breast
cancer patients, underscoring its potential in breast
cancer diagnosis. The authors underscored numerous
benefits of the DNA-functionalized CNT miR-FET bio-
sensor. The high-purity semiconductor CNT network
conferred consistent performance and exceptional bias
stress stability, surpassing other channel materials. The
customized Y,0, insulating layer mitigated interferen-
ce from extraneous interactions, ensuring unparalle-
led sensitivity and specificity. The miR-FET biosensor
adeptly discerned variations in miRNA expression levels
among cancer patients and healthy individuals, heral-
ding advancements in early cancer detection. Further-
more, the biosensor holds promise for seamless integ-
ration with microfluidic technology, enabling rapid and
ultra-sensitive detection of multiple tumor biomarkers
on a single chip, thereby revolutionizing accurate tumor
diagnosis [14]. Furthermore, Shi et al. engineered a dis-
posable biosensing platform for uric acid (UA) detecti-
on utilizing the screen-printing technique on a flexible
PET substrate, tailored for the analysis of non-invasive
biological specimens such as saliva. The functionaliza-
tion of the working electrode with carbon nanotubes
and uricase conferred remarkable selectivity to the bi-
osensor, resulting in heightened sensitivity, an ultralow
detection threshold and an extensive linear detection
range that spans the entire spectrum of UA concent-
rations in human saliva. Notably, the biosensor enab-
led direct UA detection in human saliva, with empirical
findings aligning closely with clinical assessments, un-
derscoring its promise for non-invasive UA surveillance.
The successful development of a uricase-based UA bio-
sensor for salivary UA detection underscores the favo-
rable electrocatalytic properties conferred by uricase-
modified MWCNTs on the electrode, ensuring superior
sensitivity, selectivity, and broad linear range coverage.
Leveraging PET as the substrate offers advantages in
terms of portability, cost-effectiveness, flexibility, and
disposability, rendering it invaluable in the realm of
bioanalysis. This pioneering endeavor presents a stra-
ightforward and non-invasive approach to salivary UA
quantification, heralding new prospects for healthcare
monitoring in diverse clinical settings [40].

Gwyther et al. demonstrated that CNT-FETs are highly
promising as miniaturized biosensors, addressing key
limitations such as non-specific protein attachment
and heterogeneous receptor orientation. By combining

advanced molecular dynamics simulations and non-
canonical amino acid chemistry, they modeled electros-
tatic interactions between proteins and SWCNTs and
developed a precise method for attaching B-lactamase
binding protein 2 (BLIP2) at specific residues. This app-
roach enabled the detection of antimicrobial resistan-
ce enzymes (TEM-1 and KPC-2) based on their unique
electrostatic surface profiles, which corresponded
closely with distinct conductance changes in the bio-
sensor. The use of the non-natural amino acid azidop-
henylalanine (azF) ensured uniform and reliable recep-
tor orientation, overcoming challenges in conventional
setups. This group concluded that this integration of
silico modeling, protein engineering, and nanofabrica-
tion can streamline the design of CNT-FET biosensors,
enabling rapid, multiplexed detection of biomarkers
such as B-lactamases, with significant implications for
diagnosing antimicrobial resistance and guiding app-
ropriate antibiotic treatments [41]. Withal, Jang et al.
demonstrated a novel large-area fluorescent biosensor
utilizing a CNT growth-upheaved rough nanofilm for
the detection of Alzheimer’s disease (AD) biomarkers.
The biosensor was designed to identify critical AD bio-
markers, including B-amyloid, Tau, and APP proteins, in
both artificial cerebrospinal fluid (CSF) and monkey CSF
with high sensitivity. The nanofilm was fabricated using
photolithography and CVD, where CNT growth optimi-
zed the surface roughness, hardness, and area of the
nanofilm, significantly enhancing biomarker adsorption.
CNTs grown for 10 minutes yielded the optimal surface
morphology for sensitive detection. Plasma treatment
further maximized biomarker adsorption. The biosen-
sor achieved fluorescence-based detection with detec-
tion limits (LOD) as low as 0.082 fM for B-amyloid, 0.098
fM for Tau, and 0.047 fM for APP in artificial CSF, and
0.023 fM for B-amyloid, 0.040 fM for Tau, and 0.036
fM for APP in monkey CSF. The biosensor’s large sen-
sing area (2.5 mm x 2.5 mm) and optimized nanofilm
fabrication process allowed for precise and ultrasensi-
tive detection of biomarkers. Jang et al. concluded that
the CNT growth-upheaved nanofilm biosensor holds
immense potential for rapid, large-scale, and early di-
agnosis of Alzheimer’s disease in clinical settings. This
innovation marks a significant advancement toward
effective mass screening platforms for neurodegenera-
tive diseases [42]. Vorobjova et al. developed a hybrid
material of vertically ordered MWCNTs embedded in
a porous anodic alumina (PAA) template on oxidized Si
substrates for use in electrochemical impedance bio-
sensors. The MWCNTs, synthesized via CVD using nic-



