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The recent COVID-19 infection outbreak has raised the demand for rapid, highly sensitive POC biosensing
technology for intelligent health and wellness. In this direction, efforts are being made to explore high-
performance nano-systems for developing novel sensing technologies capable of functioning at point-of-care
(POC) applications for quick diagnosis, data acquisition, and disease management. A combination of nano-
structures [i.e., OD (nanoparticles & quantum dots), 1D (nanorods, nanofibers, nanopillars, & nanowires), 2D
(nanosheets, nanoplates, nanopores) & 3D nanomaterials (nanocomposites and complex hierarchical struc-
tures)], biosensing prototype, and micro-electronics makes biosensing suitable for early diagnosis, detection &
prevention of life-threatening diseases. However, a knowledge gap associated with the potential of 0D, 1D, 2D,
and 3D nanostructures for the design and development of efficient POC sensing is yet to be explored carefully and
critically. With this focus, this review highlights the latest engineered 0D, 1D, 2D, and 3D nanomaterials for
developing next-generation miniaturized, portable POC biosensors development to achieve high sensitivity with
potential integration with the internet of medical things (IoMT, for miniaturization and data collection, security,
and sharing), artificial intelligence (AI, for desired analytics), etc. for better diagnosis and disease management at
the personalized level.

1. Introduction having low cost, illustrating features like robustness, selectivity, sensi-

tivity, and offering accurate quick diagnostics near the patient’s bedside

In recent years, the medical field has garnered astounding ad-
vancements concerning the diagnosis & cure of certain deadly diseases.
Still, a large percentage of the population worldwide continues to suc-
cumb to diseases such as cancer, diabetes, ischemic heart disease,
tuberculosis, acquired immunodeficiency syndrome (AIDS), Coronavi-
rus disease (COVID-19), Alzheimer’s & Parkinson’s disease, malaria,
dengue, and several other common respiratory, viral & bacterial in-
fections. The lack of availability of simple, quick, easy & portable
detection methods as well as the time lag between a patient’s sample
collection & its analysis by an expert can be considered as some of the
prominent reasons contributing to this state of healthcare & diagnostics
especially, in the developing countries. Point-of-care (POC) devices

can offer a potential solution to improve the current healthcare scenario
(Quesada-Gonzalez and Merkoci, 2018). Moreover, the Internet of
Medical Things (IoMT) based on various nanomaterials also becoming
popular in intelligent healthcare (Kaushik et al., 2021).

In the last decade, nanoengineering & nanotechnology have emerged
as a research methodology entailing the combined study of various
sciences, monitoring the changes occurring in the material properties at
the nanoscale level & which have led to increased use of nanostructures
in the biosensors (Welch et al., 2021). Nanomaterials are materials
synthesized using nanotechnology principles, depicting macroscopic
solids and atomic system’s intermediate properties. The particles with
internal structure dimensions or external dimensions, in the range of 1
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nm-100 nm are considered nanomaterials. Nanomaterials such as gold
nanoparticles (AuNPs)(Mahari et al., 2022; Shahdeo et al., 2021),
semiconductor quantum dots (QDs), polymeric nanoparticles, carbon
nanotubes (CNTs), nanodiamonds & graphene are considered to be
promising candidates for improving the sensitivities & limit of detection
(LOD) down to individual molecules. Generally, all nanomaterials
confer an advantage of a high specific surface, thereby allowing for the
immobilization of bioreceptor units in a greater amount. However, the
immobilization technique chosen for carrying out this conjugation of the
bio-specific entity onto such nanomaterials comes with its challenges &
is thus a defining step in developing a reliable biosensor (Holzinger
et al., 2014).

Nanomaterials are categorized as zero-dimensional (0OD) (for
example, nanoparticles), one-dimensional (1D) (for example, nanotubes
& nanorods), two-dimensional (2D) (for example, graphene), and three-
dimensional (3D) (for example, nanoprisms & nanoflowers)(Singh
Chouhan et al., 2021). The incorporation of nanomaterials in biosensing
systems as the active elements has paved the way for a significant
breakthrough in the field, resulting in enhanced detection of signals in
small sample volumes, stable sensing probes, miniaturized tools, and
systems for multiplex detection (Yiice and Kurt, 2017). Fig. 1 illustrates
the different nanomaterial-based biosensors. In this review, we
emphasized the various OD, 1D, 2D, and 3D nanostructures-based POC
systems that have been used extensively for biosensing purposes along
with the benefits & drawbacks associated with their application in
diagnostics.

2. Emergence of POC biosensing

Identification of infection-causing pathogens by their culture char-
acteristic feature has been the conventional method. But this method has
a major limitation. This method is not suitable for on-site detection in
developing countries which usually don’t have well-equipped labora-
tories or diagnostic centers (Kaittanis et al., 2010). POC is defined
extensively in various scientific journals. The mobile devices which can
be hand-held or transported, readily available for the patients, in-charge
physicians, etc, to conduct on-site diagnostic tests could be considered
POC testing (Lamb and B, 1995; Urdea et al., 2006). In the proximity of
the patient, when testing is done, it’s termed POC (Kiechle et al., 1990).
Another crucial feature of POC testing is the short assaying time. Though

Au-based SERS biosensor for cancer diagnostics
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in some cases the reduction in assay time doesn’t hold much clinical
significance, it aids in alleviating the patient’s as well as the close rel-
ative’s anxiety (Holland and Kiechle, 2005).

In general terms, POC tests are categorized into 4 main categories
(Holland and Kiechle, 2005; Hu et al., 2013):

1) Diagnostic tests which require immediate results for patients in
critical conditions (example: Group B Streptococcus [GBS])

2) Diagnostic tests that are needed to initiate the treatment (for
example, resistance testing)

3) Diagnostic tests that need the results for a quick decision in case of
organism contaminants (for example, Mycobacterium tuberculosis,
methicillin-resistant Staphylococcus aureus [MRSA])

4) Diagnostic tests are carried out for patients that don’t usually return
for follow-up treatment (example: STD i.e., sexually transmitted
diseases clinics)

Thus, POC devices are considered for rapid on-site detection of in-
fections. The POC devices are fabricated to meet the specific re-
quirements i.e., either qualitatively or quantitatively assessing the
specific biomarkers such as nucleic acids, antigens, etc. (Thien et al.,
2016). Further classification of POC based on the aspects associated with
it and examples of POC is given in Fig. 2.

The POC tests are proven to be advantageous over conventional
laboratory diagnostic tests in the following ways: ease of use, little need
for specialized equipment, the minimal need for requirements for the
analysis, and cost-effective and rapid accurate results (Manocha and
Bhargava, 2019; Syedmoradi et al., 2017). POC devices are developed
usually with the aim of it being a chip-based miniaturized version of the
actual assay, and a self-containing portable system for performing an
assay of various analytes in the samples (Syedmoradi et al., 2017). There
are challenges associated with POC test devices, for example,
non-orientation to the variable factors affecting the test results in pre-
analytical, analytical, and post-analytical phases of testing by the clin-
ical as well as non-laboratory trained operators. The non-clinical
operators who are not laboratory trained are inclined to increase errors
while performing tests as they are not trained in quality control of the
tests (Manocha and Bhargava, 2019).

Pai et al., have deduced that POC testing can be considered as a
combination of a spectrum of technologies, people using it, and the site

Rapid Screen for Antiviral T-Cell Immunity by SiINW
Tumor/Virus Antigenic Stimuli
(MART1, CMV/EBV/Flu, SARS-CoV-2)
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Fig. 1. Illustration of OD, 1D, 2D, and 3D nanomaterial-based POC biosensing devices (adopted from lannazzo et al., 2021; Panikar et al., 2020; Nami et al., 2022; Bai

et al., 2017; Qiao et al., 2018; Zhang and Yan., 2019; Kannan et al., 2017).
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Point-of-care Devices
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State-of-the-Art
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3

HIV, malaria, dengue

TESTINGIN COMMUNITY
(in rural areas)
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HIV, malaria, T8, HBV,
CD4, HCY, flu, etc.

