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Abstract: The foundation of human medicine and therapeutics lies in accurate and prompt diagnosis
of the underlying cause of malaise. Biosensors have proven invaluable when incorporated in clinical
practice. In recent years, the embodiment of nanomaterials in biosensors has shown promising results
and improved sensitivity and specificity for the diagnosis of major causes of morbidity and mortality,
such as cancer, cardiovascular and infectious diseases. Metal-based nanoparticles, carbon nanotubes
and quantum dots are some of the most used materials in the manufacturing of biosensors. In this
review, the main biosensing methods, such as electrochemical, optical and piezoelectric, are
presented. Furthermore, both established and emerging trends in biosensing methods for quick,
reliable and safe disease diagnosis are being explored. Finally, future perspectives for point-of-care
sensing systems and the development of biosensors for novel biomarkers are discussed
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Biosensors for disease diagnosis
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1. Introduction

Nanotechnology is a modern interdisciplinary field that uses many different techniques and
tools from various disciplines, such as chemistry, medicine, biology, and engineering. By
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nanotechnology, we refer to research and development at the atomic, molecular and macromolecular
level, which leads to the modification and study of structures and devices where the size ranges from
1-100 nm on the nanometer scale.

As far as biosensors are concerned, they are devices that combine biological recognition elements
with a physical transducer, and have emerged as powerful tools for detecting and quantifying
biomolecules. Their main parts are a biocatalyst that can detect a biological element, a transducer
which converts the reaction of the biocatalyst and the biological element into a detectable parameter-
signal and an electronic system that analyzes the detection [1]. By integrating nanomaterials into
these devices, nanobiosensors offer enhanced stability, sensitivity, selectivity, and rapid response
times, enabling early and accurate disease diagnosis [2].

This review explores the recent advancements in nanotechnology-based biosensors, focusing on
their way of use and the wide range of diseases in the diagnosis of which they are applied. By
understanding the fundamental principles and latest developments in this field, we finally aim to
highlight the significant impact of nanobiosensors on future healthcare practices.
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Figure 1. [llustration of different components of nanobiosensors [2].

2. Nanomaterials Employed in Nano-Biosensors

Nanotechnology-based biosensors have been designed using a number of nanomaterials, each
providing the sensor with unique properties and benefits. Figure 2 depicts the most commonly used
nanomaterials in the manufacturing of biosensors for disease diagnosis.
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Figure 2. Main types of nanomaterials employed in biosensors for disease diagnosis.

i.  Lipid nanoparticles

Liposomes are microscopic phospholipid spherical vesicles surrounded by single or multiple
lipid bilayers and are between 50 and 1000 nm in size [2,3]. They are formed by self-assembly from
amphiphilic phospholipids and cholesterol in an aqueous medium . They are a category of nanoscale
particles that can function as pharmaceutical carriers because they can change their properties
depending on the process followed during their formation, their surface charge, and their size. They
can also modify their surface by attaching PEG chains to the lipid bilayer, thus enhancing stability
and prolonging their life span during blood circulation. Modified liposomes can also transport DNA
molecules and proteins, and therefore exhibit a perfect pharmacokinetic profile. Finally, they are
biocompatible and can trap hydrophilic compounds in the core and hydrophobic molecules in the
lipid membrane [4].

ii. ~ Polymeric nanoparticles

Polymeric nanoparticles are colloidal systems with a diameter of less than 1 (E°m. They are
divided into nanocapsules and nanospheres, depending on their composition [2,4,5]. They are formed
from biocompatible polymers where a micelle is then formed in an aqueous environment. There is a
liquid core consisting of oil or water, in nanocapsules a bubbly structure is created, while in
nanospheres they are matrix particles with a fixed mass [3,5,6]. Both can encapsulate hydrophilic or
hydrophobic small drug molecules and proteins. Also, the drug can be trapped, dissolved, or
adsorbed to the nanoparticles depending on the mechanisms available. Specifically, in nanocapsules,
the drug is encapsulated in the cavity of the liquid core, while in nanospheres it is encapsulated in
the polymer matrix [2].