kel nanoparticles (Ni-NPs) as catalysts, had lengths of
0.6—1.5 um and spacing of 110 + 10 nm. The fabrication
process, incorporating vacuum deposition, photolit-
hography, and electrochemical deposition, optimized
surface morphology and enhanced electron transfer
kinetics. The proposed electrode structure featured ex-
posed CNT ends, forming a functional sensing layer. EIS
confirmed the system’s improved electrocatalytic pro-
perties, enabling the detection of small biomolecules,
nucleic acids, and high-molecular-weight compounds.
Test structures were integrated with Archimedean spi-
ral configurations, and the entire fabrication process
was compatible with IC technology, allowing scalable
production. They demonstrated that this approach
provides a cost-effective, high-performance platform
for advanced capacitive biosensors, with significant po-
tential for the detection of biologically active molecules
and complex targets in biomedical applications [43].

Uniyal et al. proposed a novel SPR biosensor for the de-
tection of human sperm with enhanced sensitivity and
precision. The sensor features a five-layered configura-
tion consisting of a glass substrate, Ag, CNTs, selenium
(Se), and a functionalized layer for sperm binding. This
multilayer design optimizes surface plasmon wave exci-
tation, enabling the detection of even low sperm con-
centrations. Using the TMM, the biosensor achieved an
angular sensitivity of 250°/RIU, a FOM of 34.075 RIU™,
and a detection accuracy (DA) of 0.1319°7". These va-
lues represent a significant improvement over existing
SPR sensors, particularly in the detection of low sperm
quantities. The integration of Se and CNTs with Ag in
the sensor enhances its performance, providing strong
plasmonic resonance and reliable results. Uniyal et al.
concluded that this SPR biosensor offers a cost-effective
and efficient tool for sperm analysis, addressing critical
challenges in fertility diagnostics. With its improved
sensitivity and detection accuracy, this sensor has the
potential to significantly enhance diagnostic capabili-
ties for male infertility [44]. Pathak et al. developed a
fibre optic SPR sensor for the detection of sulfametho-
xazole (SMX) using functionalized CNTs as the sensing
layer, with a dynamic range of 0-200 uM. The probe
was fabricated by immobilizing functionalized CNTs on
a Ag-coated unclad fibre core, and its performance was
compared to an enzyme-based fibre optic SPR sensor
where CNTs were replaced by tyrosinase enzyme em-
bedded in polyacrylamide (PAM) gel. The study found
that both probes exhibited a red shift in resonance or
absorbance wavelength with increasing SMX concent-
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ration. The CNT-based sensor demonstrated superi-
or performance with a sensitivity of 0.37 nm/uM and
a LOD of 0.8918 uM, compared to the enzyme-based
sensor, which had a sensitivity of 0.29 nm/uM and an
LOD of 1.137 uM. The CNT-based sensor was highligh-
ted as the most effective SMX sensor reported in terms
of LOD. Additional advantages of the CNT-based sensor
include low cost, high sensitivity, better selectivity, re-
peatability, and suitability for remote sensing and real-
time monitoring, owing to the use of optical fibre for
probe fabrication [45]. In another study, Nagarajan et al.
proposed a SPR biosensor with a novel layered design
for enhanced sensitivity and performance in detecting
cancer biomarkers. The sensor incorporates CNTs, fer-
ric oxide (Fe,03), and a bi-metallic layer of Ag and plati-
num (Pt). This configuration, combined with a PrismBK7
base, optimizes optoelectronic interactions to detect
cancer cell Rl changes in the range of 1.360 to 1.401,
covering six types of cancerous cells. Using the angle
interrogation technique, the sensor achieved the hig-
hest sensitivity (200.428°/RIU), FoM of 29.91 RIU™, and
Detection Accuracy (DA) of 0.1920°7". The study iden-
tified MCF-7 breast cancer cells as the most sensitive
to angular interrogation, making the sensor particularly
effective for detecting type Il breast cancer. MATLAB
simulations and COMSOL Multiphysics modeling were
used to optimize the Ag layer thickness and evaluate