TPPS: HOSPITAL
TESTING OF IN-PATIENTS
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. User: Hospital staff, Doctors
Device: RDT, molecular tests, smears
Purpose: Diagnosis, treatment, monitoring

HIV, malaria, T, HBY,

K C€D4, HCV, Strep A, etc.

Fig. 2. Left - different types of POC devices with examples (left), and right - different target product profiles (TPP), users, and settings/levels within the spectrum of

POC testing (Reprinted from Pai et al., 2012).

where it’s used. The spectrum of technologies ranges from simple dip-
sticks to sophisticated molecule sensors. Users comprise the common
man with no technical knowledge of the principle of working the device
to scientists/doctors. The site of its use also plays an important role as
the surrounding conditions such as temperature, and clean environ-
ment/household environment may hinder the results. This diversity of
the target product profiles within the POC testing has been illustrated in
Fig. 2. The POC testing can be done in 5 diverse settings/levels, i.e., in
the home, community, clinic, peripheral laboratory, and hospital. There
may be distinct barriers associated with each level. The importance of
these levels may vary from region to region, for example in developing
countries, due to insufficient funds, laboratories, and lack of expertise,
the importance of cost-effective, simple to use, and on-site detection
POC test devices are much of a necessity when compared to metro cities
of the world. The author has also stated that the type of device doesn’t
necessarily define a POC test. From Fig. 2 we can notice that the same
lateral flow assay can be used almost at all sites ranging from ill-
equipped rural areas to well-equipped urban areas. But some POC
tests such as ELISA and florescent biosensors cannot be used at all sites of
use, they will require expertise and equipment to handle the POC test.
The POC testing also depends on the end user and the actual setting. POC
tests may not be directly used to prescribe medicines, while some results
can be used for treatments, as the POC tests that are performed just for
qualitative analysis (present/absent type of tests) will have different
accuracy, low specificity, nonuniformity when compared to the POC
tests whose results will be used further for treatment (Gift et al., 1999).

Further, the POC wearable biosensors are gathering more attention
in recent times due to their ability in providing non-invasive, real-time,
and continuous biomarkers monitoring. Wearables have been developed
using nanomaterials for the detection of biomolecules in tears, sweat,
interstitial fluid, and saliva. The electrochemical, and optical biosensors
are in the trend due to their non-invasive detection of biomarkers such
as microorganisms, hormones, metabolites, etc. The amalgamation of
microfluidic sampling in smaller volumes, biosensing, transport systems
integration, and miniaturized flexible substrates have made the wear-
ables easy to wear and operate. But there’s still a lot of scope in research
and development in improving the monitoring and analysis of physio-
logical information. With further advancements in nanotechnology,
POC biosensing can be improved with the integration of novel highly
sensitive nanomaterials/composites incorporation in POC devices (Kim
et al., 2019).

3. Emerging nanomaterials for POC biosensing application

The novel opportunities offered by nanotechnology in the next
generation advancement have made their way to the limelight. In the
diagnostic field, using modified nanomaterials for the selective detec-
tion of biomolecules has given thrust to this field (Thien et al., 2016). In
the Diagnostic field, nanomaterials have made a major imprint, espe-
cially the nanoengineering technology which has been extensively used
in biosensors (Welch et al., 2021). Nanomaterials are classically cate-
gorized according to the number of dimensions that fall within the
nanoscale. Hence, dimension, morphology, size, shape, structure &
phase of matter are considered some of the defining parameters for the
classification of nanomaterials (Miernicki et al., 2019).

Fig. 3 shows the classification of nanomaterials based on dimension.
For instance, nanoparticles are nanomaterials having all three di-
mensions on the nanoscale with no substantial difference between their
longest & shortest axes (Jeevanandam et al., 2018). Nanofibres, on the
other hand, have one of their dimensions on the nanoscale (Tian et al.,
2018) & furthermore, may be solid (nanorods) or hollow (nanotubes)
(Fan et al., 2007) in structure. Nanoplates and nanoribbons are also
having one dimension on the nanoscale. Consolidated materials &
nano-dispersions (Joshy et al., 2020) are two broad types of nano-
materials based on their morphology. Examples of 1D nanodispersive
systems include nanopowders & nanoparticles. The latter is sub-divided
into nanoclusters, nanocrystals, nanotubes, supermolecules, etc.
(Rashtbari et al., 2020). Nanocomposites are solids having one chemi-
cally or physically unique region & minimum of a single region with
nanoscale dimensions. Nanofoams are comprised of a liquid or solid
matrix filled with a gaseous phase, one of which has nanoscale di-
mensions. Nanoporous are solids with cavities having nanoscale di-
mensions & nanocrystalline are some other nanostructured materials
that have crystal grains (Qureshi et al., 2020) in the nanoscale. Some
examples of nanomaterials categorized under OD, 1D, 2D, and 3D
nanomaterials are shown. Table 1 shown below depicts the various
nanomaterials used to date for the POC application. It shows the big
picture of recently developed various biosensors using 0D, 1D, 2D, and
3D nanomaterials for the detection of various diseases bio-
markers/related analytes. From table 1, it can be inferred that gold
nanomaterials and graphene nanomaterials are the most common choice
of researchers for POC biosensing devices due to their enhanced optical
properties, electrical properties, etc.

The diverse nanomaterials of different dimensions for biosensing
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Fig. 3. Classification of 0D, 1D, 2D, and 3D nanostructures (Goh et al., 2020).

applications can be synthesized through two approaches i.e., bottom-up
approach or top-down approach. In the bottom-up approach, the di-
mensions of the starting material/precursors used are smaller when
compared to synthesized nanomaterials. It’s vice-versa in the top-down
approach. Another category of classification of the nanomaterial syn-
thesis approaches reported by (Kolahalam et al., 2019) was biological,
chemical, and physical methods. The biological method was reported to
be simple, eco-friendly, and usually a single-step process. In biological
different bacteria, algae, fungi, plant parts, sap, etc can be used for
nanomaterial synthesis (Sarkar et al., 2022).

For developing a qualitative assay, to evaluate the presence or
absence of analyte/biomarker, 0D nanostructures i.e gold nanoparticles,
magnetic nanoparticles, etc., are used. For example, Lateral flow assay,
which usually uses gold nanoparticles for optical detection of the pres-
ence/absence of biomarkers. For the fabrication of sensitive quantitative
detection of biomarkers, 1D, 2D, and 3D nanomaterials such as carbon
nanotubes, graphene nanosheets, MXenes, etc., can be used for the
development of biosensors. For fluorescence-based detection, the use of
0D nanomaterials such as QD nanostructures of CdSe, CdTe, graphene,
etc., is much preferred. For colorimetric biosensors, the researchers have
various options for using 0D nanomaterials such as gold nanoparticles,
silver nanoparticles, magnetic nanoparticles, etc. Generally, for elec-
trochemical biosensor development, 1D, and 2D nanomaterials such as
carbon nanotubes, gold nanowires, graphene, and MXenes are preferred.

Looking at the trend in the development of POCT using nano-
materials, the 0D nanomaterials, nanoparticles, especially of gold are
among the widely used nanomaterials from time immemorial and are
still trending. In the case of 1D nanomaterials, carbon nanotubes, are the
choice of material for POCT development till today. 2D nanosheets of

graphene have been used widely because of their electrical conducting
properties (Shahdeo et al., 2020), but recently, MXenes, transition metal
dichalcogenides, etc., are trending in usage as it offers better advantages
when compared to graphene conducting properties in the development
of sensitive biosensors. In the case of 3D nanomaterials for the devel-
opment of POCT, the Metal-organic framework has been extensively
researched.

4. 0D nanomaterials for POC biosensing

Also referred to as spherical nanomaterials, 0D nanomaterials do not
have any of their dimensions greater than 100 nm, are thus ultrasmall in
size, display an effect termed quantum confinement, show good
biocompatibility, possess excellent physical & chemical properties, and
are therefore amongst the most widely used nanomaterials for bio-
sensing purposes (Wang et al., 2020). Nanoparticles & QDs are two
well-known examples of this category. Attachment of a 0D nanomaterial
to a biomarker causes the formation of a molecule that will react only
under well-optimized pathological conditions and the resultant modi-
fied nanosphere will act as a biological label, which will detect the an-
alyte presence. OD nanomaterials are discussed in detail as mentioned
below.