iii. Quantum dots

Quantum dots (QDs) are dimensionless particles on the nanoscale, with a size of a few
nanometres [7]. Because of their small size, they are subject to the laws of quantum physics, which
gives them unique electronic and optical properties, including tunable light emission, high signal
brightness, and photostability. The electronic characteristics of dots are determined by their size and
shape, which means that we can control the color of a dot by changing its size. Some of the advantages
they have are due to their low signal intensity and photosensitivity. They consist of a semiconducting
core resulting from compounds e.g. CdTe and CdSe, and a semiconducting broadband shell e.g. ZnS,
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which increases their surface area and enhances their quantum efficiency [2,3,5]. On the other hand,
some drawbacks hinder the application of the dots for in vivo research, such as the heavy metal ion
toxicity of lead, arsenic, or cadmium-containing dots [7,8].

iv.  Silicon nanoparticles

Another type of quantum dots are silicon nanoparticles, which have unique properties when
they are less than 10 nm in size. Like quantum dots, these are in an advantageous position, because
they exhibit a wide range of emission in the visible spectrum and high quantum yields. Also, because
they are environmentally friendly and non-toxic, they are used as fluorescent detectors for
bioimaging [2,3,7,8]. In addition, studies have shown that for in vivo applications they degrade in
silicic acid and are excreted through urine [2,5,6,8]. Finally, they are considered safer than quantum
dots which contain cadmium [2,3,5].

V. Dendrimers

They are branched macromolecules made of natural or synthetic materials. They consist of a
central core, a series of internal junctions, and a branched outer surface . The wide range of
combinations of constituents gives dendrimers great uniformity and a defined shape, size, density,
and branching length. They are also water-soluble and biocompatible and do not require
biodegradation for their removal from the bloodstream via the kidneys [4,5,7]. Their properties are
controlled by the functional groups attached to their outer surface, through covalent bonding or
electrostatic interactions. Specifically, chemical molecules, drugs, or detection and imaging agents
can be attached to them, which alters their function, transforming them from simple sensors into
specialized drug carriers. Thanks to the internal cavities in their structure, they can also encapsulate
therapeutic agents in the inner core through chemical hydrogen bonding and hydrophobic
interaction [2].

vi.  Carbon nanoparticles

They are cylindrical carbon-based structures. These structures are designed in such a way that
they resemble a sheet of graphite rolled into a cylinder [5]. However, they are hexagonal networks of
carbon atoms with a diameter of one nanometer and a length of 1-100 nm [2,9]. There are two
categories, the monolayer and the multilayer [3,5]. C60 fullerenes are, also, carbon structures. They
are hollow spherical structures based on carbon. Monostructures and fullerenes have a diameter of
1-2 nm, while polystructures range from a few nanometres to tens of nanometres depending on the
structure. They can also vary in size from 1 (E°m to a few micrometers [2,9]. Fullerenes and carbon
nanotubes (CNTs) are manufactured by combustion or melting processes. The characterization of
concentric shapes is based on their strength and stability. The nanotubes enter the cell through
endocytosis, or the cell membrane [2,5].

vii. ~ Metal-based nanoparticles

Magnetic nanoparticles are particulate materials smaller than 100 nm in size that are directed by
a magnetic field [2]. Various metals have been used for their synthesis, with gold nanoparticles
(AuNPs) being of great importance in the field of biomedicine. They are considered chemically stable
and suitable for in vivo applications, unlike most toxic nanoparticles e.g. cadmium [3]. They are easily
controllable because of their size and shape. The color of AuNPs changes according to their shape,
and any change in their morphology alters the color [8-11]. There are also iron oxide nanoparticles,
such as magnetite, maghemite and hematite. These particles can be prepared by the alkaline co-
immersion of iron ions in water in the presence of a hydrophilic polymer, e.g. PEG. Finally, on the
basis of the co-immersion process, crystals with a small diameter of 3-5 nm, hexagonal shape and
polyethylene glycol molecules are formed [6,8,9].
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3. Types of Nanotechnology-Based Biosensors for Disease Diagnosis

