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Recent progress in 0D optical nanoprobes for
applications in the sensing of (bio)analytes with
the prospect of global health monitoring and
detailed mechanistic insights

Riyanka Das, (2 2° Rajeshwari Pal,°° Sourav Bej, 2 12° Moumita Mondal,?°
Krishnendu Kundu® and Priyabrata Banerjee () *3°

Continuous monitoring of a variety of biomolecules and bio-relevant ions is of tremendous importance
in maintaining the physiological balance and evaluation of metabolic parameters. Therefore, the
development of fast, selective, sensitive and reliable sensors and their application in point-of-care
testing (POCT) analysis are one of the main interests. Over the past few decades, a variety of zero-
dimensional nanomaterials have been extensively developed for the optical biosensing of different bio-
analytes due to their unique characteristics, such as high sensitivity, bio-compatibility, and low toxicity.
In the present review, the current trends of the research endeavours (2017-2022) based on emerging
optical biosensing applications including the systematic classification of various zero-dimensional
nanomaterials including carbon quantum dots (CQDs), graphene quantum dots (GQDs), inorganic
quantum dots (IQDs), noble metal nanomaterials such as silver nanoparticles (AgNPs), gold nanoparticles
(AuNPs), magnetic nanoparticles (MNPs), upconversion nanoparticles (UCNPs) and polymer dots (PDs)
are comprehensively described towards the detection of various target-specific bio-analytes, such as
deoxyribonucleic acid (DNA), proteins, enzymes, adenosine triphosphate (ATP), adenosine, dopamine
(DA), uric acid (UA), glucose, hydrogen peroxide (H,O,), biothiols, cysteamine, and cancer biomarkers.
Additionally, an in-depth discussion of the chromo-fluorogenic signaling mechanisms, the detection
thresholds, and linear dynamic ranges of detection is presented. The sensitivity of the developed
nanomaterials is also summarized for a broad range biological applications in complex bio-matrices,
such as human blood plasma, serum, and urine. Ultimately, the gaps and challenges in the present
research strategies and future perspectives are highlighted herein to strengthen the current research
strategies for the commercialization of “next-generation” nanosensors. The significant research
endeavours and technical breakthroughs towards the development of optical nano biosensing platforms
give rise to new motivation, which will be highly beneficial in the domain of non-invasive clinical
diagnosis.

biomedical applications,>® environmental remediation,””® and
drug delivery.”*° The term “nano” stems from the Greek word

In the current era, nanomaterial-based technology has emerged
as a rapidly growing field due to its wide range of practical
applications including energy management,"” sensing,®*
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“nanos”, which means dwarf."" Materials with dimensions in
the range of 1-100 nm are designated as nanomaterials, where
the length of each nanometer can be easily understood by
lining up ten hydrogen atoms. The term nanometer was first
used by Richard Adolf Zsigmondy in 1914.'> The roots of
nanotechnology were planted in 1959 by physicist and Nobel
laureate Richard Feynman in his legendary talk entitled “There’s
Plenty of Room at the Bottom”.'* However, in 1974, Norio Tani-
guchi first used the term nanotechnology. Nevertheless, before
1980s, nanotechnology was only limited to concepts, whereas
presently this burgeoning field is dominating materials chem-
istry gradually. Recently, there have been numerous reports on
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the synthesis and applications of various nanomaterials, includ-
ing nanoparticles,14 nanowires,'® nanotubes,'®*° nanonails,'®
core-shell nanostructures,'® and nanosheets.'” Among them,
zero-dimensional nanomaterials are spherical or quasi-spherical
in shape in most of the cases, having a diameter of <100 nm."”"*8
Currently, zero-dimensional nanomaterials are considered
“next-generation” materials, which have attracted much attention
as they possess several unique characteristics, such as high
surface-to-volume ratio, ultra-small size, optical stability,
excitation-dependent fluorescence, cell permeability, etc. More-
over, due to the quantum confinement effect, they possess the
high quantum efficiency among nanoprobes. This property makes
them highly efficient in in vitro and in vivo fluorescence imaging.
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Moreover, the size of 0D nanomaterials is also beneficial for
cellular uptake. Thus, the properties of nanomaterials can be
further improved by converting them into zero-dimensional
nanomaterials, which are very different from bulk high-
dimensional nanomaterials."®

These unique characteristics make zero-dimensional nano-
materials suitable for diverse applications, including, memory
devices, light-emitting diodes, solar cells, catalysts, energy
generation in biofuel cells,***" together with fascinating
applications in biomedicine and healthcare field.** In this
regard, the fast and reliable detection of biomolecules by
nanomaterials plays a fundamental role in medical diagnosis
due to their unique size and unprecedented physico-chemical
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properties.>® Biosensing is crucial for monitoring human
health by the detection of bio-relevant analytes, which act as
specific biomarkers of different diseases in the human body for
specific disease diagnosis. Biomarkers are actually measurable
indicators of a particular biological state and state of any
particular disease, and thus are often measured to scrutinize
biological processes. However, the recognition of biomarkers
with high selectivity and specificity remains a significant
challenge towards the development of high-performance
biosensors with the prospect of human health monitoring.
Traditional sensing strategies involve gas chromatography,
field-effect transistors, microgravimetry, Raman spectroscopy-
based platforms, etc.>** However, these methods suffer from
several drawbacks, such as high maintenance cost, cumber-
some instrumentation, requirement of skilled professionals for
operation, and non-portability. Moreover, to date, the available
biosensing techniques are based on electrochemistry, chemi-
luminescence, surface-enhanced Raman spectroscopy (SERS),
etc.**?7 However, they sometimes suffer from a narrow operat-
ing temperature, short life span, reduced shelf life, etc. Among
the different sensing approaches, optical sensing (mainly chro-
mogenic and fluorogenic) has attracted substantial attention
over the last few decades due to its simplicity, selectivity,
sensitivity, cost-effectiveness, etc.>>>® Moreover, this type of
sensing phenomenon can be easily visualized by the naked
eye and is deployable for on-site monitoring of the targeted
analyte via point-of-care testing (POCT) analysis.>”*® Recently,
there have been many reports on the organic molecule-based
optical sensing of biomolecules, which is highly advantageous
for the diagnosis of diseases and different bio-medical
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applications.”*' However, this type of sensor suffers from
several drawbacks, such as poor sensitivity, low specificity, poor
water solubility, photobleaching, etc. Therefore, in comparison
to the traditional chromo-fluorogenic assays, attention has
been shifted towards the development of nanosensing
strategies due to their signal amplification, low toxicity,
bio-compatibility, improved sensitivity, naked-eye detection
capability, cell permeability, excellent in vitro or in vivo cell
imaging applicability, etc.*>** Consequently, the applications
of nanomaterial-based optical biosensing are accelerating
progressively, which is advantageous for their practical applica-
tions. In the design of target-specific nano-biosensors, the
main factor to consider is the judicious selection of the receptor
unit to boost the sensing selectivity and specificity by specific
host-guest binding interactions. To accomplish this, nano-
sensors have to be devised in a manner that they can be equally
responsive towards target-specific analyte detection in labora-
tory conditions and in real field complex biological matrices
to obtain a readable signal with high reliability. Recently,
there have been an increasing number of reports on zero-
dimensional nanomaterials for biosensing applications. The
degree of sophisticated design of nanosensors based on
controlled receptor-analyte interactions will lead to increased
specificity and sensitivity, which ultimately will be helpful
for clinical diagnosis via point-of-care testing analysis®® or
long-term in vivo monitoring of the targeted analytes.”

In the past few decades, numerous review articles have been
published in this domain, which discussed the chemosensing
and biosensing applications based on a particular type of nano-
material, such as carbon-based nanomaterials,*® graphene-based
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nanomaterials,”” metallic and semi-conducting nanomaterials,*®
silver and gold nanoparticles, etc.***** Furthermore, most of
these reviews focused on the electrochemical properties of
nanomaterials.*”” However, definitive review articles on optical
biosensing applications using a variety of zero-dimensional nano-
materials together with an in-depth explanation of their sensing
mechanism are still limited. This prompted us to offer a compre-
hensive overview of the recent research endeavours on this topic
in the domain of optical nano-biosensing platforms to fill the gap
in this field.

In this perspective, the main motive of the current review is
to give a comprehensive overview of the fundamental principles
of various 0D nanomaterials for chromo-fluorogenic sensing,
validation of the developed nanosensors, insight into their
sensing mechanism and provide a brief idea about the gaps
and key challenges in future research for the commercialization
of “next-generation” nanosensors.

In Section 2 of the present review, the chromo-fluorogenic
signaling mechanisms, including aggregation/disaggregation-
based sensing strategy, growth/etching-based supramolecular
sensing strategy, inner filter effect (IFE), photoinduced electron
transfer (PET), fluorescence resonance energy transfer (FRET),
dynamic quenching, and static quenching are exclusively
discussed. Subsequently, Section 3 is sub-divided into 7 main
categories, wherein the application of various zero-dimensional
nanomaterials (e.g., carbon quantum dots, graphene quantum
dots, inorganic quantum dots, magnetic nanoparticles, metal-
lic nanoparticles (such as silver nanoparticles and gold nano-
particles), upconversion nanoparticles and polymer dots) as
promising biosensors operating through these mechanisms
(as summarized in Fig. 1) is comprehensively highlighted to
finely exhibit the recent trends (2017-2022) of nanomaterial-
based biosensing strategies towards the detection of various
bio-analytes, such as deoxyribonucleic acid (DNA), protein,
enzymes, biothiols, aminothiols, dopamine (DA), uric acid

Optical
Biosensing

Platform
V/

Fig. 1 Schematic zero-dimensional

nanomaterials.

diagram of biosensing by
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(UA), glucose, hydrogen peroxide (H,0,), ascorbic acid (AA),
adenosine triphosphate (ATP), etc. for the diagnosis of diseases.
In Section 4, we summarize the advancement of the present
research works together with a preview of the current research
status. Finally, in Section 5, we discuss the future challenges
and perspectives to boost the current research strategies. We
believe that this review will provide a comprehensive overview
of the endeavours on zero-dimensional nanomaterials for
biosensing applications developed in the last few years (2017-
2022), which will ultimately give insight towards the progres-
sive development of optical biosensing in the domain of global
health monitoring.