4.1. OD Nanoparticles

Nanomaterials are used in both optical (Kasoju et al., 2020b) &
electrochemical biosensors as these aid in improving the ultrasensitive
detection of biomarkers occurring in biofluidic samples (Roberts and
Gandhi, 2020). For example, Hussein et al. have utilized gold
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Table 1

Different nanomaterials of various dimensions for POC biosensing for health and wellness.

Biosensors and Bioelectronics: X 12 (2022) 100284

Dimensionality

Name of nanomaterial

POC detection of

Limit of detection

Ref.

0D (Nanoparticle)
0D (Nanoparticle)

0D (Quantum dot)

Au@SCX8-RGO-TB
Colloidal gold
Quantum dot

SARS-CoV-2
Human papilloma virus (HPV)

High-sensitivity cardiac troponin (hs-cTn)

200 RNA copies/mL
1000 copies/pL
0.04 ng/mL (critical

Zhao et al. (2021)
Ma et al. (2019)
Zhou et al. (2019)

value)

0D (Nanoparticle) Fe;03 Nanoparticles Ovarian cancer ctRNA 1fM Gorgannezhad et al. (2018)

0D (Nanoparticle) Gold Nanoparticle Glucose 0.1 mM Xuan et al. (2018)

0D (Quantum dot) Graphene quantum dots (GQD) Cephalexin 0.53 fM Kolhe et al. (2023)

0D (Nanoparticle) Gold Nanoparticle Aflatoxin M1(carcinogen) 3 pM Kasoju et al. (2020a)

0D (Nanoparticle) Gold Nanoparticle Aflatoxin B1(carcinogen) 10 nM Kasoju et al. (2020b)

0D (Nanoparticle) Gold Nanoparticle Aflatoxin B1(carcinogen) 33 fg/mL Li et al. (2021)

1D (Nanowire) Gold Nanowire Alzheimer’s disease (miRNA-137) 1.7 ftM Azimzadeh et al. (2017)

1D (Nanowire) Gold Nanowire Parkinson’s disease (miRNA-195) 2.9 fM Aghili et al. (2017)

1D (Nanorod) Gold Nanorod Glucose 0.8 mM Tao et al. (2021)

1D (Nanorod) Gold Nanorod SARS-CoV-2 RBD antigen 0.73 fM Shahdeo et al. (2022)

1D (Nanorod) Gold Nanorod Japanese Encephalitis Virus (JEV) 0.36 nM Roberts et al. (2022b)

2D (Nanosheet) Graphene Zika virus (NS1 antigen) 450 pM Afsahi et al. (2018)

2D (Nanosheet) Graphene oxide Cardiac biomarker BNP (brain natriuretic 100 fM Lei et al. (2017)

peptide)

2D (Nanosheet) Reduced graphene oxide Patulin (PAT) 0.66 nM Shukla et al. (2020)

2D (Nanosheet) Graphene oxide 4T1 breast cancer cells 100 cells/mL Zhang et al. (2016)

2D (Nanosheet) Graphene oxide Lung cancer miRNA 0.87 fM Khoothiam et al. (2019)

2D (Nanosheet) Reduced graphene oxide Prostate specific antigen (PSA) 10 pg/mL Wei et al. (2018)

2D (Nanosheet) Graphene DNA mutations for Duchenne muscular 1.7 ftM Hajian et al. (2019)

dystrophy

2D (Nanosheet) Graphene Folic acid protein (FAP) 5fM He et al. (2017)

2D (Metal organic Cobalt metal-organic framework Glucose 16.3 pM (al Lawati and Hassanzadeh,
framework) 2020)

2D (Metal organic Metal organic framework carcinoembryonic antigen (CEA) 0.742 pg/mL Zeng et al. (2022)
framework)

2D (Nanosheet) Nickel metal-organic framework 2D Peroxidase 8 nM Chen et al. (2018)

nanosheet

3D (Metal organic zeolitic imidazole framework-90 (ZIF-90) Adenosine triphosphate 233 nM Cao et al. (2022)
framework)

3D (Metal organic lanthanide functionalized metal organic Glucose 0.2 yM Zhang and Yan (2019)
framework) framework

3D (Metal organic Copper-Metal organic framework (Cu- Glucose 0.11 pM Lu et al. (2020)
framework) MOF)

3D (Metal organic Copper-Metal organic framework (Ni- Glucose 0.25 pM Xiao et al. (2017)
framework) MOF)

3D (Metal organic Cobalt-Metal organic framework (Co- Glucose 1.6 yM Zhang et al. (2020)
framework) MOF)

nanoparticles (AuNPs) to develop a quick and simple POC lateral flow
immunoassay (LFA) for the detection of human IgM & IgG antibodies
against Severe Acute Respiratory Syndrome Coronavirus 2 (SAR-
S-CoV-2) in the blood (Hussein et al., 2020). Further, another study has
reported the use of LFA in which mesoporous silica encapsulated
up-conversion nanoparticles (UCNPs@mSiO2) were used for the detec-
tion of SARS-CoV-2, additionally, the sensor was IoMT enabled, and was
shown to be accessible to edge hardware devices such as 5G smart-
phones, computers, etc. via Bluetooth (Guo et al.,, 2021). Similarly,
another group has focussed on the use of noble nanoparticles i.e., AuNPs
& silver nanoparticles (AgNPs) for the generation of nanoparticles-based
biosensors as a detection strategy against emerging pathogenic RNA
viruses. They have depicted that, with the increase in size, the color of
nans suspensions changes from red to purple/blue & vice-versa, and the
way the electrons are transferred from AuNPs to the electrode surface,
thereby allowing electrochemical response measurement (Ibrahim et al.,
2021).

Furthermore, Roberts et al. fabricated an electrochemical biosensor,
using AuNPs, for quick, convenient, and time-saving detection of
COVID-19 in clinical samples as shown in Fig. 4a. They coated AuNPs
onto the fluorine-doped tin oxide (FTO) electrode, followed by attaching
in-house generated antibody against SARS-CoV-2 via physisorption &
then tested electrochemical changes due to binding on the addition of
antigen (Roberts et al., 2021b). Another study has identified a potential
in magnetic nanoparticles (MNPs) to be used as multifunctional agents
for the diagnosis & therapy of diseases (Chouhan et al., 2021). Further, a
group has utilized MNPs for the labeling of breast cancer cells. They

have also analyzed the sensitivity of electrical bioimpedance patterns
(Gonzalez-Diaz and Golberg, 2020). Gold-based hybrid nanomaterials
have also been popularly used by researchers for the detection of dis-
eases such as the use of AuNPs conjugated with graphene for monitoring
Parkinson’s disease (Aminabad et al., 2022), as they offer
multi-functionalities in high specificity and sensitivity molecular
detection (Kim et al., 2016). To perform biosensing of human immu-
nodeficiency virus (HIV) (Islam et al., 2019; Nandi et al., 2020), a group
first treated glass substrates with silane layer evenly, then added HIV
pseudovirus which was followed by adding anti-HIV gp41 antibodies.
These antibodies were fused with selenium nanoparticles (SeNPs) and
gold nanoclusters (AuNCs) (Manoto et al., 2021). Various microscopic &
surface morphology characterizations were executed & ultimately
Raman spectroscopy was used to confirm the presence of biomarkers
related to HIV. This novel biosensing system thus depicted a potential
for developing a POC HIV biosensor.