electric field enhancements for maximum performance
[46]Moreover, Kil Song et al. developed a hierarchical
three-dimensional network of carbon nanotubes (3DN-
CNTs) on a Si pillar substrate for the detection of oral
squamous cell carcinoma (OSCC) using saliva samp-
les. The 3DN-CNTs were coated with aluminum oxide
(Al,03) to enhance structural stability and facilitate the
immobilization of antibodies. The biomarker Cyfra 21-
1, a representative OSCC marker, was detected using a
fluorescence-based sandwich immunoassay. The 3DN-
CNTs sensor demonstrated a LOD of 0.5 ng/mL, with a
calibration range spanning 0.1 to 10,000 ng/mL and an
R? value of 0.993. The sensor’s sensitivity was appro-
ximately 20 times higher than conventional sandwich
ELISA systems, attributed to the increased binding sites
and hierarchical structure of the 3DN-CNTs, which imp-
roved biomolecule accessibility. The clinical applicability
of the 3DN-CNTs sensor was evaluated by comparing
its performance with a commercial ECL assay system
for Cyfra 21-1 detection in saliva samples. The results
showed a good linear correlation, with mean coeffici-
ent of variation (CV) values below 15%, confirming the
sensor’s reproducibility [47]. Furthermore, Zhang et al.
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developed an electrochemical sensor for detecting pac-
litaxel (PTX), a critical breast cancer treatment drug, by
fabricating a B-cyclodextrin (B-CD) and CNT nanocom-
posite on a GCE (B-CD/CNT/GCE). Structural and chemi-
cal characterization via FTIR, SEM, X-ray photoelectron
spectroscopy (XPS), and XRD confirmed the effective
grafting of B-CD onto CNTs, demonstrating enhanced
sensitivity and selectivity for PTX detection. Electroc-
hemical testing, using amperometry and CV, revealed a
linear detection range of 5-1060 uM, a detection limit
of 1.7 nM, and a sensitivity of 0.8418 uA/uM. The com-
bined B-CD and CNT nanocomposite amplified electron
transfer rates and sensor performance. Validation of
the sensor’s accuracy in urine samples showed a RSD
below 4.72% and recovery values exceeding 96.00%,
confirming its reliability for clinical analysis. They conc-
luded that this innovative approach opens avenues for
improving sensor selectivity and sensitivity across vari-
ous applications, including cancer drug detection, food
safety, and environmental monitoring [48]. In another
study, Chen et al. developed a PAM/CNTs-Au hydrogel
microcrack sensor, inspired by the spider slit sensilla, to
address the challenges of sensitivity, detection range,
and mechanical-electrical balance in flexible conducti-
ve sensors. The sensor comprises a PAM hydrogel, do-
ped with CNTs, and coated with a highly conductive Au
layer. By modulating the crosslinking density of the PAM
hydrogel and the CNT content, the sensor’s mechanical
properties, adhesion, and sensitivity were optimized.
The sensor leverages a unique “island-bridge” conduc-
tive pathway, where the interconnected CNT network
(“bridge”) ensures electrical conductivity and the Au
microcrack structure (“island”) enhances sensitivity.
This architecture imparts high sensitivity (gauge factor
(GF) = 54.89) over an exceptionally wide strain detec-
tion range (>1200%) and effectively suppresses crack
propagation, resulting in outstanding stability and du-
rability. The PAM/CNTs-Au hydrogel microcrack sensor
successfully demonstrated its capability to detect both
large-scale body motions (e.g., finger, wrist, and elbow
movements) and subtle biological signals (e.g., pulses
and facial expressions). Its self-adhering properties
minimize detection errors caused by mismatches bet-
ween sensors and human tissues, enhancing accuracy
and usability. Chen et al. concluded that the PAM/CNTs-
Au hydrogel microcrack sensor offers a highly sensitive,
stable, and versatile platform with potential applicati-
ons in wearable biosensors, medical monitoring, soft
robotics, electronic skin, and artificial intelligence devi-
ces. Its innovative combination of extensibility, conduc-

tivity, and microcrack sensing mechanisms positions it
as a promising tool for multiscale motion detection and
advanced electronic applications [49].