2. Mechanisms of chromo-fluorogenic
biosensing by zero-dimensional
nanomaterials

For the ultimate clinical validation and improved detection
accuracy, currently attention has been shifted to the design of
new nano biosensors for early-stage disease diagnosis followed
by corresponding biomedical applications. Among the different
types of biosensors, chromo-fluorogenic biosensors are
emerging as an exciting class of nanomaterials because of their
many unique advantages, such as low detection threshold,
on-spot applicability, requirement of small amount of sample
for signal generation, etc. There are several chromo-fluorogenic
signaling mechanisms, which play a significant role in the
design of nanomaterials for target-specific biosensing. In this
section, we present fundamental insight into some of the
chromo-fluorogenic signaling mechanisms.

2.1 Chromogenic signaling mechanisms

Nanomaterial-based chromogenic biosensors are one of the
important sensing tools for applications in point-of-care testing
analyses due to the generation of a visible color or alteration in
visible color that can be monitored by the ‘naked eye’. Therefore,
the generated “YES”/“NO” signal can be assessed instantly by
the bare eye without the need for additional instrumentation.

2.1.1 Aggregation-disaggregation-based chromogenic sen-
sing @distance-dependent strategy. Nanomaterials, especially
gold nanoparticles (AuNPs), possessing unique localized sur-
face plasmon resonance (LSPR) characteristics with high molar
extinction coefficients, exhibit aggregation or disaggregation-
based chromogenic changes in the presence of the targeted
analytes due to the variation in their size (Fig. 2A). For example,
a colloidal suspension of 20 nm AuNPs exhibits a wine color
with the generation of an LSPR peak at 520 nm, while upon
aggregation, this peak experiences a red shift, generating a blue
color.”! The extent of the red shift depends on the degree of
aggregation. The process of aggregation can be controlled by
various pathways, such as cross-linking, non-cross-linking,
destabilization aggregation, etc. Therefore, based on the aggre-
gation and disaggregation process, the chromogenic changes
can be perceived to monitor a target-specific biosensing
process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Aggregation—disaggregation-based chromogenic signaling
mechanism. (B) Schematic diagram of Forster resonance energy transfer
(FRET) process. Frontier molecular orbital energy diagrams of the PET
mechanism: (C) R-PET and (D) O-PET.

2.1.2 Growth or etching-based chromogenic sensing@-
morphology/size-dependent strategy. This particular type of
sensing mechanism involves the generation or functionalization
of new nanostructure composites to demonstrate mono or multi-
color absorption spectra, leading to a chromogenic alteration
from colorless to a particular color or some vivid color to
another. Due to the confinement of the free electrons in a finite
space, metallic nanoparticles have a particular frequency of
oscillation. Therefore, upon irradiation of these nanoparticles
at a certain frequency, which is identical to the inbound natural
frequency of the electronic oscillation, only then absorption
occurs to induce a non-propagating oscillation, which is known
as the localized surface plasmon resonance (LSPR) effect.*?
Relying on this effect, most metallic nanoparticles exhibit
excellent optical sensing behaviour and enhanced signal ampli-
fication. When the plasmonic inter-particle distance is less than
the diameter of the particles, the LSPR coupling phenomenon is
observed, which leads to an alteration in the local refractive
index, resulting in a bathochromic shift of the absorption
spectrum and the corresponding chromogenic alteration of the
colloidal solution. Conventionally, growth-based chromogenic
sensing can be achieved in two ways, i.e., “seed-free” and “seed-
mediated” growth.*>** The former refers to the generation of
new nanoparticles via an in situ method or the formation of new
nanostructures, leading to significant changes in the LSPR
signal, whereas the latter strategy is comparatively a newly
emerging technique, which is the formation of a new nano-
structure on a specific seed surface to produce target-induced
chromogenic alterations.

Another chromogenic sensing mechanism in this category
includes the etching-based sensing strategy. Generally, it is
difficult to oxidize or etch Au and Ag due to their high redox
potential value. However, by conjugating them with particular
ligands (e.g., CN~ and SCN™) or by the conversion of the bulk
materials into nanoparticles, the corresponding redox potential

© 2022 The Author(s). Published by the Royal Society of Chemistry
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values can be minimized, and then they may be suitable for
etching to produce a target-specific colorimetric signal.*®
2.1.3 Charge transfer-based chromogenic sensing. Generally,
upon interaction with the targeted analyte, a variation in the
charge transfer transition occurs in the host-guest adduct, which
causes an alteration in chromogenic properties. The transformed
response may be visualised if the transition occurs in the visible
range. The charge transfer basically includes intramolecular (ICT)
or twisted intramolecular charge transfer (TICT) and ligand —
metal (LMCT) or metal — ligand charge transfer (MLCT). The
associated mechanisms will be explained in the following section.

2.1.3.1 Metal to ligand charge transfer (MLCT) or ligand to
metal charge transfer (LMCT). Transition metal elements gen-
erally contain partially filled d-orbitals in their electronic
configuration. As an artefact, several electronic transitions
may be possible, which result in an alteration in chromo/
fluorogenic properties. Here, in the case of LMCT or MLCT,
the electronic transition takes place from filled orbital of the
ligand to the vacant d-orbital of the metal or from the metal-
filled d-orbital to the vacant anti-bonding orbital of the ligand
respectively. Also, the coordination of certain anions to the
target specific metal centre also leads to an alteration in the
intrinsic properties of the host moiety, resulting in chromo-
genic changes.*®™®

2.1.3.2 Intramolecular charge transfer (ICT). In the case of
internal charge transfer, one electron-donating part should be
present together with an electron-withdrawing part, which
results an electron “pull-push” effect in the molecular scaffold.
The molecular scaffold may interact via two ways, as follows:
(i) the donor part may interact with the targeted analyte,
thereby reducing the electronic transition (hypsochromic shift)
and (ii) the acceptor fragment may interact with the targeted
analyte, thereby increasing the ICT phenomenon, which causes
a change in chromogenic properties. These properties may be
helpful for recognizing the targeted analyte through the
designed nanomaterials.*™>"

2.2 Fluorogenic signaling mechanisms

The fluorescence phenomenon was first observed in quinine
solution by Sir John Fredrick William Herschel in 1845 and this
process was explained by Prof. Alexander Jablonski. Subsequently,
numerous fluorescence signaling mechanisms were developed,
and in current scenario, they are widely used for the
nanomaterial-based biosensing of various targeted analytes due
to the unique optical and physicochemical features of this
method, such as efficient signal transduction, high sensitivity,
in vitro or in vivo cell imaging for medicinal applications, etc.
2.2.1 Forster resonance energy transfer (FRET)@distance-
dependent strategy. FRET is an important distance-dependent
non-radiative fluorescence signaling mechanism, which
depends on the specific interaction between the electronic
excited states of two fluorophores, where the excitation energy
is transported to the acceptor fluorophore from the donor
fluorophore without photon emission through long-range

Mater. Adv., 2022, 3, 4421-4459 | 4425
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dipole-dipole interactions (Fig. 2B). The preliminary condi-
tions for the occurrence of FRET are as follows: (i) the acceptor
and donor fluorophore must be typically in the range of ~10-
100 A, (ii) the emission spectrum of the donor fluorophore
must overlap with the absorption spectrum of the acceptor and
(iii) the transition dipole moments of the donor and acceptor
fluorophore must be approximately parallel.’>>* When the phy-
sical dimensions of the nanocrystal are smaller than the Bohr
radius, quantized energy states are generated by the quantum
confinement effect, which sometimes make the nanoparticles
efficient FRET donors.”** Moreover, the functionalization of
quantum dots (QDs) with specific ligands may facilitate the
FRET process besides stabilizing the system.’*” Carbon dots,
quantum dots, graphene quantum dots, and upconversion
nanoparticles (UCNPs) are generally regarded as efficient energy
donors and metallic nanoparticles (e.g., AuNPs) are considered
energy acceptors. Therefore, nano-assemblies of QDs or CDs and
metallic NPs may act as a promising FRET pair for the detection
of target-specific analytes via either modulation of the absorp-
tion spectral behaviour of the energy acceptor or stimulus-
responsive detachment of the surface-functionalized ligand to
lead the corresponding ratiometric®* or self-ratiometric fluores-
cence alterations.>*

2.2.2 Inner filter effect (IFE)@distance-independent strategy.
The IFE is a distance-independent phenomenon that involves the
re-absorption of the emitted light by the absorber present in the
sensing medium to ultimately reduce the emission efficiency of
the donor molecule.”>*® The distance between the fluorophore
and the quencher is not the driving force in the case of the IFE
process like FRET, which makes the former more flexible and
more straightforward for bio-analytical applications. The degree
of quenching efficiency depends not only on the emission and
absorption spectrum but also on the concentration of the absor-
ber. This process is referred to as primary IFE if the acceptor
absorbs the excitation energy, while the process of absorption of
the emitted light is termed secondary IFE.”” Therefore, if the
excitation spectrum of the fluorescent nanomaterials overlaps
with the absorption spectrum of the quencher and there is no
subtle change in the lifetime value of the fluorescent nano-
material, the IFE is the best possible fluorescence quenching
mechanism to be considered.

2.2.3 Photoinduced electron transfer (PET). Among the
different fluorescence signaling mechanisms, photoinduced
electron transfer (PET) is one of the most widely applied
strategies for developing fluorescent probes. Typically, the
major components of PET probes are as follows: (i) fluoro-
phore, (ii) recognition unit, and (iii) spacer. The efficiency of
the PET process is highly dependent on the solvent polarity,
where an increase in polarity is responsible for easier electron
transfer to induce greater fluorescence quenching. Usually, PET
may be of 2 types, i.e., reductive PET (R-PET) and oxidative PET
(O-PET), based on the direction of the electron transport.