Hassan et al. have reported a Zinc Oxide nanoparticle (ZnO NPs)
based sensor for Volatile Organic Compounds (VOC) detection which
has the potential to be developed for POC testing. A study states that
human exhales more than 3500 components which contain a wide range
of VOC. These VOCs could be considered biomarkers to diagnose a pa-
tient’s health status non-intrusively (Pleil et al., 2013). Non-intrusive
biomonitoring, (e.g., breath testing), is an evolving diagnostic field to
support POC diagnostics advancement. Hassan et al. have developed the
ZnO NP from discarded Zn-C batteries (Hassan et al., 2021). The sensor
was fabricated by direct drop-casting of microrecycled ZnO NPs based
nanocomposite material (pG/EC/ZnO NPs), where pG/EC is pristine



M. Byakodi et al.

Biosensors and Bioelectronics: X 12 (2022) 100284

) ) Intracellular cancer cells sensors Immunosensors
\ ) i
i ;¥
RS
a Bare electrode — | N
I Flectrochemical ) i b ¢
FUS N detection < gWr f
=7 - cupture = cancer
\ antibody - antigen
&
ntie Y ¥ N oF v P
& B S
s ot
<
~
N 8
SARS.CoV-2 Spike Antigen
<. Addition of Antibody vins (ag)

b 65

\lmn cycled zne Pristine Graphene

AL

<SS

S

<&~
Cu tape

Printed electrode

Final device

’:l‘urgch'ng H
" s

ligand

.s cancer

receptor on
biomarker P!

=aptamer
\) P cancer cells

H
® SD 4,4 fouling featureof
lmmllnn)enwl
i
E =5
= o]
i 1 7

Fig. 4. (a) Schematic representation of AuNP-based electrochemical biosensor for COVID detection (Reprinted from (Roberts et al.,

2021b) with copyright

permission for figure obtained from Elsevier). (b) Schematic representation of paper-based immunological sensor for Prostate-specific antigen of zinc oxide nano-
particles (ZnO NP) used for VOC detection using ZnO sensor (Reprinted from Hassan et al., 2021 with copyright permission for figure obtained from Elsevier). (c) Use
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(Reprinted from lannazzo et al., 2021). (d) Schematic representation of anti-fouling SERS-based immunosensor for POC detection of the B7-H6 tumor biomarker in
cervical cancer patient serum (Reprinted from Panikar et al., 2020 with copyright permission for figure obtained from Elsevier).

graphene/ethyl-cellulose, onto the printed inter-digitated electrodes
(IDE) on Kapton film (Hassan et al., 2021). The schematic of the
biosensor is shown in Fig. 4b. The fabricated sensor was cost-effective
and displayed increased sensing performance, better sensitivity, and
selectivity towards chloroform and ethanol VOCs at room temperature
(Hassan et al., 2021). As the awareness of climate change and pollution
is constantly increasing, this research has proven to be a step toward
climate-smart practices.

4.2. 0D QDs nanostructures

Owning to the diverse properties depicted by QDs (Farzin and
Abdoos, 2021), such as exclusive photochemical stability, photo-
bleaching resistance, superior brightness offered, their narrow emission
spectrum, large absorption coefficient, allowing size-tunable light
emission, etc., QDs or semiconductor nanocrystals have widely been
employed for developing a range of sensors with fluorescence, biolu-
minescence & chemiluminescence biosensing and bioimaging (Marty-
nenko et al., 2017), pathogen detection & for therapeutic purposes
(Liang et al., 2014). Common examples of QDs include Cadmium
telluride (CdTe), Cadmium selenide (CdSe), and Indium phosphide
(InP). But, since these are heavy metal based, others such as
silicon-based QDs (SiQDs) synthesized in an aqueous solution are
considered less toxic, have better biocompatibility & thus offer a better
option in some cases (Liu et al., 2016; Atkins et al., 2011).

Campuzano et al. have demonstrated how Graphene QDs (GQDs) &
carbon dots (CDs) are advantageous in the development of
nanomaterial-based biosensors. GQDs are 0D materials, belong to the
carbon family, and have properties of graphene as well as CDs, hence
these are considered good electron transporters, and offer increased
contact area with the target analyte, thereby improving the active
electrochemical response area. CDs, on the other hand, are quasi-

spherical NPs depicting enhanced solubility, more biocompatibility &
less toxicity (Campuzano et al., 2019). Another study has reported the
production & functionalization of GQDs with various agents for early
cancer diagnosis. These GQDs thus developed were able to selectively
recognize & convert specific cancer biomarkers such as enzymes, pro-
teins, antigens, hormones, other cancer cell-related by-products, bio-
molecules present on the cancer cell’s surface, pH change, etc. into a
detectable signal, help in cancer therapy & also aid in treatment eval-
uation as shown in Fig. 4c (lannazzo et al., 2021).

4.3. 0D Fullerene

Fullerene has been reported to have good electrical conductivity, low
manufacturing cost, high mechanical strength, high surface area, and
good biocompatibility. In recent years fullerene-C60 has gathered
attention among researchers because of its electrochemical properties. It
has been found that in an aqueous solution partially reduced fullerene-
C60 films exhibit increased electrochemical behaviors. It’s being used in
the modification of electrodes (Goyal et al., 2007, 2008; Rather and de
Wael, 2013). Suresh et al.,, have demonstrated the development of
immunosensing device with immobilized fullerene-C60, hydroquinone
(HQ), and copper nanoparticles (CuNPs) composite film on glassy car-
bon electrode (HQ@CuNPs-reduced-fullerene-C60/GCE). The immu-
nosensor detects PSA selectively, quickly, and in trace amounts. The
collective effect of CuNPs and fullerene-C60 nanocomposite film
revealed exceptional catalytic activity towards HyO, reduction for
significantly amplified immunological sensing signals. A distinct redox
peak and accelerated electrochemical reduction of hydrogen peroxide
were observed. There was no intrusion of dissolved O, and neither
false-positive result in phosphate buffer solution at pH 7.0 exhibited by
the HQ@CuNPs-fullerene- C60/GCE. The developed immunosensor
showed a wide range of linearity in 0.005 ng/mL and 20 ng/mL with a
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limit of detection of 0.002 ng/mL (Suresh et al., 2020).
4.4. 0D Nanospike

Panikar et al. (2020), have reported an immunosensor with sandwich
type Surface Enhanced Raman Spectroscopy (SERS) modified to be
zwitterionic for B7-H6 biomarker spotting in cervical cancer patient
blood serum. To combat the serum fouling, the immunosensor’s thin
gold film substrate was integrated with a self-assembled monolayer of
zwitterionic L-cysteine. Further, to capture the B7-H6 biomarker, it was
cojoined with NKp30 receptor protein. To make sure that the SERS
signal was dependable in a complex mixture of media, the ATP reporter
molecule was functionalized with the spiky gold nanoparticles (AuNPs)
based SERS nanoprobe. It was later combined with the anti-B7-H6
antibody to form the SERS nanoprobe, which is complex
anti-B7-H6@ATP@AuNPs. Fig. 4d shows the schematic representation
of the immunosensor working. It has been demonstrated by many
research groups that the sandwich of AuNps and gold film enhanced the
Raman enhancement factor due to the formation of many “hotspots”
(Pérez-Mayen et al., 2015; Rodriguez-Lorenzo et al., 2009). The stated
immunosensor exhibited high reproducibility for detection of B7-H6
between 1071° M to 10714 M, and LOD of 10~* M or 10.8 fg/mL. It’s
also stated that the LOD exceeded hundred-fold from the LOD of
extensively used commercial ELISA kits. The lower LOD was claimed to
be partly the result of the zwitterionic modification done. This modifi-
cation reduced serum fouling by fifty-five percent in comparison to the
conventionally utilized control which is BSA capture substrates.

The 0D nanostructures have served as efficient nanomaterials to
develop various point-of-care diagnostics for health and wellness. QDs
have also served as fluorescent probes in cancer diagnostics. Further,
other material dots such as carbon dots, when doped with other mole-
cules such as nitrogen can be used as fluorescent probes in biosensors
(Zhang et al., 2015). However, nanoparticles have more scope for
further improvement with respect to the sensitivity of the biosensor. 0D
nanomaterials as stated, have shown excellent SERS-based applications,
and more sensitive biosensors can be developed based on these prop-
erties of OD nanomaterials.

5. 1D nanomaterials for POC biosensing

Nanomaterials having two of their dimensions ranging from 1 to 100
nm, offering high aspect ratios, providing improved compatibility with
biological structures, and depicting numerous morphologies are cate-
gorized under 1D nanostructures. Metal oxides based 1D nanomaterials
(Hahm, 2016) are not only cheaper but also present good electro-
chemical properties suitable for the creation of biosensing systems.
Zhang et al. have devised 1D nanostructure arrays which are
self-assembled, apt for high sensitivity & specificity, quick SARS-CoV-2
detection, perform clinical sample testing in 10 min & offer LOD of 100
pfu/mL (pfu: plaque forming unit) (Z. Zhang et al., 2022). Various types
of 1D nanostructures are described in the following section.