Geetha et al. proposed a CNTs—CuO nanocomposite
(NC) as a promising material for noninvasive acetone
detection in human sweat, targeting applications such
as diabetes monitoring. Acetone, a by-product of fat
metabolism, is a key biomarker for ketosis and diabe-
tes, with sweat acetone levels ranging from 0.2-1.8
ppm in healthy individuals and 1.25-2.5 ppm in diabe-
tic patients. The CNTs-CuO NC was synthesized using
the complex-precipitation method, with structural and
morphological analysis confirming its properties thro-
ugh XRD, SEM, and FTIR. Electrochemical studies using
CV and chronoamperometry demonstrated excellent
sensitivity (16.1 mA cm™ mM™), a detection limit of
0.05 mM, and a linear detection range of 1-50 mM.
The nanocomposite showed a rapid response time (2
seconds) and high selectivity, with no cross-reactions
from other biocompounds in sweat. The synergis-
tic interaction between CNTs and CuO enhanced the
electron transport properties and electrocatalytic
performance of the NC. This enzyme-free acetone sen-
sor exhibited stability and reliability in artificial sweat
solutions, suggesting its potential for integration into
wearable biosensors. Geetha et al. concluded that this
technology could reduce the frequency of blood sugar
monitoring and serve as a tool for managing diabetes
and related complications, such as diabetic retinopathy,
renal failure, and nerve degeneration [50]. Singh et al.
developed a nonenzymatic electrochemical sensor for
DA detection using CNT-encapsulated nickel selenide
(NiSe,) nanostructures. The composite was synthesized
via a one-step, environmentally friendly CVD method,
where CNTs were formed in situ from a carbon-rich
metallo-organic precursor. Structural and composi-
tional analyses using XRD, Raman spectroscopy, XPS,
and HRTEM confirmed the successful formation of the
hybrid NiSe,@CNT nanostructures. The sensor exhibi-
ted outstanding electrocatalytic performance with a
sensitivity of 19.62 uA uM™" cm™2, a broad linear range
(5 NM—640 uM), and a low detection limit, making it su-
itable for accurate DA detection in human tear samples.
The synergistic effects of the enhanced electrochemical
activity of NiSe, and the excellent conductivity of CNTs
facilitated efficient electron transfer and high selecti-
vity for DA, even in the presence of interfering molecu-
les. Electrochemical methods such as CV, chronoampe-
rometry (CA), and differential pulse voltammetry (DPV)



were used to evaluate the sensor’s performance. The
NiSe;@CNT sensor demonstrated remarkable stability,
reproducibility, and reusability. Its unique properties
make it a cost-effective and reliable platform for nonin-
vasive DA detection in peripheral bodily fluids [51].

DISCUSSION

The integration of CNTs into biosensor platforms has
brought considerable improvements in sensitivity, de-
tection range, and versatility across various detection
modalities. As highlighted in the table, the dominant
application of CNTs has been in electrochemical biosen-
sors, particularly those utilizing FET configurations. The-
se CNT-FET biosensors have demonstrated ultralow de-
tection limits, often at the attomolar (aM) or even zep-
tomolar (zM) level, for clinically significant biomarkers
such as SARS-CoV-2 antigens [29], B-amyloid peptides
[32], and exosomal miRNA [14]. The high conductivity
and semiconducting behavior of CNTs allow them to act
as efficient transducing elements, where even minimal
changes in charge distribution due to biomolecular in-
teractions can be translated into measurable electrical
signals. Among the reviewed platforms, several hybrid
nanocomposites have shown enhanced performance by
leveraging the synergistic properties of CNTs with other
nanomaterials. For example, gold-decorated CNTs co-
upled with MnO, exhibited improved electrochemical
detection of homocysteine [24], while PAA-NiNPs-CNTs
composites provided strong sensitivity for catechol and
hydroquinone detection [43]. These combinations not
only improve the surface area and conductivity but also
facilitate better immobilization of enzymes, aptamers,
or antibodies, which are critical for target recognition.

A distinct trend is the application of tetrahedral DNA
nanostructures and multiple aptamer sequences in
CNT-based FET biosensors, as seen in the detection
of SARS-CoV-2 variants [26]. These structural strate-
gies increase the capture efficiency of target molecu-
les and enhance the signal-to-noise ratio. Additionally,
some systems, like the CNT growth-upheaved nanofilm
sensor [42], have integrated both electrochemical and
fluorescent detection methods, further expanding the
versatility and potential for multiplexed analysis. Be-
yond electrochemical detection, CNTs have also shown
promise in optical biosensors, especially in surface
plasmon resonance (SPR) and fluorescence-based plat-
forms. Carboxylated CNTs combined with chitosan and
gold nanoparticles have yielded notable SPR sensitivity
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for acute myeloid leukemia detection [31]. Similarly,
peptide-functionalized SWCNTs have enabled effective
optical sensing in food-related applications, such as vi-
negar acidity detection [39]. These results underscore
CNTs’ strong quenching and photoluminescence-modu-
lating properties, making them valuable for label-free
and high-sensitivity optical biosensing. In wearable and
flexible biosensing applications, CNTs offer outstanding
mechanical properties and electrical performance. A
notable example is the PAM/CNTs-Au hydrogel microc-
rack sensor, which demonstrated significant strain de-
tection capability (up to 1200%) and a high gauge factor
[49]. Such innovations position CNTs as leading mate-
rials in next-generation wearable healthcare systems,
especially for continuous physiological monitoring.