In the case of R-PET, upon photoexcitation the fluorescence
of the fluorophore is quenched due to the relocation of an
electron from the highest occupied molecular orbital (HOMO)
of the donor to the lowest unoccupied molecular orbital
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(LUMO) of the fluorophore. However, upon interaction with
the targeted analytes, there may be a change in the redox
potential of the donor, which may lead to a reduction in the
HOMO energy level compared to that of the fluorophore.
Therefore, the PET process may be deactivated with an
enhancement in fluorescence (Fig. 2C).>® Hence, due to the
PET process, a charge separated state is generated, which is
comprised of the acceptor radical anion and the donor radical
cation, with the reduction of the fluorophore and the oxidation
of the chelator/receptor.

On the contrary, in the case of O-PET, the fluorescence is
quenched due to the transfer of an electron from the excited
state of the fluorophore to the LUMO of the receptor. In this
case, the oxidation of the fluorophore and reduction of the
chelator/receptor occur (Fig. 2D).

Overall, both the lifetime and emission quantum yield are
compromised due to the activation of the PET process, while
the fluorescence is again regenerated due to the restriction of
the PET process via target-specific binding with the guest
analytes.

2.2.4 Static quenching and dynamic quenching. Static
quenching occurs with the formation of a non-fluorescent
ground state complex via the specific interaction of nano-
materials with the targeted quencher. Here, the complex
returns to the ground state without emitting photons, while
the complex absorbs lights. For static quenching, 74/t = 1; and
the absorbance spectrum changes due to the formation of a
ground state complex and a change in the reaction temperature
may stabilize or destabilize the ground state complex, thereby
resulting in static quenching behavior.>™®*

For example, in 2015, Xiao et al. developed an NP-based
fluorophoric system. Interestingly, in the presence of hemoglobin
(HGB), the fluorescence of the system was quenched. Thus, to
understand the underlying mechanism, both UV-Vis and excited
state lifetimes studies were performed. The average lifetime before
and after the addition of HGB to the NP system was found to be
6.46 ns and 6.51 ns, respectively, which was almost unaltered,
nullifying the possibility of dynamic quenching. Alternatively, the
UV-Vis spectra of the NPs, HGB and NP-HGB were studied,
and interestingly a peak at ~403 nm due to HGB was found in
the absorbance spectrum of the complex, indicating that the
mechanism was static quenching.

On the contrary, dynamic quenching occurs when the
excited-state nanomaterial returns to the ground state through
collision with the target quencher, leading to energy/charge
transfer. This process may be explained with the help of simple
equation, ie.,

A*+Q - A+Q,
where A is the NPs, Q is the targeted quencher and * designates
the excited state.
The kinetics of the process obeys the non-linear Stern-

Volmer equation, as follows:

FolF = 1+ kq1o[Q] 1)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where F and F, are the fluorescence intensity of the nano-
material in the presence and absence of the quencher, respectively,
kq is the quencher rate coefficient, 1, is the emission lifetime of the
designed NPs and [Q] is the concentration of the targeted
quencher.

Similar to static quenching, dynamic quenching also abides
by some rules, as follows: (i) it affects only the excited state, and
thus there will be no change in the ground-state absorbance
spectrum, (ii) the excited state lifetime of the NPs changes
in the presence and absence of the quencher molecule, and
(iii) an increase in the reaction temperature increases the rate
of dynamic quenching.

3. Exploration of different types of
zero-dimensional nanomaterials in the
domain of biosensing applications

3.1 Carbon quantum dots or carbon dots (CQDs)

Carbon quantum dots (CQDs) are carbon-based nanomaterials
applied in the research field because of their various physico-
chemical properties such as good biocompatibility, presence of
different functional groups such as hydroxyl, amino, and
carboxyl, unique optical properties, easy and cost-effective
synthetic procedure, high chemical stability, ease of function-
alization, high resistivity towards photobleaching, aqueous
phase stability, etc. CQDs exhibit sharp optical absorption in
the UV window. Furthermore, their absorption tail is extended
in the visible window. Alternatively, CQDs normally exhibit
broad fluorescence emission spectra, which are excitation
tunable.®® CQDs are beneficial for sensing applications towards
the detection of various bio-analytes including lysine, vitamin
B2 (riboflavin), intracellular pH, Fe**, hypochlorite (ClO™),
bilirubin (BR), vitamin B12 (cyanocobalamin), polysaccharide,
ATP, cysteine (Cys), homocysteine (Hcy), glutathione (GSH) etc
(Table 1).52®63782,89790.93 The gensing phenomenon by CQDs
mostly relies on PET, FRET, IFE, static and dynamic quenching.
In the case of static quenching, a non-fluorescent ground state
complexation is observed via the interaction of CQDs with the
quencher, which can be easily examined by UV-Vis absorption
spectroscopy or lifetime values. Particularly, in the case of static
quenching, the average lifetime remains almost constant,
whereas in the case of dynamic quenching, the value is signifi-
cantly changed.®®” On the contrary, in the case of PET, electron
transfer occurs between the CQDs and quencher depending on
the type of PET process, i.e., reductive or oxidative. In the case
of reductive PET, the CQDs are reduced due to the transfer of
an electron from the electron donor to CQDs, which is governed
by the energy gap of the lowest unoccupied molecular orbitals
(LUMO) of the CQDs with the highest occupied molecular
orbitals (HOMO) of the electron donor. In the case of oxidative
PET, electron transfer occurs from the CQDs to the quencher,
which is governed by the energy gap of the LUMO of both
species. Therefore, PET can be considered to one of the
mechanistic pathways of fluorescence quenching if the lifetime
and the corresponding HOMO-LUMO energy gaps are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduced.®®”* In the case of IFE, there must be an overlap of
the absorption spectrum of the quencher with the excitation or
emission spectrum of the CQDs. However, this does not fall
under the category of either the static or dynamic quenching
mechanism and there is no change in the lifetime value, ruling
out the formation of any new species. Alternatively, if a sig-
nificant overlap of the emission spectrum of the CQDs occurs
with the absorption spectrum of the quencher and the distance
between the CQDs and quencher lies in the range of 10-100 A
together with a reduction in the lifetime of the CQDs, FRET is
the best possible fluorescence signaling mechanism to be
operative.®??

In human plasma and urine, a high concentration of lysine
indicates congenital metabolic disorders, and thus the recogni-
tion of lysine is significant for the diagnosis of these diseases.”*
Again, the measurement of pH in acidic condition in living cells
is important because it plays a key role in cellular organelles.®>
It is always desirable to design ratiometric probes to effectively
eliminate the errors induced by the excitation sources or
change in the local environment, which may improve the
detection efficiency or sensitivity. Recently, Xiao and Ren
et al. reported the application of functional dual emissive
carbon dots (dCDs) for the fluorogenic detection of lysine with
an LOD of 94 nM.?® Herein, in the presence of lysine, there
occurs surface passivation of the CQDs via the partial shielding
of the positively charged amino groups of dCDs, which
ultimately led to a variation in the fluorescence property of
the CQDs. Together with this, the nanosensor was also respon-
sive to a variation in pH in the range of 1.5 to 5.0. Between the
dual emissions, the emission at 624 nm was sensitive at the
mentioned acidic range, keeping the emission at 440 nm
constant, and thereby rendering a ratiometric response. The
variation in the fluorescence of dCDs at 624 nm may originate
from the protonation or deprotonation of the doped nitrogen in
the CDs, whereas the surface functional groups remained
unchanged, ruling out the fluorescence variation at 440 nm.
Owing to its good stability and high biocompatibility, this
nanosensor could be effectively applied for the ratiometric
monitoring of cellular pH or lysine level, showing potential
practical applicability for the diagnosis of lysine and pH-related
diseases and disorders.

Vitamin B2 (riboflavin or VB,) is another important bio-
molecule, the detection of which is essential for food safety,
supplement quality, and clinical diagnosis as a lack of VB,
causes urogenital syndrome, eye lesions, skin disorders, risk
factor for different cancers, etc.°* In this regard, Dong et al.
reported the use of carnation petal-derived carbon nanodots
(CNDs) for the ratiometric determination of VB,, exhibiting
a linear detection range of 0.35-35.9 uM with an LOD of
37.2 nM.®** CNDs showed a ratiometric fluorescence response
towards VB, due to the facilitation of the FRET process from
CNDs to VB, via intermolecular H-bonding interaction between
the surface OH/~COOH with the -C=0 and -NH groups of
the incoming VB,. This resulted in a decrease in the blue
fluorescence, enhancing the green fluorescence. In addition,
these CNDs exhibited a pH-sensitive “turn off’ fluorescence
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Table 1 Carbon quantum dots (CQDs)-based nanomaterials implemented in chromo-fluorogenic biosensing applications

Targeted analyte Mode of biosensing Limit of detection Linear range Ref.