The addition of nanomaterials (NMs) to biosensors endowed them with unique properties as a
result of NMs’ high surface-to-volume ratio and the quantum confinement effects. Moreover, the
sensing mechanisms are inextricably linked with the kind of the used nanomaterial and the analyte
of the interest. The types of nanobiosensors for disease diagnosis based on the transduction process
followed are described below:

i.Electrochemical Nanobiosensors

The main body of this type is an electroactive surface area, enhanced with NMs, such as metal
nanoparticles, graphene or CNTs, onto which a specific biological probe is immobilized [12,13]. When
this area interacts with the sample-target (e.g., a specific protein, RNA or DNA molecule etc.), it
triggers a biochemical reaction, often involving electron transfer, that generates an electrical signal
(current, voltage, or impedance). Depending on the signal measurement technique, the biosensors
can be categorized into amperometric (for current changes), impedimetric (for electrical resistance
changes), conductometric (for changes in solution conductivity), and potentiometric (for voltage
differences). The intensity of the signal is correlated to the concentration of the target analyte [13,14].

ii.  Optical Nanobiosensors

Optical nanobiosensors can visualize their interaction with the analyte and detect multiple
substances using various light-based techniques, including absorption, luminescence, Raman
spectroscopy, Surface Plasmon Resonance and refractive index changes. For this purpose, NMs (eg.
AuNPs, AgNPs, graphene, QDs) are functionalized with biorecognition elements, such as antibodies,
aptamers, or enzymes, that specifically bind to the target biomarker. NMs here act as a transducer
and convert the biomolecular recognition event into a measurable optical signal, thanks to their
optical properties. The produced signal is finally detected from a suitable optical detection system,
such as a spectrometer, a photodetector, or a surface plasmon resonance imaging system [2,14].

iii. Piezoelectric Nanobiosensors

Generally, piezoelectric biosensors convert mass, pressure, force or strain changes into an
electrical signal with the use of the piezoelectric effect. They usually consist of a suitable piezoelectric
substrate, such as quartz crystal, between two metallic electrodes onto which the bioreceptor is
immobilized. In case of piezoelectric nanobiosensors though, these electrodes are enhanced with
NMs such as gold NPs for signal amplification or graphene/carbon nanotubes for high sensitivity.
The mechanical stresses applied on the piezoelectric material, as a result of the interaction between
the receptor and the analyte, provides an electric potential, a signal [14,15].

iv.  Magnetic Nanobiosensors

Magnetic nanobiosensors’ operating principle is based on the forming of a magnetic
nanoparticle (MNP), like iron oxide or ferrite nanoparticles, and a biomarker complex. More
specifically, MNPs are functionalized with biorecognition elements (antibodies or DNA/RNA probes)
in order for the target analyte to be able to bind to the sensor. The presence of the desirable complex
can be detected with several techniques, including magnetoresistance, magnetic particle
spectroscopy, and nuclear magnetic resonance, since the MNPs can change their magnetic properties
such as their magnetic moment, relaxation time, or resonance frequency, when they interact with
analytes [15,16].

V. Thermal or Calorimetric Nanobiosensors

Thermal or Calorimetric nanobiosensors exploit the high thermal conductivity of certain
nanomaterials, such as graphene, gold nanoparticles, and carbon nanotubes, to facilitate the efficient
transduction of heat generated or absorbed during a biorecognition event. Specifically, these
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nanomaterials serve as a platform for immobilizing biorecognition elements that interact with target
molecules. The ensuing biochemical reaction produces a quantifiable thermal or calorimetric
response, which is then measured by the sensor. The detection and the quantification of the analytes
concentration are accomplished through the monitoring of temperature changes or heat flow [15].

The optimal nanobiosensor for a specific disease diagnosis depends on the target analyte and
the required level of sensitivity and selectivity. Even a combination of nanomaterials and sensing
mechanisms can provide the desirable result.