5.1. 1D Nanorods

Nanorods designed using metal oxides, in addition to depicting
improved electrocatalytic properties, also offer a large surface area to
volume ratio. These are widely utilized as an alternative to traditional
methods of sensing glucose in diabetes patients. Normally glucose oxi-
dase enzyme is required to be used & it becomes difficult to bring stable
results with repeatability. Hence, Chakraborty et al. fabricated a copper
oxide (CuO) based electrode which was of low cost, porous, followed the
non-enzymatic approach of glucose biosensing, showed high sensitivity
of nearly 2299 pA mM~! cm~2 in human saliva samples, and was a
comparatively quicker method of checking glucose level without any
pain of pricking needles into the patient’s finger (Chakraborty et al.,
2020).
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5.2. 1D Nanofibers

A group of researchers applied the method of electrospinning to
deposit cellulose nanofibers (CNs) onto paper which was at first
deacetylated in an alkaline solution followed by trimethyl chitosan
(TMC) treatment. They further carried out its characterization via
various microscopy techniques to confirm deposition had taken place
properly & also fabricated screen-printed electrodes (SPEs) via sput-
tering of a thick gold layer onto TMC/CNs substrate. Later, the reduced
graphene oxide was used in the surface modification of the working
electrode (Dey et al., 2022; Mahari and Gandhi, 2022; Roberts et al.,
2022a). Electrochemical analysis revealed the biosensor was indeed
very useful in glucose enzymatic detection in whole blood, exhibited
LOD of 0.1 mM with quite high sensitivity around 9.9 x 10 ~*KQ ! .
mM ~! & depicted excellent selectivity & results in reproducibility as
well (Ahmadi et al., 2021). For detecting ferulic acid in cosmetics,
Alexandra et al. have devised a carbon nanofibers-based novel electro-
chemical biosensor that also utilized AuNPs & enzyme tyrosinase in the
system for the modification of carbon. The result validation was done
spectrophotometrically and the LOD offered by this novel biosensor was
observed to be 2.89 x 10~° mol L ! (Bounegru and Apetrei, 2020).

5.3. 1D Nanopillars

Being compact in structure, nanopillars are considered to be reliable
materials for mass-scale production as they have unique optical prop-
erties, provide high surface area and the cost of their fabrication is also
low as compared to other nanomaterials (Pradana et al., 2021). Lee et al.
used the principle of biomimetics to develop a biosensor using nano-
pillars, for label-free influenza virus detection. They made use of poly-
merized dopamine and carried out the immobilization of a peptide onto
the nanopillar surface, which mimics sialic acid so that it would bind to
hemagglutinin present on the viral surface. The sensor thus generated as
an alternative to conventional methods of diagnosis, allowed them to
detect viral particles in the range of 10° to 10° pfu (Lee et al., 2021).

5.4. 1D Nanowires

Serge et al. fabricated a field-effect transistor (FET) biosensor based
on silicon nanowires. Vascular endothelial growth factor (VEGF) was
chosen as the biomarker target for the diagnosis of cancer cells. They
chose an approach to modify the nanowire assembly, observed changes
in physical properties via scanning electron microscopy and atomic
force microscopy, made DNA aptamers against VEGF, functionalized
them onto the surface of nanowires & measured their conductance (Zida
et al., 2020). Another group has also exploited multichannel silicon
nanowire-based FET biosensors for human T-cell immune response
analysis. Conventional methods for measuring pathogen-specific T-cell
immune response are laborious, time-consuming and resource intensive
whereas this novel approach is applicable for T-cell immune analysis. In
this, they have observed a weak electrochemical signal in unvaccinated
individuals and a strong signal in vaccinated individuals against a va-
riety of common viruses, seasonal viruses & emergent pandemic viruses
such as SARS-CoV-2 (Nami et al., 2022). In Fig. 5a the schematic rep-
resentation of the device principle is shown. To avoid cumbersome
routes for reliable and enzymeless glucose detection, an electrochemical
sensor using nickel-copper oxide nanowires. The fabrication of CuONi
nanowire is shown in Fig. 5b. It showed greater sensitivity (5610.6 pA
mM~! cm*2), lower limit of detection (0.07 pM), and better selectivity
(Bai et al., 2017).

5.5. 1D Nanotubes
Luo et al., have fabricated a smart tongue-depressor based biosensor

using carbon nanotube, for salivary glucose detection. The tongue-
depressor is a medical device widely used for the detection of
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biomolecules by inserting the device into the mouth, in close contact
with the saliva(Leeming et al., 1996; Paydas et al., 2003). Saliva is re-
ported to be a storehouse of biomarkers related to health status and
diseases. Another advantage is that saliva can be procured
non-invasively, thus making it a suitable medium for the detection of
biomarkers (Dodds et al., 2005; Humphrey and Williamson, 2001;
Kaufman and Lamster, 2002; Ngamchuea et al., 2018). One of the bio-
markers that can be detected in the saliva is glucose. The author has
claimed (as of 2019) that the device reported and tested in phosphate
buffer as well as in real human saliva, is the first of its kind. The sensor is
fabricated by printing three electrodes, working and counter electrodes
from carbon nanotubes (CNTSs), and silver/silver chloride for reference
electrodes in the electrochemical cell. CNTs are a widely used electronic
material and studies have shown that they have very good electrical
properties (Mishra et al., 2018; Yasun et al., 2020), hence can be used for
amperometric biosensor fabrication (Fujisawa et al., 2018; Li et al.,
2018). The schematic representation of the fabrication and the device
developed is shown in Fig. 5c. Glucose oxidase was immobilized on the
working electrode. The LOD range of the reported biosensor was from
7.3 pM to 6 mM and the time taken for glucose detection was reported to
be about 3 min (Luo et al., 2019).

Literature survey has shown extensive use of nanotubes and
nanowires-based biosensors, but nanopillars and nanofibres based-
biosensors are less reported. Hence more research can be carried out
in these areas. Nanowires and nanotubes are proven to be excellent 1D
conductive nanomaterials for building efficient electrochemical bio-
sensors. Miniaturization of the device is possible with 1D nanomaterials,
for example, FET-based devices. Although 1D nanomaterial-based FET
biosensors are sensitive, there is still scope for further developing more
sensitive biosensors by tuning their conductive properties.

6. 2D materials for POC biosensing

As mentioned earlier, 2D nanomaterials are the materials in which
any two dimensions are outside the nanoscale, for example, MXenes
(Khunger et al., 2021), Phosphorenes, Transition Metal Dichalcogenides
(TMD), Metal oxide Nanosheets, silicenes, Boron Nitride Nanosheets
(BNNSs), Borophene(Kumar Sharma et al., 2022), etc. In recent years,
numerous 2D materials have been used for POC biosensing purposes.
Some of these are mentioned below.

6.1. 2D Nanosheets

Graphene a carbon allotrope and other forms of graphene exhibit a
unique combination of optical, electronic, electrochemical (Prattis et al.,
2021), and biomolecular surface adsorption properties (Narlawar and
Gandhi, 2021) which make them a suitable candidate for the POC bio-
sensing systems.

Graphene when combined with Field Effect Transistors (Islam et al.,
2019), forms an integrated system, known as GraFET (Roberts et al.,
2020) or GFET. Recently GFET has been used to detect SARS-CoV-2
during the COVID-19 pandemic (Roberts et al., 2021a). The first ef-
forts to fabricate GFET for the detection of SARS-CoV-2 were taken by
Seo et al. They fabricated a GFET decorated with the anti-spike antibody
of SARS-CoV-2. First, they transferred the graphene sheets to SiO/Si
substrate by conventional wet transfer method and then attached
anti-spike antibodies to the surface of graphene using 1-pyrenebutyric
acid N-hydroxy succinimide ester, which was an interfacing molecule
for the graphene surface and antibody. The fabricated biosensor is
shown in Fig. 6a. The limit of detection of SARS-CoV-2 with the fabri-
cated biosensor was 1.6 x 10" pfu/mL which was the pioneer to develop
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the POC biosensors during the COVID-19 pandemic (Seo et al., 2020).