Vitamin B2 (riboflavin) Fluorogenic 37.2 nM VB,: 0.35-35.9 pM 62

pH pH: 3.6-8.0

Fe** Fluorogenic 87 nM/L Fe**: 1.5-692 pmol L™* 63

pH pH: 1.60-7.00

Clo™ Fluorogenic 0.27 M ClO™: 1.5-187.5 uM 65

pH pH: 4.0-9.0

pH Fluorogenic — 4.45-7.00 84

pH Fluorogenic — 5.2-8.8 64

Lysine Fluorogenic 94 nM Lysine: 0.5-260 uM 93

pH pH: 1.5-5.0

BR Fluorogenic BR: 56.28 nM — 67

VB12 VB12: 89.07 nM

Adenosine triphosphate (ATP) Fluorogenic 15.0 nM 0.5-2.0 nM 69

Polysaccharide Fluorogenic — Polysaccharide: 3.00-8.00, 66

pH pH: 7.10-7.25

L-Cysteine (Cys) Both chromogenic and fluorogenic Fluorogenic: 28.11 uM 0-800 uM 70
Chromogenic: 19.74 pM

Fe** Fluorogenic Fe**: 22.1 nM Fe**: 0.05-80 uM 73

Pyrophosphate (PPi) PPi: 73.9 nM PPi: 0.5-120 pM

Amifostine (AMF) Fluorogenic 0.15 nM 0.5-200 nM 74

Vitamins B12 Fluorogenic 2.045 pmol L™ ! 0-200 uM 68

Ascorbic acid (AA) Fluorogenic 0.35 UM 0-200 pM 75

Glutathione (GSH) Both chromogenic and fluorogenic 0.38 uM 10-100 pM 72

Fe** Fluorogenic Fe*": 0.27 uM Fe*": 0-30 uM 71

L-Cys L-Cys: 0.14 pM L-Cys: 0-24 uM

HCHO Fluorogenic 0.9 uM 0.2-0.4 mM 77

Glucose Fluorogenic 0.18 uM 0.5-250 uM 78

Coenzyme A Fluorogenic 6.5 UM 0-75 pM 76

L-Cysteine (Cys) Fluorogenic 0.14 pM 0-24 pM 79

Cysteamine Fluorogenic 75.6 nM 10-210 uM 85

Fe** Fluorogenic 5 nM Fe*": 10 nM-50 uM 81

Ascorbic acid (AA) AA: 5 uM AA: 0-200 UM

Sorbate Fluorogenic Sorbate: 6.1 nM Sorbate: 0.20-24 pM vitamin B12 87

Vitamin B12 8.0 nM 0.20-30 uM

Cysteine Fluorogenic 0.14 uM 4-18 uM 89

B-Glucuronidase Fluorogenic 0.3UL™" 1-15UL7" 90

Fe*' Fluorogenic Fe*': 0.21 pM Fe*': 0.5-400 pM 86

Pyrophosphate (PPi) PPi: 0.86 uM PPi: 2-600 uM

Fe** Fluorogenic Fe*': 0.01 pM Fe*': 0-40 uM 85

ATP ATP: 0.005 uM ATP: 40-350 uM

Fe** Fluorogenic Fe**: 0.01 pM Fe*': 0-40 uM and 40-350 uM 88

ATP ATP: 0.005 uM ATP: 0.01-450 pM

Biotin Fluorogenic 0.1 ng mL™* 0.5-100 ng mL " 82

response by tunable protonation-deprotonation of the -OH
and nitrogen sites of CNDs. Moreover, owing to their favorable
photostability and good biocompatibility, the obtained CNDs
exhibited excellent applications towards the intracellular
monitoring of VB, and pH (Fig. 3).

Again, the balance of Fe** in human body is essential as it
helps in transporting and storing oxygen, enhancing reversible
reactions, treatment of anemia, etc.,, making the selective
detection of Fe’" important.”” In this regard, Song and Gong
et al. reported the use of boron, nitrogen and sulfur co-doped
carbon dots (BNSCDs) for the fluorogenic determination of Fe**
and intracellular pH in the pH range of 1.60-7.00.* In the
presence of Fe**, a fluorescence “turn off”’ response occurred
together with a hyperchromic shift in the UV-Vis absorption
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Fig. 3 (A) Synthesis of CNDs and their application for the determination of
vitamin B2 and pH. (B and C) Confocal fluorescence images of Hela cells
incubated with CNDs with different concentrations of VB, and different pH values
in blue and green channels, respectively. Adopted with permission from ref. 62.
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non-fluorescent complex, which was also confirmed by UV-Vis
spectroscopy. Simultaneously, the nanosensor was also
employed for intracellular pH monitoring by the protonation-
deprotonation of the surface -COOH moieties, which was fully
reversible in the pH range of 3.0 to 7.4 and produced a rapid
response. BNSCDs were applied in the live cell imaging of L02
cells for intracellular pH monitoring.

The hypochlorite anion (ClO™) is widely used in disinfection
and water treatment; however, excess CIO ™ can cause immuno-
deficiency, neuronal degeneration, myocardial damage, cancer,
etc. CDs with an emission in the long wavelength region are
more advantageous in the domain of clinical diagnosis than
that with an emission in the low wavelength region. In this
regard, Dong et al. reported the application of nitrogen-doped
orange emissive carbon dots (N-CDs) for the fluorogenic recog-
nition of ClO™ via the “turn off” static quenching mechanism
with an LOD of 0.27 uM. The static quenching mechanism was
confirmed by the lifetime measurement and the emergence of
a new peak in the UV-Vis spectral window. Together with this,
N-CDs also exhibited a reversible pH-sensitive fluorescence
response.’> With an increase in pH in the range of 4.0-9.0,
the fluorescence emission intensity of N-CDs gradually
diminished via the protonation-deprotonation of the surface
functional groups. Furthermore, the proposed N-CDs were
effectively employed for intracellular pH monitoring in PC-12
cells, exhibiting a promising response in the domain of bio-
medical research.

Polysaccharides are another type of biomolecules having
anti-tumor, anti-coagulation, and anti-aging effects.’® Intra-
cellular pH may be closely related to the biosynthesis of poly-
saccharides. Therefore, monitoring intracellular pH may be
useful for a deeper understanding of biosynthetic mechanisms.
In this regard, Wang and Sun et al. reported the use of a
ratiometric fluorescence nanoprobe based on CDs for intra-
cellular pH detection to establish a correlation between intra-
cellular polysaccharide biosynthesis and the pH in the mycelia of
Pholiota adipose fungus.®® Herein, the ratiometric pH probe was
designed based on the IFE exerted from the pH-sensitive non-
fluorescent moiety aniline blue to the pH-insensitive fluorescent
dye Rhodamine B (RhB) on the surface of the designed CDs,
which was confirmed by the nearly unchanged lifetime values at
different pH (Fig. 4A and B).

Pyrophosphate (PPi) is also an important anion in various
physiological activities such as starch transformation
regulation, cellular metabolism etc.'®*“ Many nanosensors have
been reported for the detection of PPi. However, most of them
work in the blue or green region, whereas the emission in the
long wavelength region, such as yellow or orange region is
relatively weak.'®” In this regard, Du and Shao et al. reported
the application of yellow emissive carbon dots (y-CDs) from
o-phenylenediamine (OPD) for the fluorogenic recognition of
Fe®* and PPi with an LOD of 22.1 and 73.9 nM, respectively. The
fluorescence response of the y-CDs could be turned off by Fe*",
which may be attributed to the static quenching due to non-
fluorescent complexation and was monitored via lifetime
measurement and UV-Vis spectral data. However, the quenched

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic diagram of the preparation of RNBAB-CDs and their

sensing mechanism at acidic and basic pH. (B) Confocal fluorescence
images of Pholidota adipose mycelia stained by RhB-AB-CDs at different
pH values. Adopted with permission from ref. 66. (C) Fluorescence
response of y-CDs-Fe®* in the presence of PPi. (D) Confocal microscopy
(i) bright-field and (i) dark-field images of A-549 cells co-incubated with
y-CDs and Fe®*, and (i and vi) images of co-stained A-549 cells using the
y-CDs-Fe3* ensemble with different concentrations of PPi. Adopted with
permission from ref. 73.

spectrum was selectively regenerated in the presence of PPi due
to the stronger interaction between Fe’" and PPi.”*> The newly
proposed y-CDs exhibited efficient intracellular imaging of Fe**
and PPi in A-549 lung cancer cells (Fig. 4C and D), respectively.

Bilirubin (BR) is a side product from the breakdown of
hemoglobin. Vitamin By, (VBs,) is another important micronu-
trient for cellular function maintenance and development.®”*8
In this regard, Sahu et al. reported the use of N-doped carbon
dots (NCDs) for the fluorogenic recognition of BR and VB, via
the fluorescence quenching mechanism through FRET for BR,
while IFE was the driving force for the recognition of VB;,. The
UV-Vis spectral data exhibited no evidence of ground state
complexation, thereby indicating the dynamic quenching
mechanism. The variation in the lifetime value together with
the large overlap of the UV-Vis spectrum of BR with the emission
spectrum of NCDs indicates the occurrence of the FRET process,
which was facilitated by the H-bonding interaction of BR with
the surface functional groups of NCDs. Ultimately, this led to the
fluorescence quenching of NCDs in the presence of BR, whereas
in the case of VB;,, there was a large overlap in the UV-Vis
absorption spectrum of VB;, with the excitation and emission
spectra of NCDs. This was mainly responsible for the IFE or
FRET process or both to be operative. However, almost constant
lifetime values before and after THE interaction with VB,
confirmed the occurrence of IFE in this case, thus excluding
FRET. Moreover, NCDs were also successfully applied for cellular
imaging purposes using HeLa cells and for the detection of BR in
blood plasma and urine samples (Fig. 5A and B).®” Zhang and
Liu et al. also reported the use of yellow luminescent carbon dots
(Y-CDs) for the “turn off” fluorogenic detection of VB,, via IFE,
which was confirmed vig lifetime measurement and the UV-Vis
spectral overlap with the excitation spectrum of Y-CDs.®® This
strategy acquired an LOD of 2.045 pumol L™" towards the detec-
tion of VB,,. Y-CDs exhibited efficient cell imaging application
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Fig. 5 (A) Schematic representation of NCDs for the detection of VB;,
and BR together with the corresponding fluorescence response of NCDs
towards varying concentrations of BR and VB12. (B) Fluorescence cell
imaging study of NCDs in the presence of different concentrations of VBy,.
Adopted with permission from ref. 67.

for the intracellular monitoring VB, , using the MDA-MB-231 cell
lines. Moreover, this nanoprobe was also exploited towards the
detection of VB;, in animal vitamin B12 injection with good
recovery in the range of 96.9% to 100.2%. To improve the
bioimaging of the targeted analytes, it is always desirable to
design long wavelength nanoprobes. In this connection,
Dong et al. reported the preparation of multifunctional orange
emissive carbon dots (O-CDs) for the label-free fluorogenic detec-
tion of VB,, via IFE and peroxynitrite via the static quenching
mechanism.”® The static quenching mechanism towards the
detection of peroxynitrite was observed due to the non-
fluorescent ground state complex formation via the interaction
of peroxynitrite with the surface functional groups of O-CDs,
which was confirmed by the evidence from lifetime and UV-Vis
spectral data. Alternatively, IFE was confirmed to be the driving
force towards the detection of VB;, from the substantial overlap of
its absorption spectrum with the excitation spectrum of O-CDs
together with constant lifetime values. The nanosensor exhibited
potential applicability towards the intracellular monitoring of
VB, using PC-12 cells and exogenous/endogenous monitoring
of peroxynitrite.