4. Nanobiosensors for Disease Diagnosis
4.1. Cardiovascular Disease

One of the major applications of nanotechnology-based biosensors in the field of cardiovascular
diseases includes the detection of biomarkers, such as cardiac troponin I and brain-natriuretic peptide
for the diagnosis of acute myocardial infarction and heart failure, respectively. Even though all types
of biosensors have been used, reports suggest that electrochemical biosensors have the lowest
detection threshold in both cases, with diagnostic yield increasing based on the nanomaterial used.
QDs seem to retain superior results in comparison to other materials [17,18]. Other uses of
nanobiosensors include identifying high-risk features in atherosclerotic plaques, when integrated in
intravascular imaging modalities, such as intravascular ultrasound and optic coherence tomography
[19]. Nanomaterials have also been incorporated in non-invasive imaging techniques, such as
magnetic resonance, ultrasound and nuclear scintigraphy for coronary artery disease diagnosis [20].
Undoubtedly, the future in the diagnosis of many cardiovascular diseases, such as heart rhythm
disorders and hypertension lies in wearables and cardiac implantable electronic devices (CIED). Up
to this time point, the use of nanomaterials in wearables is still at a primitive stage, although CNTs,
graphene and metal-based nanomaterials have been used in optical and electrochemical biosensors,
in order to monitor physiologic parameters, such as heart rate and blood pressure [21]. Jayathilaka et
al. have also demonstrated the efficacy of piezoelectric strain sensors with graphene oxide worn as
skin patches for radial and carotid pulses measurement and monitoring, as well as capacitive
pressure sensors for heart rate detection. The potential of this technology extends to
nanomaterial/nanofiber designed clothing for the monitoring of physiological parameters [22].
Future research should be directed towards developing nanomaterial-based CIED for the diagnosis
of arrhythmias and acute decompensations of heart failure [23].

4.2. Cancer

Nanotechnology-based biosensors may aid in the timely diagnosis of some of the most common
malignancies, such as breast, prostate and lung, by identifying related biomarkers and thus leading
to earlier management. Most frequently, electrochemical and optical sensors are utilized owing to
their superior sensitivity. As research in the field shifts towards personalization, the development of
cost-effective, reliable and safe biosensors is expected to rise [24]. Some of the most commonly
employed nanomaterials and biosensing methods in the detection of biomarkers for various types of
cancer are presented in Table 1.

Recent advances include the integration of Raman sprectroscopy techniques in sensors, in order
to lower the detection threshold of cancer biomarkers and improve diagnostic accuracy [25,26].
Incorporating ROS and nanoenzyme assays to biosensors has also shown improved detectability
results. An example of such an electrochemiluminescent (ECL) biosensor is provided by Li et al. for
the detection of neuron-specific enolase (NSE), a tumor marker for small cell lung carcinoma.
Investigators also propose that the addition of gold nanoparticles to the structure further contributes
to the stability of this sensing platform [27]. Functional peptides seem also promising when used in
combination with electrochemical and optical biosensors. These can be utilized in EC biosensors as
bio-recognition elements, in the form of single or multifunctional peptide ligands or as enzyme
substrates to identify enzyme-based cancer biomarkers, such as protein kinase. In the case of optical
biosensors, functional peptides have proven valueable in conjunction with fluorescent, ECL, SERS,
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SPR and colorimetry techniques [28]. Furthermore, as novel genomic, proteomic and metabolomic

biomarkers are explored in areas such as breast cancer, nanotechnology-based biosensors able to

detect those markers are currently under research. Nanomaterials considered include graphene

oxide, metal and silica nanoparticles [29]. Finally, a breakthrough in the development of point-of-

care, sensitive and specific biosensing systems for cancer could be the advancement of microfluidic

devices. These relatively low-cost systems have the ability of being combined with electrochemical

or optical biosensing techniques to enhance detection threshold and of recognizing more than a single

biomarker in one use and thus, hold immense potential as screening tools for breast cancer [29].

Table 1. Nanobiosensors used for the detection of common cancer biomarkers.

Biomarker Cancer Nanomaterial Method Reference
HER 2 Breast Metal NPs, QDs, | EC, optical, | [30]
CNTs, graphene piezoelectric
CA 153 Breast Metal NPs EC [29]
SCC-Ag Ovarian CNTs EC [31]
CA 125 Ovarian Metal Optical, EC [32]
nanocomposite
(NC), QDs, Magnetic
NPs
HE4 Ovarian Metal NC EC [33]
PSA Prostate Graphene, metal | EC, magnetic, | [34-37]
NPs, QDs, | fluorescence
conducting polymers
(CPs)
CEA Colorectal, Graphene, CPs, | EC [38]
pancreatic, lung QDss
AFP Hepatocellular Graphene, metal | EC [39]
NPs, CPs
NSE Lung Metal NWs, QDs, | EC [40]
Graphene
CYFRA-21-1 Oral, Lung Metal NPs, QDs [41]
FLT3-ITD Acute  myeloid | Metal NRs EC [42]
Mutations leukemia
EGFR III Glioma QDs EC [24]
Anti-apoptotic Colorectal Graphene Optical [43]
protein
PDGF-B, Gastric Metal-NPs Optical- [25]
thrombin SERS,SPR