Apart from sensing the virus, Graphene and graphene-related ma-
terials have also been reportedly used for POC detection of Ovarian
cancer biomolecules (Wei et al., 2018), Lung cancer microRNA (Khoo-
thiam et al., 2019), Glucose (Xuan et al., 2018a,b) and Duchenne
muscular dystrophy (Hajian et al., 2019). Furthermore, graphene
nanosheets have been used to detect urokinase-type plasminogen acti-
vator receptor, which is also a cancer biomarker. The experimentation
was done using the FTO electrode. The immunosensor generated as a
result of this had LOD of 4.8 fM and offered a linear range between 1 fM
to 1 pM (Roberts et al., 2019).

Another 2D nanomaterial is MoSy (Molybdenum disulfide). It has
attracted attention among scientists worldwide due to its graphene-like
properties. It is a 2D layered nanomaterial (Huang et al., 2013). The
semiconducting MoS; nanomaterial and depending on its thickness has
an indirect to direct bandgap transition (Eda et al., 2011; Radisavljevic
et al., 2011). This property offers a solution for overcoming the limita-
tions associated with graphene. Due to this advantage over graphene,
MoS; is showing increasing potential use in developing sensors com-
bined with surface-enhanced Raman scattering techniques, electro-
chemistry, and fluorescence (Fu et al., 2017; Saleh et al., 2017, 2018;
Zhang et al., 2017). MoS, possesses increased efficiency of fluorescence
quenching, it’s reportedly made use of as a nanoprobe in biomarkers
homogeneous detection. MoS; nanosheets have also reported the ability
to adsorb single-stranded DNA through the van der Waals force (Ge
et al., 2014a; Zhu et al., 2013). In previous works of literature, MoS,
nanosheets have also been reported as efficient dye quenchers, with
potential application in developing fluorescent sensors for DNA detec-
tion with the help of recognition units such as aptamers.

Recently, Vinita et al. developed a biosensor to detect the glucose in
serum, saliva, and tears. They have synthesized AuNP@MoS;-QDs
composite in which MoS,-QDs were synthesized using one-step hydro-
thermal procedure. Then the developed composite was able to detect
glucose by peroxidase mimicking property of AuNP@MoS,-QDs as
shown in Fig. 6b. The developed biosensor has a good wide range of

1-400 pM with the LOD of 0.068 uM in Phosphate buffered saline. The
fabricated biosensor was sensitive enough to detect low levels of glucose
in fluids such as saliva, serum, and tear (Vinita et al., 2018). Apart from
this MoS; has also been used in the biosensing of Prostate-specific an-
tigen (PSA) (Kong et al., 2014), Important enzymes such as DNA methyl
transferases (Deng et al., 2015) and T4 polynucleotide kinases (Ge et al.,
2014b).

Qiao et al., have reported developing a unique aptamer-based elec-
trochemical sensor. The authors have fabricated the sensor based on
layer structured MoS; nanosheets affixed onto the glassy carbon elec-
trode, conjugated with aptamer for Cardiac troponin I (cTnlI) detection.
The cTnl presence combines with aptamer immobilized on MoS,. It
adopts a definite and rigid tertiary structure causing a feeble affinity
with MoS,. Hence, the aptamer coupled cTnl will be freed from the
surface of the nanosheet, in turn decreasing the resistance. For the
aptamer sensor, the detection range of ¢Tnl was from 10 pM to 1.0 pM
with a LOD of 0.95 pM. This sensor had been successfully tested for cTnl
presence in human blood serums (Qiao et al., 2018). It has shown the
potential to be developed for POC detection.

Kumar Sharma et al., have reported another 2D material borophene,
a 2D allotrope of boron with a potential application in biosensing. It has
emerged in prominence because of its highly electroactive surface,
controlled optical properties, anisotropic behavior, the feasibility of
deposition in thin films, high electron transport, and it is also possible to
create surface functionalities. Borophene due to its similar flexibility to
graphene can be deposited on flexible substrates. It can also be func-
tionalized for immobilizing bio-actives. In addition to this, its surface
functionalities can be controlled for fabricating a sensitive biosensor
that can be operated by a smartphone for early diagnosis using POC
testing as shown in Fig. 6c¢.

6.2. 2D Nanocomposite

Graphene oxide is making its way into the field of biosensors as a
potential matrix material because of its 2D structure, biocompatibility,
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mechanical stability, and ease of electronic properties tunability (Tiwari
et al., 2016). In addition to these properties, simple covalent binding of
biomolecules on the graphene oxide surface containing oxygen func-
tional groups, especially -COOH, is possible without linker molecules.
Metallic nanoparticles can be embodied in graphene oxide for composite
synthesis. This composite will aid the electronic, electrochemical prop-
erties modulation which in turn helps in signal amplification, and time
measurement for the optimization of biosensors (Gutés et al., 2012).

Verma et al. have demonstrated a highly stable electrode immuno-
sensor made up of gold nanoparticle-reduced graphene oxide (AuNPs-
rGO) composite for noninvasive, label-free detection of interleukin — 8
(IL8), a salivary oral cancer biomarker. The sensor was fabricated using
Indium tin oxide glazed glass, and on top of which a thin film of AuNPs-
rGO nanocomposites was layered. The receptor anti-IL8 antibodies were
immobilized on the film via a covalent bond between the amine group of
the receptor and the carboxylic group of reduced graphene oxide on the
electrode’s surface. The schematic of the same is shown in Fig. 6d below.
The coaction of electrochemical and electronic properties of AuNPs as
well as rGO in the composite increases the rate of electron transfer. This
resulted in quick efficient detection of interleukin — 8 within 9 min. The
LOD exhibited by the immunosensor 72.73 + 0.18 pg/mL was below the
clinical salivary expression level of IL8 i.e. 720 pg/mL in oral cancer
patients. This biosensor also exhibited exceptional performance of
94.15% average recovery of IL8 in spiked saliva. That stability, elevated
precision, and specificity made the biosensor a potential platform for the
detection of initial-stage oral cancer (Verma et al., 2017). This biosensor
can be further modified for the detection of other cancer biomarkers in
saliva, blood serum samples, urine samples, etc.

2D nanomaterial composites have also shown promising results in
wearable biosensor technology. One such wearable monitoring system is
developed by Zahed et al. The authors have fabricated hybrid epidermal
biosensing (bi-HEB) patch. The patch has a unique nanoporous carbon
and MXene layer which acts as a transducer. The patch was coupled with
a miniaturized monitoring system. This patch houses glucose, pH, and
temperature biosensors. The patch within the physiological levels of
0.003-1.5 mM, demonstrated exceptional sensitivity of 100.85
pAmM ! cm™2. In this way, the nanocomposite played a crucial role in
accurately monitoring glucose in sweat and also ECG signals. This patch
can also be used by human subjects in homes, gyms, etc (Zahed et al.,
2022).

2D nanomaterials are one of the most widely explored and used
nanomaterials for developing biosensors. Graphene nanosheet is one of
the trending 2D nanomaterials used in various industries, including the
healthcare sector to build biosensors. Further, exfoliated semiconductor
2D nanosheets such as Tungsten diselenide (WSes), being photovoltaic
and transparent in nanoscale can be explored more for the development
of wearable biosensors with LED properties.

7. 3D nanomaterials for POC diagnosis

While 0D, 1D & 2D nanomaterials have comparatively simpler
morphology, 3D nanostructures are usually an amalgamation of
different nanoscale features in one single structure. Since these nano-
materials offer superior electroactive surface area, hence, they are often
considered to be better at targeting analytes of interest, signal amplifi-
cation & perform efficient biosensing. Complex hierarchical structures
and nanocomposites are mainly categorized under 3D materials. A study
reported that photonic crystals (PCs) & inverse opals (IOs) having an
ordered 3D nanostructure are perfectly suitable candidates for
biomarker detection & development of novel biosensors. For instance, a
group fabricated ZnO IOs & ZnO PCs using the sol-gel technique & spin
—coating method. The structures ultimately obtained had hexagonal
compact arrangements & depicted better photoluminescence peaks.
Furthermore, PCs based on TiO5 I0s & colloidal SiO,-based PCs have
also been synthesized (Fathi et al., 2021). Another study was shown of
the application of barcode technology for biosensing by Xu et al. This
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barcode was synthesized using PEG i.e., polyethylene glycol hydrogel
conjugated with inverse opal particles.