Adenosine triphosphate (ATP) acts as an energy carrier and
plays a key role in extracellular cell signaling.' In this regard,
Yang et al. reported the use of glycine and citric acid-derived
N-doped carbon dots (N-CDs) for the fluorogenic recognition
of ATP via the “turn-on” mechanism with the detection limit
of 15 nM. N-CDs exhibited higher sensitivity and selectivity
for Fe*" to exhibit “turn off” response via the formation of a
non-fluorescent ground state complex due to the strong coor-
dination of Fe*" with the surface functional groups of N-CDs.
The Fe*'-CDs nano-assembly exhibited simultaneous selectivity
towards ATP due to formation of the stronger Fe-O-P
bond, which eventually recovered the fluorescence.®® The
lifetime value measurement indicated the operation of the
static quenching mechanism during the Fe®" sensing event.
Moreover, the proposed sensing strategy exhibited a promising
response for the detection of ATP with real field biological
applications with human serum and cell lysates.
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Again, the recognition of biothiols, such as cysteine (Cys),
glutathione (GSH), homocysteine (Hcy), etc. is also significant
as they play a key function in cellular physiology and pathology
with the regulation of the intracellular redox system.'°>'%* In
this regard, Fang and Xiu et al. reported the preparation of
polyethyleneimine (PEI)-based N-CQDs (PQDs) for the sensitive,
chromo-fluorogenic recognition of Cu** and r-cysteine (Cys).”®
The initially quenched fluorescence of PQDs in the presence of
Cu** with the generation of blue color was due to the electron/
charge transfer from the surface functional groups of PQDs to
Cu”". However, in the presence of Cys selectively in the same
assembly, the initial fluorescence was recovered and the
generated color disappeared due to the detachment of Cu®*
from the surface of PQDs due to the stronger interaction of
Cu®" with Cys than that of the surface functional groups
of PQDs. This nanoprobe was also employed for the detection
of Cys in diluted lemon flavored beverage samples with good
accuracy. Again, Dong et al. reported the preparation of a label-
free ratiometric chromo-fluorogenic nitrogen-doped carbon
dots (N-CDs)-Ag" ensemble, which could selectively detect
GSH via the fluorescence recovery of the bare N-CDs from
green to orange (Fig. 6A).”> Actually, in the presence of Ag®,
N-CDs exhibited a ratiometric response due to the ligand to
metal charge transfer transition (LMCT) via the binding of Ag"
with the surface functional groups of N-CDs. However, due to
the prolific interaction of Ag" with biothiols, in the presence of
GSH, Ag" was removed from the surface of N-CDs, recovering
the fluorescence of N-CDs. N-CDs exhibited proficient cellular
imaging applications towards the intracellular detection of Ag"
and GSH, which will be highly beneficial in the domain of
clinical diagnosis and other biomedical fields. Sun and Sun
et al. reported the use of N,S-co-doped red-emitting carbon dots
(R-CDs) for the selective detection of Fe** and Cys with an LOD
of 0.27 uM and 0.14 pM, respectively (Fig. 6B-D).”" R-CDs
exhibited an efficient “turn off”’ fluorescence response in the
presence of Fe’* ions due to the non-fluorescent ground state
complexation via efficient electron transfer from R-CDs to Fe**
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Fig. 6 (A) Confocal laser scanning microscopy images of Ag* and GSH
in living SMMC7721 cells. Adopted with permission from ref. 72.
(B) Schematic illustration of the sensing platform for detecting Fe** ions
and L-Cys and (C) (a—d) bright-field images and confocal fluorescence
images (e—h) of HeP G2 cells incubated with R-CDs with different con-
centrations of L-Cys. (D) In vivo PL images of nude mice in the presence of
the synthesized R-CDs.
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while the selective presence of Cys in the R-CDs-Fe** ensemble
recovered the inherent fluorescence of R-CDs by the competi-
tive binding of Fe*" with Cys. Interestingly, the nanosensor
exhibited excellent in vitro and in vivo imaging for the effective
detection of the targeted analytes using Hep G2 cells and
nude mice, respectively, exhibiting the good tissue penetrating
behaviour of the nanosensor.

Again, Li, Dong and Liu et al. designed Si-doped carbon dots
(Si-CDs) with red emission via a simple hydrothermal strategy,
which exhibited a “on-off-on” fluorescence response for the
specific detection of r-cysteine with a limit of detection of
0.14 pM and linear range of 0-24 uM for 1-Cys.”® The surface-
functionalized amino group of the nanosensor initially under-
went chelation with Cu®* to form Si-CDs@Cu?*, which resulted
in fluorescence quenching through the electron transfer
mechanism. Upon the addition of r-cysteine to the above-
mentioned system, the fluorescence of Si-CDs@Cu”* was recovered
because of the strong affinity of Cu®" towards the r-cysteine
(1-Cys) residue, resulting in the highly specific detection of 1-Cys.
Furthermore, this particular nanoprobe was employed for the
detection of r-cysteine in human serum samples and bioimaging
in the HeLa and A549 cell lines.

Dong et al. reported the use of red emissive carbon dots
(CDs) for the specific and selective “on-off-on” detection of
Cr(vi) and cysteine sequentially via colorimetric and fluoro-
metric dual readout approaches with a detection limit of
0.14 pM for cysteine.’® In the presence of Cr(vi), the fluores-
cence of CDs was quenched due to their complexation with
Cr(vi) via N — Cr ligand-to-metal charge transfer. After the
addition of Cys to the newly formed complex CDs@Cr(vi), it
could effectively regenerate the inherent fluorescence of the
CDs owing to its ability to remove Cr(vi) on the surface of CDs.
This nanoprobe was also employed in SMMC7721 for multi-
color in vitro cell imaging.

Alkaline phosphatase (ALP) is an important enzyme, which
takes part in different metabolic processes in the human body
and acts as a potential biomarker for breast cancer, osteopenia,
etc.'* In this regard, Chen et al. reported the preparation of a
silica-based molecularly imprinted polymer (MIP) cross-linked
with carbon dots (CDs) to produce a fluorescent nanosensor
towards the detection of ALP with an LOD of 0.5 pU mL™ ' in the
linear range of 2-150 uU mL~".”* Moreover, this nanosensor
exhibited the good recovery of ALP in human serum samples
with an RSD of 5.41%.

Ascorbic acid (AA) is a significant neurochemical. The
abnormal consumption of AA in the human body can cause
urinary stones, diarrhoea, etc.'®® In this regard, Li et al
reported flax straw-derived carbon dots (CDs), showing
“on-off’ fluorescence for the detection of Co** or Cr®" due to
the strong interaction of the surface functional groups of the
CDs with the incoming metal ions via IFE, which was con-
firmed by the overlap of the UV-Vis absorption spectrum of the
CDs with the excitation spectrum of the targeted quencher
metal ions. Additionally, the static quenching mechanism is
also a driving factor for the fluorescence quenching, which was
validated by the lifetime and UV-Vis spectral data of the CDs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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before and after interaction with the analyte. However, in the
presence of AA, the nanoprobe-metal ion assembly exhibited an
“on-off-on” fluorescence response via weakening of the IFE.”
The nanosensor exhibited detection efficiency towards Co*",
Cr®" and AA with the an LOD of 0.38, 0.19, and 0.35 uM,
respectively. Thus, due to the stability, simplicity, high selec-
tivity, and high sensitivity of the new carbon dots, they exhib-
ited excellent sensing efficacy towards the detection of AA from
vitamin C tablets with a qualified recovery (93.4-107.1%).
Again, coenzyme A (CoA) participates and plays important
roles in many biological events such as signal transduction,
protein acetylation, etc. In this regard, Zhao et al. reported the
use of a biomass-derived carbon quantum dots (BQDs)-Cu**
ensemble for the NIR ratiometric fluorescence sensing of CoA
with good sensitivity and selectivity. Initially, one of the two
emissions of BQDs was decreased by Cu”*. However, in the
presence of CoA, the quenched fluorescence was regenerated
based on the specific interaction of the thiolate groups of CoA
with Cu®", exhibiting a detection threshold value of 6.5 pM for
CoA.”® Moreover, the nanosensing strategy could be effectively
employed for the imaging of CoA in living T24 cells.