4.3. Infectious Diseases

Nanosensors, which integrate nanomaterials with biosensing technologies, have revolutionized

analytical and diagnostic fields, particularly in the detection and diagnosis of infectious diseases

[44,45]. The unique properties of nanomaterials enable the development of highly sensitive and
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efficient sensors, offering a range of benefits such as enhanced sensitivity, selectivity, speed,
robustness, and reduced sample consumption. Table 2 describes some of the major signal types used
in infectious disease detection.

Table 2. Nanobiosensors with Different Modalities for the Diagnosis of Infectious Diseases.

Virus/Bacterial Nanoparticles Detection Methods Reference
Hepatitis—C virus (HCV) AuNPs Colorimetric [46]
SARS-CoV-2 AuNPs Colorimetric [47]
AgNPs Colorimetric [48]
MERS-CoV
S-Co AuNPs Electrochemiluminescence [49]
- 1B -
Gf?l’leth material (Bacteria or Magnetic NPs PCR [50]
Virus)
. AgNPs PCR [51]
Inf A%
fuenza Viras AuNPs Thermometric [52]
E. coli AuNPs Colorimetric [63]
HBY AuNPs Color‘lmetr'lc [53]
QD Fluorimetric [54]
EBOV MNPs EC . . [55]
AgNPs Colorimetric [56]
MNPs Fluorimetric [57]
AuNPs SERS [58]
HIV silica nanoparticles, S
AuNPs Electrochemiluminometry [59]
HPV graphene, Au nanorod EC [60]
AgNPs Colorimetric [61]
MTB (Mygobactenum AgNPs Colorimetric [64]
tuberculosis)
Salmonella Gold-coated magnetic Colorimetric [62]

nanoparticle

In the fight against the COVID-19 pandemic and other viral outbreaks, developing advanced
detection technologies is crucial due to the rapid spread of viruses and the vaccine's response.
Nanotechnology holds significant potential in this area [47]. Nanoparticles (NPs) offer unique
advantages due to their high surface-to-volume ratio, quantum and size effects, and increased
adsorption and reactivity compared to bulk materials. NPs can also be customized in size and shape,
allowing for surface modifications with various biological species. These properties enhance
biosensing capabilities, leading to improved detection limits, sensitivity, selectivity, and faster
responses to analytes. Coronaviruses are a type of enveloped virus with spike proteins covering their
outer surface. They have a positive-sense, single-stranded RNA genome that is about 32 kb in length
and functions as mRNA during the synthesis of replicase polyproteins. Belonging to the Nidovirales
family, these viruses have a roughly spherical shape with a diameter of approximately 125 nm.
Coronaviruses are frequently found in respiratory tract fluids, and SARS-CoV-2 has also been
detected in human blood, saliva, and stool samples.

Lateral flow immunochromatographic assays are commonly used in point-of-care (POC) testing
due to their affordability, rapid results, and ease of use in both laboratory and personal healthcare
settings. These test strips are well-suited for mass production and commercial applications. A
positive result typically appears as a red or pink line on the strip, which occurs when human
antibodies, viral antigens, and gold nanoparticle complexes interact at the M or G line. In contrast,
other antibodies do not produce a visible color change.

A specific lateral flow assay test strip was designed for COVID-19 detection. This test employed
anti-human IgG and IgM antibodies along with a recombinant antigen that acted as the SARS-CoV-
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2 receptor. Gold nanoparticles were combined with the recombinant antigen and processed through
incubation, centrifugation, and re-suspension to form AuNP-COVID-19 antigen conjugates. The
control line contained an anti-rabbit IgG antibody, while the conjugate pad was treated with both
AuNP-COVID-19 antigen and AuNP-rabbit IgG conjugates. Anti-human IgG and IgM antibodies
were immobilized at the G and M test lines, respectively. This test strip allowed for the simultaneous
detection of IgM and IgG within 15 minutes.