Fig. 7a illustrates aptamer probes immobilized on the I0-structured
magnetic hydrogel barcodes and the real images of the barcodes
which can be mobilized with the magnet. The entire barcode was re-
ported to be less than 500 nm in size. These barcodes had specific
reflection peak codes which were reported to be stable during the pro-
cess of bacteria capturing on the barcode surface. The spherical surface
of barcodes had ordered porous nanostructure which made it suitable for
providing greater surface area for immobilization of probe and also a
platform that is nanopatterned for carrying out highly efficient bio-
reactions. The conjugated aptamers on the barcode surface increased the
sensitivity, specificity, and reliability of bacteria detection and
capturing. In addition to this, the magnetic nanoparticles were tagged in
the hydrogel scaffold which enabled magnetic field-based controlled
movement for simplification of bioassays. The barcodes could capture
bacteria with concentrations as low as 100 CFU/mL within 2.5 h which
is shorter when compared to the ‘gold standard’ adopted in clinics. All
the features stated above made the barcodes having IO a potential 3D
nanomaterial for POC hematological infection diagnostics (Xu et al.,
2018).

In another attempt to perform glucose sensing without the use of any
enzymes, as the enzymatic approach is time-consuming, there’s a con-
stant fear of enzymes getting denatured or digested by proteases, their
costly purification, non-consistent results, etc., 3D cobalt oxide (Co304)
nanowires (Fig. 7a) were fabricated onto carbon fiber paper substrates,
former being extremely active & latter being quite flexible. The novel
sensor thus developed showed potential in glucose monitoring in both
food samples as well as clinical blood samples (Kannan et al., 2017).
Fang et al. utilized the synergistic effect of zinc oxide (ZnO) providing a
large surface area & unique property contributed by AuNPs to aid in the
creation of a 3D functionalized hierarchical nanostructure for glucose
sensing (Fang et al., 2016). The sensor showed satisfactory performance
with LOD 0.02 mM & the linear range was considered acceptable having
values between 1 and 20 mM. Manganese oxide (MnO;) based multi-
walled CNTs nanocomposites for amperometric glucose detection have
also been developed. These had a wide linear range between 5 and 200
pM and 0.2-1 mM whereas LOD was 2 pM (Hao et al., 2020). Similarly,
multi-walled CNTs have also been used for the biosensing of myoglobin
(Mani et al., 2014).

In addition to the above 3D nanomaterials, in recent times, Metal-
Organic Frameworks (MOFs) are gaining more attention from scholars
for enzyme immobilization. It’s due to the MOF’s intriguing properties
such as large surface areas, tuneable porosity, structural flexibility, and
diverse post-synthetic modifications (Fig. 7b). Lanthanide has intrinsic
4f-4f transitions. Hence, the lanthanide metal-organic frameworks (L-
MOF) showed excellent luminescence having potential application in
sensors for sensing metal anions and cations, biomarkers, and molecules
(Hao and Yan, 2017; Lian and Yan, 2016; Xu and Yan, 2016). L-MOF is
also accompanied by pros for logic detectors due to outstanding fluo-
rescence properties and high sensitivity toward analytes (Xu and Yan,
2018).

Y. Zhang et al., have reportedly developed for the first time (as of
2019), an L-MOF-enzyme composite. To fabricate the L-MOF-enzyme
composite, glucose oxidase (GOx) was incorporated in an HyO9-sensitive
L-MOF. The enzyme cascade catalysis process produces HyO5. Through
this process, the GOx-Eu3+@UMOF showed good sensitivity and
selectivity towards glucose under neutral conditions and room temper-
ature. The LOD of serum and urine was reported to be 0.23 pM and 0.25
pM. The was sensor constructed having three INHIBIT logic gates. The
logic detector displayed three different outputs of low, medium, and
high, equivalent to three inputsi.e., 0.1 pM-10 pM, 10 pM-10 mM, >10
mM. The testing results being distinguishable via the naked eye on the
screen, by the three lights and fluorescence, makes it suitable for self-
diagnosis of Glucose, and on-site detection with ease (Zhang and Yan,
2019). Another MOF used for ultrasensitive biosensing was reported by
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J. Zhang et al. The aggregation-induced emission luminogen (AIEgen)
acted as the ligand, hence they named it as metal-AIEgen frameworks
(MAFs). Fig. 7b shows different MAFs synthesis and also the develop-
ment of MAFs@QDs-PVP hydrogel complex for HDS coupled with the
technology of digital sensing. MAFs were reported to process a lumi-
nescent mechanism related to the structural rigidity-enhanced emission.
This had proven to give a high quantum yield (~99.9%). The MAFs were
optimized to display enhanced sensitivity of 102- to 103-fold, for the
lateral flow immunoassays (LFIA) and hydrogel-based POC digital
sensor. Since MAFs showed greater affinity for direct protein adsorption,
they can be used for robust serum detection for POC testing (J. Zhang
et al., 2022).

3D nanocomposite assembly is difficult and hence not as popular as
other dimensional nanomaterials for developing biosensors. Since 3D
nanostructures have a larger electroactive surface area so more sensitive
biosensors can be developed. 3D nanostructures assembly can be made
simpler in order to easily fabricate biosensors. 3D nanomaterials espe-
cially nanocomposites can be developed with different semiconducting
materials with enhanced electro-chemical properties that can have
synergistic effects and can prove to be advantageous over a single
material.
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8. Challenges and alternative approaches

Point of care (POC) diagnostics, as the name suggests should be
available for diagnosis on-site at various locations such as hospitals,
homes, gyms, etc. To achieve this, the developed biosensor/detection
system must be portable with ease of diagnosis. Portability being the
most significant feature of POC testing, miniaturization is the biggest
challenge encountered in the field of POC biosensing. Due to the revo-
lution in technology, for example in microelectronics, the circuit di-
mensions have been shirked making it possible to fabricate miniaturized
POC devices, but with time and extensive advancement in technology,
there is a lot of scope for improvement in designs that can offer better
functionality.

In addition to the portable miniaturized feature of POC devices,
another important feature is the ease of operation of the device, such as
the paper-based microfluidic devices and lateral flow assays utilizing
gold nanoparticles (0D material) as a colorimetric agent. But there are
challenges associated with the operation of some POC devices, e.g., the
non-orientation to the variable factors affecting the test results in pre-
analytical, analytical, and post-analytical phases of testing by the clin-
ical as well as non-laboratory trained operators. The non-clinical
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operators who are not laboratory trained are inclined to increase errors
while performing assays as they are not trained in quality control of the
tests (Manocha and Bhargava, 2019). Hence, with the aid of digital
media awareness can be spread regarding the use of the readily available
POC devices in use for users in homes, social media can also add an
advantage to this. Adequate training via set SOPs should be made
compulsory for clinical workers, especially in rural areas.

Further, when looking into the biomarkers used to develop the POC
detection Kkits, there is always a challenge associated with the stability of
the biological components. Numerous PoC biosensors have been re-
ported to use antibodies as a biorecognition element. Antibodies are
proteins and proteins are heat labile. So, there is a need to improve this
storage stability. To address the issue, an alternative i.e., aptamers can
be used. But there is also a challenge in the generation of aptamers. It is a
tedious and complicated process, but improvement in the SELEX
(aptamer generation process) can resolve this issue. As nanomaterials
are the heart of many sensors, their monodisperse synthesis poses a
challenge. Rigorous and thorough optimization of those protocols
considering various parameters involved can fix the inconsistency issue.