3.2 Graphene quantum dots (GQDs)

Amongst the different types of nanomaterials, graphene-based
structures such as pristine graphene, graphene quantum dots
(GQDs), reduced graphene oxide (rGO), graphene oxide
(GO)'** and carbon nanotubes (CNTSs) are advantageous due
to their unique physico-chemical and optical properties, which
are essential for the selective recognition of bio-analytes. In this
connection, GQDs with a particle size of less than 30 nm have
attracted wide interest owing to their unique properties,
e.g., high photostability against photobleaching and blinking,
high chemical/thermal stability, stable luminescence, tunable
fluorescence, excellent aqueous solubility, good conductivity
with pronounced quantum confinement effect and low cyto-
toxicity compared to other inorganic quantum dots, which is
one of the most important criteria for GQDs to be immensely
considered in bio-medical applications. The fluorescence
property of GQDs can be excitation dependent or independent.
The excitation dependence mainly arises due to their free
zigzag structures, while excitation independence arises mainly
due to the regularity of their surface states and the size of their
sp” clusters. To improve the quantum yield and optical proper-
ties of GQDs, they are doped with heteroatoms or sometimes
surface functionalization is carried out to increase the number
of reactive sites. Moreover, GQDs function as an efficient FRET
donor due to their prominent luminescence properties.'*®
Furthermore, GQDs can be loaded with drugs and tumor-
targeting ligands to act as a cancer biomarker detector. Thus,
therapies for the targeted delivery of anticancer agents with
in vitro and in vivo imaging of cancer cells are possible.*®“%7

From a morphological aspect, GQDs show integrated char-
acteristics of both carbon dots (CDs) and graphene. Both CDs
and GQDs are zero-dimensional carbon-based nanomaterials
associated with quantum size and edge effects. GQDs are
particularly synthesised from materials in which sp* carbon

Mater. Adv,, 2022, 3, 4421-4459 | 4431


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00238h

Open Access Article. Published on 02 geguZs 2022. Downloaded on 2026-02-14 18:33:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

atoms are assembled into a graphene structure. The large
surface to volume ratio and the structure of graphene allow
its easy surface functionalisation. PSL (post synthetic linkers)
such as nucleic acids, proteins, antibodies and various other
polymers are covalently attached to the surface of graphene,
affording a wide verity of biomarker sensors. These properties
of GQDs make them superior in the domain of electronic and
optoelectronic sensors (Table 2).'°*72? The photophysical prop-
erties of GQDs are highly dependent on their band gap because
of the quantum confinement effect, which is dependent on
their shape, size and edge configuration. Due to the key merits
of GQDs including their good biocompatibility, water solubility,
chemical inertness, ease of functionalization, stable photo-
luminescence, etc. GQDs are effectively used in the domain of
optical biosensing applications via promising signaling
mechanisms, such as FRET, IFE, PET, static or dynamic
quenching, etc.

In most of the reported GQDs, it has been observed that a
detectable fluorescence response is only obtained in strongly
acidic or basic pH, which is not desirable for bioimaging.
In this case, recently, Zhou et al. developed a unique nanoprobe
based on pH-responsive fluorescent graphene quantum
dots (pRF-GQDs), which were synthesized via the electrolysis
of graphite rods in an acetonitrile solution of sodium
p-toluenesulfonate.'”® The as-obtained fluorescent probe could
discriminate solid tumors from normal tissues. Herein, pRF-
GQDs showed a variation in fluorescence from green to blue
below and above pH 6.8, respectively. The proposed
mechanism for the fluorescence switch was thought to be that
in weakly acidic medium, the protonated pRF-GQDs form
intramolecular H-bonding interactions with the adjacent
sulfonic oxygen and the disruption of these interactions leads
to a fluorescence change from green to blue. This probe was
successfully used for in vivo and ex vivo imaging of a
mouse model.
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Next, Su et al. developed nitrogen-doped graphene quantum
dots (N-GQDs) for the selective recognition of bio-analytes such
as acid phosphatase (ACP) and tyrosinase (TYR).'” In the
presence of TYR, tyrosine is converted into dopaquinone, which
is responsible for the fluorescence quenching of the developed
N-GQDs because dopaquinone acted as a good electron
acceptor, and expectedly with an increase in the concentration
of TYR, the degree of quenching increased. The nature of
quenching was observed to be dynamic according to the life-
time values. Interestingly, in the presence of ACP, r-ascorbic
acid-2-phosphate (AAP) was hydrolysed into ascorbic acid and
t-dopa was produced by the reduction of dopaquinone. As an
artefact, the developed N-GQDs regained their fluorescence
property. Additionally, real sample analysis was also performed
by applying the biosensor for the recognition of TYR and ACP in
human serum samples and the appreciable recovery percentage
and relative standard deviation (RSD) value indicated the
potentiality of the developed probe in real-life applications.

Su et al. developed a GQDs-based system for the selective
recognition of ascorbic acid (AA) and dopamine (DA).'*®
Herein, DA formed a stable DA-GQDs complex via electrostatic
and H-bonding interactions. Subsequently, upon the incorpora-
tion of Cu®" in the DA-GQDs complex, the fluorescence of
the adduct was quenched due to the oxidation of catechol to
o-semiquinone. On the contrary, the addition of AA, helped to
regain the inherent fluorescent property of the synthesized
GQDs due to reduction of Cu®" to Cu® (Fig. 7A and B).
Consequently, the formation of o-semiquinone, was hindered,
leading to an enhancement in fluorescence. Therefore, a fluores-
cence “off-on” nanosensor was prepared herein for the detection
of DA and AA based on complex formation and oxidation
principles. However, it is desirable to detect ascorbic acid with-
out the use of any heavy metal. In this regard, Su et al. developed
orange emissive GQDs for the sensitive recognition of ascorbic
acid (AA) with an LOD of 0.32 uM (Fig. 7C)."*® The optimised

Table 2 Graphene quantum dots (GQDs)-based nanomaterials implemented in chromo-fluorogenic biosensing applications

Type of nanomaterials Targeted analyte Mode of biosensing Limit of detection Linear range Ref.
GQDs Fe** Fluorogenic 0.45 UM 0-60 uM 118
N-GQDs Fe** Fluorogenic 0.07 uM 50-2000 pM 120
BGQDs Fe** Fluorogenic 0.005 + 0.001 M 0.01-100 uM 121
N-GQDs Fe** Fluorogenic 9.7 nM 20-70 nM 114
1-100 pM
GQDs Fe** Fluorogenic 1.6 UM 3.5 x 107°-6.7 x 107 M 117
B-GQDs Fe** Fluorogenic Fe’': 31.2 nM Fe**: 50 nM-220 uM 116
Cyt-C Cyt-C: 5.9 pg mL ™" Cyt C: 10-300 pg mL™"
Phosphate (Pi) Pi: 340 nM Pi: 3-40 pM
(N-GQDs)-Cu** Histidine (His) Fluorogenic 72.2 nmol L™ 0-35 pmol L™* 119
GQDs Paracetamol (PAR) and Fluorogenic PAR: 0.022 pg L™* PAR: 0.067-233 pg L ™" 111
ascorbic acid (AA) AA: 1.05 ug L' AA: 3.33-997.5 pg L™!
GQDs Dopamine (DA) and Fluorogenic DA: 0.16 pmol L™ DA: 0.5-120 pmol L™ 113
ascorbic acid (AA) AA: 0.021 pmol L™ " AA: 0.05-6 pumol L ™"
GQDs H,S Fluorogenic 0.89 nM up to ~1500 nM 112
GQDs Ascorbic acid (AA) Fluorogenic 0.32 uM 1.11-300 pM 110
Tb(m)-GQDs L-Ascorbic acid (AA) Fluorogenic 0.12 ug mL ™" — 122
S,N-GQDs Ascorbic acid (AA) Fluorogenic 1.2 uM 10-500 uM 115
GQDs pH Fluorogenic — — 108
N-GQDs Tyrosinase (TYR) Fluorogenic TYR: 0.15 U mL ™" TYR: 0.43-3.85 U mL 109
Acid phosphatase (ACP) ACP: 0.014 mU mL ™" ACP: 0.04-0.7 mU mL ™"
4432 | Mater. Adv,, 2022, 3, 4421-4459 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Schematic process path for recognising AA by fluorescent
GQDs. Adopted with permission from ref. 110. (B) Schematic illustration
of the recognition mechanism. (C) Fluorescence spectra of the GQDs and
their composite systems, as described in the graph. Concentration:
40 pmol L™t of Cu?*, 120 pmol Lt of DA, and 6 pmol L™t of AA. Adopted
with permission from ref. 113. (D) Detection mechanism of AA through
“off-on" mode. Adopted with permission from ref. 115.

reaction conditions involving hydrogen peroxide, horseradish
peroxidase (HRP) and catechol were utilised for detecting AA by
regaining the inherent fluorescence property of GQDs. Actually,
herein, the hydroxyl radicals, produced from H,O, by the
catalysis of HRP, oxidized catechol to o-benzoquinone, which
was responsible for the fluorescence quenching of GQDs.
However, the presence of AA inhibited the generation of
o-benzoquinone by consuming H,0, and the hydroxyl radicals,
which was responsible for the fluorescence recovery of the GQDs.
Additionally, the proposed strategy was employed for the recog-
nition of AA in human serum samples and the appreciable
recovery percentage and acceptable RSD values confirmed its
practical applicability. Again, Su et al. developed polypyrrole/
graphene quantum dots (PPy/GQDs) as a “turn-on-off”’ probe for
the detection of paracetamol and ascorbic acid.'"! Interestingly,
the composite material showed 3-times higher fluorescence
compared to the bare GQDs due to the surface passivation of
the amino functionalities of PPy. Basically, the fluorescence of
the composite material was quenched dramatically due to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electron transfer between PPy/GQDs and N-acetyl-p-benzo-
quinone (4-AOBQ), which was produced by the oxidation of
paracetamol (PAR). The inherent fluorescent property of PPy/
GQDs was regenerated in presence of ascorbic acid (AA) by the
reduction of 4-AOBQ. The detection of the targeted bio-analytes
was also successfully checked in human serum samples.

Chen et al developed GQDs functionalised with (2,4-
dinitrophenoxy)tyrosine (DNPTYR) for the selective recognition
of H,S, which is an important gaseous signaling molecule."*?
Herein, DNPTYR carries an electron-withdrawing dinitro-
phenoxyl group, which is responsible for the PET-assisted
fluorescence quenching of GQDs. Upon the addition of H,S
to the developed system, the dinitrophenoxyl group was
cleaved, which recovered the initial fluorescence of the system
via termination of the PET process, thereby producing a ‘“turn-on”
fluorescence response. The LOD was determined to be 2 nM and
the nanoprobe was applied for real-time intracellular H,S level
monitoring through real-time imaging in MCF-7 cells.