However, despite their impressive contributions, se-
veral limitations must be addressed to fully realize
the clinical and commercial potential of CNT-based
biosensors. These include the difficulty in achieving
large-scale production of CNTs with consistent quality,
the presence of metallic impurities in raw materials,
and challenges in reproducible surface functionalizati-
on. Moreover, ensuring biocompatibility and reducing
background interference remain essential for develo-
ping stable, real-world biosensing devices. In addition
to these issues, concerns regarding CNT cytotoxicity
and environmental safety persist, as their nanoscale
dimensions, high aspect ratio, and reactive surfaces
can trigger oxidative stress, inflammation, and bioac-
cumulation in living systems [52]. The high cost asso-
ciated with complex functionalization procedures also
limits large-scale adoption, particularly when advanced
chemical modifications are required for enhanced se-
lectivity or dispersibility. Batch-to-batch variability in
synthesis, influenced by differences in purity, chirality,
and defect density, further complicates commercializa-
tion [53]. Addressing these bottlenecks will require the
adoption of biocompatible surface coatings, scalable
and low-cost functionalization methods, and rigorous
standardization of synthesis and purification processes.
Furthermore, the integration of CNTs into flexible and
miniaturized platforms must be refined through imp-
roved alignment techniques, roll-to-roll manufacturing,
and hybrid material strategies. Regulatory guidelines
for nanomaterial safety, coupled with interdisciplinary
collaboration, will be essential to accelerate the transla-
tion of CNT-based biosensors from laboratory prototy-
pes to clinically approved devices.
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When considered together, the results from recent stu-
dies demonstrate that CNT-based biosensors especially
when combined with functional nanomaterials or struc-
tured recognition elements can achieve superior detec-
tion capabilities for a broad spectrum of biological and
chemical targets. Their adaptability across electroche-
mical, optical, and wearable formats marks them as a
cornerstone in the evolution of biosensing technologi-
es. Beyond traditional applications, CNT-based biosen-
sors are making significant strides in emerging fields
such as neurochemical sensing, implantable devices,
and Al-assisted design. In neurochemical sensing, CNTs
are being utilized to detect neurotransmitters like do-
pamine and serotonin, offering real-time monitoring
capabilities essential for understanding neurological
disorders. These sensors leverage the high surface area
and electrical conductivity of CNTs to achieve sensitive
and selective detection, facilitating early diagnosis and
personalized treatment strategies.

Implantable biosensors represent another promising
application. CNTs, due to their biocompatibility and
mechanical flexibility, are integrated into devices de-
signed for continuous in vivo monitoring of biomarkers
such as glucose and lactate. These implantable sensors
aim to provide real-time data, enabling timely medical
interventions and enhancing patient care, particularly
in chronic disease management. The integration of Al
with CNT-based biosensors is also gaining momentum.
Al algorithms are employed to analyze complex sensor
data, improving the accuracy and reliability of diagnos-
tics. This synergy allows for the development of intel-
ligent biosensing systems capable of adaptive learning
and decision-making, paving the way for advanced he-
althcare applications. These advancements show the
versatility and potential of CNT-based biosensors in
addressing complex biomedical challenges. As research
progresses, further innovations are expected to enhan-
ce their functionality and applicability, solidifying their
role in the future of medical diagnostics and personali-
zed medicine [54-56].

CONLUSION

CNTs have significantly transformed the field of bio-
sensor development due to their exceptional electrical
conductivity, mechanical strength, and chemical versa-
tility. Their high aspect ratio and excellent biocompati-
bility make them especially well-suited for interfacing
with biological molecules, facilitating efficient electron
transfer and greatly enhancing the sensitivity of biosen-

sing systems. Integrating CNTs into biosensor platforms
has led to devices with improved selectivity, faster res-
ponse times, and increased operational stability. While
notable progress has been achieved, several challenges
still require attention—particularly in refining synthesis
techniques, ensuring batch-to-batch consistency, and
scaling up device fabrication for real-world applications.
Moreover, the integration of CNT-based sensors into
portable and user-friendly diagnostic tools remains a
key area for future exploration.

Recent advancements highlight the potential of CNTs
in advancing biosensing technologies across healthcare
diagnostics, environmental monitoring, and food safety.
Ongoing research in this field is expected to drive the
development of next-generation biosensors with gre-
ater precision, reliability, and accessibility—ultimately
contributing to more effective and timely detection of
a wide array of biological and chemical targets.
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