Even if all the above-mentioned approaches are inculcated, proper
diagnosis will still be an issue if the bio-analyte is in trace amounts in the
sample being tested. Hence the POC system sensitivity is a very impor-
tant factor for POC testing. The disease-associated biomarkers are
secreted in trace amounts hence, the colorimetric detection using plas-
monic nanoparticles is not efficient to display proper results. In such
cases graphene (2D material) based or carbon nanotube (1D material)
based electrochemical biosensors are useful. But many of these are not
portable (only miniaturized for lab setup). Miniaturizing them for homes
and hospitals are necessary area of improvement. To address this issue,
the advancement of nanotechnology has directed the development of
miniaturization of POC devices with better sensing performance at the
point of care, integration, interfacing, etc (Mujawar et al., 2020).
Advanced 2D nanomaterials such as MXenes, and borophene have
emerged as alternative nanomaterials incorporated to develop next-gen
POC testing devices. These nanomaterials are portable, wearable,
biocompatible, smart, and intelligent when amalgamated with 5G
technologies, Al, ML, and IoT. Wearable biosensors or in other terms
wearable electronic devices such as smartwatches and smart bands are
trending due to various health-tracking functionality. These devices are
operated via a computer algorithm and detected via embedded sensors.
Conventionally, these devices don’t use nanomaterials for their

Epidermal Sensors
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functionality. But researchers around the world are making an effort to
develop nanomaterials-based wearable biosensors for health and well-
ness. In the last three years, wearable electrochemical sensors research
and development for the detection of biomarkers is trending. In addition
to this, the innovation in the field of science and technology in nano/-
microfabrication methods, bioelectronics, material chemistry, wireless
sensor networks, and digital communication technology, the wearable
chemical sensors has witnessed breakthroughs over the last decade (Min
et al., 2021). Fig. 8 shows the recently developed advanced wearables
and platforms. The epidermal sensors were developed on a stretcha-
ble/flexible platform by patterning electrodes. Epidermal sensors (Ciui
et al., 2018) conjugated with wearable sweat platforms result in a POC
device that should acquire, process, and transmit data from the elec-
trochemical sweat (Bandodkar et al., 2019; Gao et al., 2016) to a user
interface. Tear monitoring wearable platforms have also been developed
for biomolecules such as google lens for glucose monitoring. In addition
to this, for continuous monitoring of saliva analytes, saliva-based plat-
forms (Garcia-Carmona et al., 2019) are developed. To enhance wear-
able performance, accessories are added with sensing capabilities. For
in-situ monitoring of analytes in the interstitial fluid, wearable devices
containing hollow microneedles with biosensors have also been devel-
oped. Wearable nanomaterial-based POC biosensors for the detection of
common electrolytes, metabolites, and biomarkers such as proteins,
DNA, etc is the emerging area of research that will soon prove its po-
tential in the field of POC biosensing for health and wellness (Min et al.,
2021).

These devices can be further transformed into futuristic POC detec-
tion kits by surface functionalization and hybridization of the 2D
nanocomposite materials, rapid data analysis and acquisition strategies,
and the use of advanced machine learning algorithms (Chaudhary et al.,
2022).

Recently, another promising technology has emerged which has
proven to be a potential tool for the development of POC biosensing and
disease management, i.e., Internet of Medical Things (IoMT)-assisted
miniaturized biomedical electronics (Kaushik et al., 2020). This played a
major role in the recent COVID-19 outbreak. The COVID-19 status and
recommendations for the better development of COVID sensing plat-
forms have been shown in Fig. 9 (Kaushik and Mostafavi, 2022). For
better diagnosis and disease management, the optimized combination
and collective approach of various technologies such as biosensing by
advanced nanomaterial, POC testing, IoMT interfaced testing, predictive

Tear Platforms

ContactLens
Sensor
Chips

Sensing
Chamber

Fig. 8. Recently developed advanced wearables and platforms (adapted from Bandodkar et al., 2019; Ciui et al., 2018; Gao et al., 2016; Garcia-Carmona et al., 2019;
Jia et al., 2013; Kagie et al., 2008; Kim et al., 2015; Lv et al., 2018; Min et al., 2021; Pal et al., 2018; Rose et al., 2014; Sempionatto et al., 2020, 2017; Yang et al.,

2019; Yu et al., 2020).
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analysis via Al, rapid testing system, Bioinformatics sharing, and timely
therapy decisions, emerged as a powerful tool for efficient diagnosis and
for personal level disease management (Jain et al., 2021; Manickam
et al., 2022). This is more elaborated in Fig. 10, which shows the
schematic of the nano-enabled biosensing prototype for efficient diag-
nosis (Kaushik et al., 2021). With the help of IoMT, the data collection
from the biosensor is possible, thus, the diagnosis data can be analyzed.
With the help of AI, and ML this data can be further processed to eval-
uate the performance of various POC devices in the field. This analysis
can be used for the development of enhanced POC biosensors, similar to
the feedback loop process.

Overall, the cost-effective scale-up technological set-up has
remained as one of the biggest challenges. Many POC diagnostics sur-
vive in their prototype phase but failed in scale-up scenarios. But in due
time, with the advancement of technology and with the aid of funding
from various institutions and government support, the research in the
POC testing arena will further progress and will show promising out-
comes to aid humanity.

9. Conclusion and future perspective

The development of novel methods to aid in the early diagnosis &
prediction of many diseases continues to remain the topmost priority for
all researchers around the world to mitigate the occurrence of deadly
outcomes that may follow later. Conventional methods for medical
diagnosis & therapeutics used are laborious and time-consuming. In
addition, the fear of denaturation of enzymes in the enzymatic approach
is associated with improper handling, a time gap in sample collection
and analysis, and is less accurate. Hence, in recent times, point-of-care
sensing has emerged as a leading alternative, offering portable detec-
tion devices, which can be conveniently used even at the patient’s
bedside. For example, Lateral flow assay POC tests, wearable patches,
etc., have made POC biosensing of biomarkers easy for the common
man. Wearable POC biosensors have shown potential in the non-
invasive, real-time, continuous monitoring of biomolecules.
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Integration of nanomaterials/nanocomposites in the wearables has
made biosensors highly sensitive and further reduces the limit of
detection. Nanomaterials conferring unique properties in different di-
mensions such as 0D, 1D, 2D & 3D have made a mark for themselves by
making things simpler by providing enhanced surface area for immo-
bilization of biomarkers against the target to be detected, improved
electrochemical & optical properties, change in which can be inferred by
a change in their conductance values. The existence of nanomaterials in
a variety of shapes, structures, morphologies, dimensions, phases of
matter, etc., has made them suitable candidates for use in POC-based
biosensing time and time again.

As discussed in this review, nanostructures-based POC detection of
certain life-threatening diseases such as various cancers, diabetes, Par-
kinson’s, influenza, Duchenne muscular dystrophy, COVID-19, etc.,
along with biomarkers involved in their detection has already been
achieved with increased specificity, enhanced sensitivity with low LOD
values, good selectivity & overall better biocompatibility. 0D Nano-
particles such as AuNPs, AgNPs & QDs have proven to be one of the most
utilized nanomaterials for biosensing purposes. Also, these are often
conjugated with other dimensional materials such as graphene, MXenes
to create a modified & much more efficient detection system showing
synergistic effects of both kinds of nanomaterials as mentioned in the
literature of this review.

Since the COVID-19 pandemic, the world has realized the impor-
tance of highly mutating viruses, it has become extremely necessary to
diagnose the potential threat causing viruses. The post-COVID times
have also made it necessary for continuous monitoring of complications
associated with post-infections like weakening of lungs, pulmonary
diseases, cardiac disorders, etc., in these cases, POC diagnostics have
established their importance. With the aid of IoMT, Al etc POC bio-
sensing is proven to show potential in the development of highly sen-
sitive POC testing devices which will aid in personal-level disease
management. To conclude, nanostructures-based POC biosensing & di-
agnostics is a field that has proven its mettle over time & continues to
evolve for the betterment of the healthcare sector & prevention of
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Fig. 10. Schematic of the nano-enabled biosensing prototype for efficient diagnosis (Reprinted from Kaushik et al., 2021a).

potentially harmful diseases. We believe that this review opens new
ideas for further future improvement in POC detection using 0D, 1D, 2D
& 3D nanomaterials for health and wellness.
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