These strips are effective due to the biocompatibility, chemical versatility, large surface-to-
volume ratio, size-dependent optical properties, and ease of surface modification of gold
nanoparticles (AuNPs). Even at very low concentrations, such as 1 ng/mL for COVID-19 antigen or
1000 virus particles/mL for SARS-CoV-2 spike protein, AuNPs enable rapid detection visible to the
naked eye [45]. An example of a point-of-care lateral flow assay for SARS-CoV-2 IgM antibody testing
-indicative of recent infection- is shown in Figure 4.

Nanoparticles (NPs) offer unique advantages due to their high surface-to-volume ratio,
quantum and size effects, and increased adsorption and reactivity compared to bulk materials. NPs
can also be customized in size and shape, allowing for surface modifications with various biological
species. These properties enhance biosensing capabilities, leading to improved detection limits,
sensitivity, selectivity, and faster responses to analytes.

AuNPs-based flow strips are widely used for detecting various toxins, viruses, and bacteria,
including COVID-19 antigens and antibodies. These strips are effective due to the biocompatibility,
chemical versatility, large surface-to-volume ratio, size-dependent optical properties, and ease of
surface modification of gold nanoparticles (AuNPs). Even at very low concentrations, such as 1
ng/mL for COVID-19 antigen or 1000 virus particles/mL for SARS-CoV-2 spike protein, AuNPs
enable rapid detection visible to the naked eye [45]. An example of a point-of-care lateral flow assay
for SARS-CoV-2 IgM antibody testing -indicative of recent infection- is shown in Figure 3.

Nasopharyngeal
swab

Absorbent pad | C: —)

T
—
-— - v
"5‘ —) Sample pad V]Ie V"?

Sample pad SARS-CoV-2 I1gM antibodies

Conjugate pad Gold SARS-CoV-2 antigen conjugate, gold rabbit IgG conjugate
Absorbent pad

Test marker Anti-human IgM antibody, SARS-CoV-2 IgM antigen and gold SARS-

CoV-2 antigen conjugate

Control marker Gold rabbit IgG conjugate and anti-rabbit IgG antibody

Figure 3. [llustration of a lateral flow assay for IgM SARS-CoV-2 testing using the colorimetric method.

4.4. Neurological Diseases

Nanotechnology-based biosensors can be a great asset in the timely and precise diagnosis of
neurodegenerative diseases, thus halting the progression and permanent brain tissue damage.

Alzheimer’s disease (AD) is marked by the aggregation of beta-amyloid (3-A) peptides,
specifically (3-A1-42, which aggregate to form neurotoxic plaques in the brain. Electrochemical nano-
biosensors, utilizing AuNPs and CNTs, offer a promising approach to AD diagnosis by detecting (3-
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A in biological fluids. These biosensors rely on methods like cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and squarewave voltammetry (SWV) to measure changes in the sensor
surface, as (3-A binds or aggregates. Their sensitivity to 3-A peptide presence and concentration
allows for early detection and ongoing monitoring of AD pathology [65].

Parkinson’s disease (PD) is a result of protein misfolding, especially a-synuclein, which is
accumulated in brain cells and can be detected on other body tissues as well, thus possibly serving
as a biomarker for the disease. Electrochemical biosensors designed with graphene nanosheets,
nanospherical porous organic polymers have been developed to recognize this significant protein in
the pathophysiology of the disorder [66]. In addition, optical biosensors utilizing LSPR techniques
also enable identification of a-synuclein via a mercaptoundecanoic acid (MUA)-capped gold nanorod
(GNR)-coated and chitosan (CH)-immobilized fiber optic probe [67]. In addition, graphene oxide
(EGO) and gold nanowires have been used in EC biosensors to target miRNAs, another potential
biomarker for PD [68]. Finally, dopamine -as a significant neurotransmitter that is frequently
associated with neurodegenerative diseases, including AD, PD and Huntington’s disease- can be
detected using electrochemical biosensors with gold nanoparticles, via a fast and reliable method
[69].