Salavati-Niasari et al. synthesised sulfur and nitrogen-doped
GQDs (S, N-GQDs), wherein citric acid and thiourea were
utilised as C, N and S sources, respectively.'*®> The developed
system was utilised for the detection of ascorbic acid (AA) based
on the “off-on” detection mode with an LOD of 1.2 uM. Briefly,
upon the introduction of Cu®*" in the S, N-GQDs solution, the
fluorescence was quenched by the coordination of Cu** with
the surface functional groups of GQDs; however, the addition of
AA to the Cu®'/S, N-GQDs system promoted the inherent
photoluminescence of GQDs due to the gradual detachment
of Cu®" from the surface of S,N-GQDs (Fig. 7D).

Next, Ai et al. developed nitrogen-doped GQDs, i.e., N-GQDs,
utilising sodium citrate and triethanolamine as the precursors."**
Herein, the N-GQDs showed bright blue fluorescence with a
quantum yield of 8% and good pH stability (Fig. 8). Interestingly,
in the presence of Fe*", the fluorescence of N-GQDs was quenched
via static quenching due to the formation of a non-fluorescent
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Fig. 8 (A) Fluorescence spectra of N-GQDs (excitation wavelength:
340 nm and emission wavelength: 442 nm). (B) TEM image and size
distribution of N-GQDs. (C) AFM image on maria substrate. (D) Height
profiles along the lines in (c).
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ground state complex, which was also confirmed by the lifetime
data. The LOD was found to be 9.7 nM and the designed
nanomaterial was utilised for the selective recognition of Fe*" in
various real water samples to expediate its practical applicability.

Dong et al. synthesised boron-doped GQDs (B-GQDs) for the
selective recognition of Fe*" and Fe**-rich Cyt-C with an LOD of
31.2 nM and 5.9 pg mL ™', respectively, with the indirect
detection of phosphate (Pi).''® Doping with boron led to
greenish fluorescence with a high quantum yield of 16.8%,
which was quenched in the presence of Fe’" or Fe**-containing
protein, which was not due to electron transfer, as confirmed
from the lifetime data. Actually, in the presence of Fe*', the
aggregation of B-GQDs (evidenced from DLS) occurred via the
coordination of Fe** with the surface functional groups, which
was mainly responsible for the observed quenching. However,
in the presence of Pi, the disaggregation of B-GQDs occurred,
which was beneficial to regain the inherent fluorescence of
B-GQDs. Moreover, the detection of the targeted analytes was
also done in real water samples, increasing the importance of
the present work.

Next, Liao et al. developed GQDs having blue fluorescence
with a quantum yield of 27.4%.""” The presence of Fe** led to
the quenching of the blue fluorescence, and according to the
fluorescence titration data, the LOD was found to be 1.6 uM.
Basically, the GQDs in the excited state collide with Fe®*,
causing quenching of the fluorescence intensity of GQDs via
non-radiative transitions to the ground state, leading to
aggregation-induced quenching. Furthermore, the detection
of Fe** was carried out in real water samples, indicating the
potentiality for environmental monitoring.

3.3 Inorganic quantum dots (IQDs)

Among the various types of quantum dots, CdTe/CdSe are type
2 band-engineered quantum dots."** CdSe quantum dots (QDs)
are obtained by simultaneously injecting a solution of cadmium
(Cd) and selenium (Se) as precursors into a heated growth
solution of octadecene under ambient conditions. Alternatively,
CdTe is a stable crystalline compound, which is obtained from
cadmium (Cd) and tellurium (Te). It is basically applied as a
semiconductor such as infrared optical window material and
photovoltaics. It is commercially available as a powder or crystals
and it can also be made into nanocrystals. CdTe shows fluores-
cence at 790 nm. As the size of the CdTe crystals decrease to a
few nanometers or less, CdTe quantum dots exhibit a shift
in their fluorescence emission peak from the visible to the
ultraviolet range.'*** They are chemically more stable than their
parent compounds because of their insolubility and high
melting point. CdTe is not harmful if it is ingested or in contact
with the skin. These types of QDs can act as efficient FRET
donors compared to traditional organic dye molecules due to
their excellent size-tunable luminescence properties, high photo-
stability, high resistance to photobleaching, broad excitation
spectra, high quantum yield, long fluorescence life-time, narrow
symmetric emission spectra,etc.'**” The emission property of
QDs is generally generated from the recombination of photo-
generated electron-hole pairs, which can be tuned in different ways.
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QDs can be conjugated with other metallic nanoparticles, which are
fluorescence quenchers, and therefore this combination leads to an
effective FRET process in the resulting binary quantum dots
(QDs)."*** subsequently, interaction with the targeted analytes
may lead to a ratiometric fluorescence response by tuning the
distance of the donor-acceptor and the overlapping region of the
donor emission with the acceptor absorption. By combining addi-
tional metals (Zn, Mn, etc.) in binary QDs, ternary alloyed QDs can
also be prepared, which feature better photostability, narrower
emission band, broader excitation spectra, etc. These characteristics
may improve the sensitivity or specificity of the designed
biosensors."*** Again, QDs may be coated with other organic
molecules, where photoinduced electron transfer may take place
to the valence band of the excited QDs, thereby resulting a
reduction in fluorescence. However, upon the interaction of the
targeted analytes with the coating material, the initial fluorescence
of the QDs is revived due to the restriction of the PET process to
generate an “off-on” or “on-offtype fluorescence response.'*¥¢
QDs can also be conjugated with different ligands, such as thiols, to
increase their stability. Recently, QDs have been extensively used
for sensing various biomolecules, such as ascorbic acids, proteins,
tumor markers, glucose, dopamine, and biothiols such as Cys, GSH
etc (Table 3).'>>71%3

Ascorbic acid (AA) is one of the most important nutrients
in the human body as it plays a pivotal role in different
physiological functions such as anti-oxidant effects, immunity
improvement, etc.'** Ascorbic acid oxidase (AAO), an enzyme
containing copper ions, can catalyze the redox reaction between
oxygen and AA to generate dehydroascorbic acid (DHA) and
water."® In this regard, Su et al. reported the preparation of a
ratiometric fluorogenic nanosensor, QDs/CDs@MOFs, via the
combination of thioglycolic acid (TGA)-capped CdTe QDs, CDs
and zeolitic imidazolate framework-8 (ZIF-8) for the sensitive
detection of AA and AAO."*® Herein, the MOF-based nanoprobe
was developed by integrating the interesting features of carbon
dots and QDs to prevent the agglomeration of the nanomater-
ial, which also presented a fascinating stimulus-responsive
ratiometric response. Initially, Hg>* quenched the red emission
of the QDs via electron transfer and ion-binding process, while
in the presence of AA, the initial fluorescence of the nanosensor
assembly was restored via the redox reaction between AA and
Hg>" to exhibit an “off-on” response. The fluorescence was
again quenched in the presence of AAO to exhibit an “off-on-
off” response due to the oxidation of AA to dehydroascorbic
acid (DHA). Throughout the sensing event, the fluorescence of
the CDs remained constant, which was helpful to use them as a
reference standard. Interestingly, the nanosensor could also be
used satisfactorily for the detection of AAO in human serum
samples.

Similar to AA, alkaline phosphatase (ALP) is also an essential
coenzyme and enzyme present in multiple metabolic processes
in the human body.'*® Thus, an abnormal level of these
molecules causes various disorders, which necessitates their
sensitive detection. Among the various sensing approaches
based on QDs, the cation exchange reaction based on distin-
guishing the capability between Ag" and AgNPs is one of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Inorganic quantum dot (IQD)-based nanomaterials implemented in chromo-fluorogenic biosensing applications
Mode of
Type of nanomaterials Targeted analyte biosensing Limit of detection Linear range Ref.
QDs/CDs@MOFs Ascorbic acid (AA) Fluorogenic AA: 4 nM AA: 0.01-0.2 pM 125
Ascorbic acid oxidase (AAO) AAO: 0.02 U L™? AAO: 0.05-4.0 UL™!
CdTe Ascorbic acid (AA) Fluorogenic AA: 3 uM AA: 0-800 uM 126
Alkaline phosphatase (ALP) ALP: 0.25 UL ™" ALP: 1-1000 U L™"
CdTe QDs Captopril (CTP) Fluorogenic — CTP: 0.025-0.250 mmol L’ 127
glutathione (GSH) GSH: 0.025-0.175 mmol L™*
Cys 1-Cys: 0.025-0.175 mmol L™
Thiomalic Acid
Coenzyme A
CdSe@SiO,@CdTe Glutathione Fluorogenic 42 nM 0.1-10 pM 131
CdTe-AuNPs tumor marker Fluorogenic 400 pg mL ™" 0.5-45 ng mL ™" 128
Red QDs (CdSe/ZnS QDs)-green Serum amyloid A (SAA) Fluorogenic SAA: 2.39 ng mL ™" SAA: 10-1000 ng mL ™" 129
QDs (ZnCdSeS/ZnS QDs C-Reactive protein (CRP) CRP: 6.37 ng mL ™" CRP: 10-1000 ng mL "
CdTe QDs H,O0, Fluorogenic 0.3 uM 10-125 pM 130
CdZnTeS QDs Dopamine (DA) Fluorogenic DA: 1.93 nM DA: 10.0-1000.0 nM 132
Tyrosinase (TYR) TYR: 1.05 ng mL ™" TYR: 10.0-100.0 ng mL™*
CdZnTe QDs-AuNPs Aflatoxins B1 Fluorogenic 20 pg mL ™" 50 pg mL~'-100 ng mL™" 133
CdS-CdTe QDs Glucose Fluorogenic Above 500 uM in Planta In vitro 100-1000 uM 134
In vivo 500-1000 uM
CdSe/ZnS QDs Alzheimer’s disease-related AB, 4, Fluorogenic 1.7 pM (7.6 pg mL™").  5.0-100 pM 135
(0.023-0.45 ng mL ™)
CdTe QDs-AuNPs OmpW antigen of Vibrio cholerae Fluorogenic 2 nM 2-10 nM 136
CdSe QDs-CQDs Tuberculosis (TB) biomarker Fluorogenic — — 138
CdTe QDs-AuNPs Guanine Fluorogenic — 0.80 nmol mL™'-0.53 umol mL~" 137
CdTe QDs-AuNPs Arginine Fluorogenic 5.6 pg L™* 16-121 pg L * 139
ZnS QDs Arginine Fluorogenic — 1.0-107* M 140
CdSe, CdSe/ZnS and CdSe/CdS Protein Fluorogenic 2.84 x 10~ ML™* — 141
CdTe QDs L-Cysteine Fluorogenic Cys: 10.5 ng mL™" Cys: 0.02-40 pg mL ™" 142
Glutathione GSH: 8.2 ng mL " GSH: 0.02-50 ug mL™*
Mn**-ZnSe/ZnS@Si0, Thiol Fluorogenic — — 143

important strategies for quantitative biosensing applications.
In this perspective, Wu and Geng et al. proposed the sensitive
fluorogenic recognition of AA and ALP based on the selective
quenching of CdTe QDs by Ag" via fast cation exchange
reaction.'*® Based on the controlled production of AgNPs by
the reduction of Ag" by AA, this strategy could be efficiently
exploited for the “turn on” fluorescence detection of AA.
Alternatively, using AA as a mediator, this strategy was also
useful for assaying ALP via the ALP-catalysed hydrolysis of
L-ascorbic acid-2-phosphate (AAP) to produce AA. The developed
label-free nanosensor was effectively utilized for the recognition
of ALP and AA in human serum samples and fruit juice,
respectively.