4.5. Other Diseases

Polycystic ovarian syndrome (PCOS), a hormonal disorder characterized by insulin resistance
and excess androgen production, also benefits from electrochemical nano-biosensors. These sensors
detect biomarkers such as testosterone, insulin-like growth factor 1 and sex hormone-binding
globulin, which are essential indicators of hormonal imbalance in PCOS. By incorporating materials
like AuNPs, multi-walled carbon nanotubes (MWCNTs) and graphene, these biosensors enhance
electron transfer rates and lower detection limits, making them valuable tools for more accurate and
sensitive PCOS diagnosis [70].

For food allergies, nano-biosensors provide an effective detection of allergens, which is critical
for safety in food processing and allergy management. Electrochemical biosensors, especially
voltametric and impedance based, measure allergenic proteins or specific Immunoglobulin E
antibodies associated with food allergies. The use of nanomaterials such as graphene, magnetic and
AuNPs enhances the biosensor's sensitivity and binding affinity, enabling the detection of low
concentrations of allergenic proteins, including Ara hl (peanuts), gliadin (gluten) and ovalbumin
(egg proteins). Some optical biosensors with gold nanoparticles even offer visual detection, by
changing color upon allergen presence, making these tools both accessible and practical for quick,
on-site testing [71].

Ophthalmic diseases, including glaucoma, dry eye disease and age-related macular
degeneration, can also be diagnosed with nano-biosensors. These devices detect biomarkers in tear
fluid and measure intraocular pressure. Nanomaterials like QDs, AuNPs and bioactive glass
nanoparticles (BGNs) provide high biocompatibility and optical sensitivity for reliable measurements
in ocular applications. Additionally, extracellular vehicles (EVs), such as exosomes, are incorporated
for their ability to carry disease-specific biomarkers, facilitating precise diagnosis of eye-related
conditions [72].

Diabetes diagnosis and monitoring benefit from nano-biosensors, specifically electrochemical
glucose sensors that detect glucose levels in biological fluids. By employing glucose oxidase and other
enzyme-based reactions, these sensors generate measurable electrochemical signals indicative of
blood glucose levels. Alternatives to enzymatic approaches, such as CosO4/N-doped CNTs, enable
glucose oxidation directly, expanding the potential for continuous and non-invasive glucose
monitoring. Nanomaterials, like CNTs, GQDs and magnetic nanoparticles, improve sensor stability
and sensitivity, making these biosensors indispensable for managing diabetes and preventing
complications [73].

For Down Syndrome (DS), carboxylated graphene oxide-based (GO-based) SPR aptasensors
enable the sensitive detection of human chorionic gonadotropin (hCG), a crucial biomarker for DS
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risk assessment. The GO surface enhances the nanomaterial-based sensor’s stability and selectivity,
allowing it to detect hCG at minimal concentrations in maternal serum, for early and non-invasive
DS screening in prenatal diagnostics [74].

Additionally, electrochemical nano-biosensors have emerged as effective tools for the early
detection of biomarkers, such as neutrophil gelatinase-associated lipocalin and cystatin C, that signal
kidney damage prior to changes in traditional indicators, such as serum creatinine. The integration
of graphene-based nanomaterials and gold-modified electrodes significantly enhances the sensors’
performance [75].

6. Conclusion and Future Perspectives

Nanotechnology-based biosensors represent a revolutionary advancement in disease
diagnostics, offering increased sensitivity, specificity and rapid time response. These innovative tools
have the potential to surpass conventional diagnostic methods, enabling earlier detection, and
improve disease management, ranging from cancer and cardiovascular conditions to infectious and
neurological disorders. The integration of nanomaterials, such as QDs, CNTs and AuNPs, enhances
the functionality of nanobiosensors, laying the foundations for portable and point-of-care
diagnostics. Despite these advantages, challenges remain. Among the most pressing are concerns
regarding the toxicity of NPs and the potential long-term impacts on human health. Therefore, the
clinical adoption of nanobiosensors must be facilitated by sufficient large-scale trials to validate their
stability, safety and reproducibility. Looking ahead, research should focus on utilizing and
developing biocompatible and environmentally friendly nanomaterials, optimizing their integration
with biosensing platforms. Coupled with advances in artificial intelligence and nanotechnology,
nanobiosensors are set to transform global healthcare, by delivering accessible, reliable and
sustainable diagnostic solutions.
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