Captopril (CTP), glutathione (GSH), 1-Cys, thiomalic acid
and coenzyme A are several bioactive thiols in various pharma-
ceutical applications.'*”” In this regard, Santos et al. reported
the fluorogenic recognition of these biothiols based on the
enhancement of the quantum yield of QDs, agglomeration of
AuNPs, nanoparticle detachment, etc. to reverse the FRET
process, operating between CdTe QDs and AuNPs.'*’? AuNPs
are emerging fluorescence quenchers in the FRET process,
replacing the traditional organic quenchers. The high molar
extinction coefficient value and broad absorption spectrum in
the visible window of AuNPs, which overlaps with the emission
spectrum of QDs like FRET donors, make them promising
FRET acceptors.'*”” Moreover, surface modification is another
important parameter to achieve an effective FRET process.
Herein, effective FRET donor-acceptor assemblies were also

© 2022 The Author(s). Published by the Royal Society of Chemistry

acquired via the combination of mercaptopropionic acid
(MPA)-capped CdTe QDs and cysteamine (CS)-capped AuNPs.
However, in the presence of the targeted biothiols, the FRET
process was hampered and accordingly the emission property
of the CdTe QDs was modulated. This method acquired the
linear detection range of 0.025-0.250, 0.025-0.175 and 0.025-
0.175 mmol L™ for CTP, GSH and 1-Cys, respectively, making it
easy to implement and presenting valuable analytical working
ranges and sensitivity. Again, Wang and Fan et al. proposed the
use of a dual-emission ratiometric fluorescent probe (CdSe@-
SiO,@CdTe) for the naked-eye ‘‘turn-on” recognition of
glutathione (GSH) with an LOD of 42 nM."*! Herein, the CdSe
QDs were coated with silica (SiO,) spheres, then conjugated
with CdTe QDs and functionalized with N-acetyl-L-cysteine
(NALC), which is more eco-friendly and stable than the usually
employed MPA stabilizer, to ultimately obtain a tunable fluores-
cence response. Initially, the red emission of the CdTe QDs was
quenched in the presence of Hg”>* by both electron transfer and
ion binding processes due to the interaction of the amino and
surface sulfydryl groups in NALC with Hg>*. However, in the
presence of GSH, the red emission was again restored via the
stronger interaction of Hg”" and GSH than the amino groups of
NALC. This hybrid nanosensing strategy was also exploited for
the evaluation of GSH in real vegetable and fruit samples.
Hepatocellular carcinoma (HCC) is one of the major
malignant tumors, where alpha-fetoprotein (AFP) is one of the
important tumor biomarkers for the diagnosis of HCC and post-
operative management.'*” Currently, the aptamer-based sensing
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strategy has become an important biosensing platform for tar-
geted bio-analytes. In this regard, Jin and Ruan et al. exhibited a
fluorescent sandwich aptasensor for the “turn-off”’ recognition of
the tumor marker AFP based on the FRET between the energy
donor, AFP aptamer-tagged luminescent CdTe quantum dots
(QDs), and the energy acceptor, anti-AFP ab-functionalized gold
nanoparticles (AuNPs), due to the stronger bio-affinity of aptamer-
AP-antibody."®® To resist the agglutination of the particles, SiO,
nanospheres were used to coat the CDs. The proposed aptasensor
also exhibited excellent results for the detection of AFP in human
serum samples, indicating its great potential for carcinoma
screening.

Serum amyloid A (SAA) and C-reactive protein (CRP) are
important inflammation biomarkers. An elevated level of SAA is
related to acute bacterial infection,'*® while a low level of
C-reactive protein (CRP) may be responsible for the pathogenesis
of cardiovascular events."** Most of the developed sensing
methods are responsive to a particular biomarker. However for
clinical accuracy, it is desirable to use multiple biomarkers to
obtain a clear idea about the stages of pathogenesis, which is
obviously a challenging task. Moreover, quantitative detection
and reproducibility are also important factors to be considered.
In this regard, Wu, Li and Guo et al. reported a dual quantum
dots-based immunosorbent assay, red QDs (CdSe/ZnS QDs) and
green QDs (ZnCdSeS/ZnS QDs), for the sensitive and simulta-
neous fluorogenic recognition of the inflammation biomarkers
SAA and CRP." A single sample well was coated with two types
of antibodies, which underwent simultaneous interactions with
the targeted biomarkers. Moreover, the nanosenor could be
effectively applied for the recognition of the biomarkers in real
human negative serum samples, which will be highly beneficial
for in vitro diagnostics (IVD), biomedicine, food safety, environ-
mental monitoring, etc.

H,O0, is one of the main biologically reactive analytes in the
human body and plays a key role in different biological
procedures, which necessitates low-cost, selective and sensitive
methods for its detection.'*® Recently, Wang et al. reported the
ratiometric “turn-off’ fluorescence determination of H,O,
based on the unique combination of green-emitting CdTe
QDs and red-emitting CdTe QDs."*° Herein, they showed that
the selectivity could be tuned by using QDs with different sizes
without any surface modification. In the presence of H,O,, the
fluorescence was quenched via the transfer of electrons from
QDs to H,0,, followed by H,0,-induced aggregation of the
QDs, and the extent of fluorescence quenching was also driven
by the size of the QDs to ultimately produce a ratiometric
response.

Tyrosinase (TYR) is a copper-containing enzyme that exists
in various organisms, which is known as an important biomarker
for human malignancy."** On the other hand dopamine (DA) is a
significant hormonal neurotransmitter, which plays a significant
role in many biological processes. Therefore, abnormal level of DA
is related to various diseases, such as Huntington’s disease,""
Parkinson’s disease, etc.">>'>* which necessitates the quantitative
monitoring of DA in different body fluids by fluorometric meth-
ods, particularly by ratiometric response. However, most of QDs
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that produce highly selective and sensitive ratiometric responses
are obtained via multi-step synthetic procedures. In this regard,
He et al. reported the preparation of ROx-DNA-functionalized
CdZnTeS quantum dots (QDs) (where ROx is a commercially
available fluorophore) via a one-pot synthetic route for the sensi-
tive detection of dopamine (DA) and tyrosinase (TYR).">* QDs and
ROx could both be excited at a single wavelength, enabling the
biosensor to exhibit a ratiometric response. Herein, TYR catalyzed
the oxidation of DA to DA quinone, the absorption spectrum
of which overlapped with the emission spectrum of QDs.
Additionally, the short distance between DA quinone and the
QDs also facilitated the occurrence of the FRET process.
Moreover, the PET process from the QDs to DA quinone was
responsible for quenching the emission of the QDs. Throughout
the process, the fluorescence of ROx remained constant, while the
QDs exhibited stimuli-responsive enhanced or quenched fluores-
cence, which was ultimately beneficial for the functionalized QDs
to act as a ratiometric fluorescence probe. The obvious change in
the lifetime values before and after sensing was consistent with
the dynamic quenching process in the present work. The sensing
strategy was also evaluated by the satisfactory detection of DA and
TYR in real human serum samples.

Aflatoxins are a group of secondary metabolites of mycotoxins,
which are generally generated by Aspergillus flavus and Aspergillus
parasiticus. Among the various types of aflatoxins, aflatoxin B1
(AFB1) is the most common and toxic one because it prohibits
RNA synthesis."> Immunoassay using AFB1-specific antibody is
widely used for its detection. However, aptamer-based fluores-
cence detection is more desirable in terms of cost and stability
during storage. In this regard, Qian and Wang et al. reported a
fluorescence aptasensor based on MPA-capped CdZnTe QDs and
Au nanoparticles (AuNPs) conjugated with thiol group-modified
complementary DNA for the trace determination of AFB1 with
high sensitivity and selectivity via the FRET process with a linear
range of 50 pg mL '-100 ng mL ' and limit of detection of
20 pg mL ™! (Fig. 9A)."* In the present system, DNA hybridization
in the system helped to initiate the FRET process by bringing the
donor QDs and acceptor AuNPs in close proximity. However, upon
the binding of the aptamer with AFB1, FRET was hindered, which
regenerated the fluorescence of the QDs. The sensor was also used
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Fig. 9 (A) Fluorescence spectra of (i) SiO,@QDs-apt and SiO,@QDs-apt/
cDNA-AUNPs (ii) before and (jii) after incubation with 100 ng mL~* of AFB1.
(iv) Schematic illustration of aptasensor fabrication and sensing mecha-
nism. Adopted with permission from ref. 133. (B) In vivo sensing of glucose
in algae (Chara zeylanica) by TGA-QD and BA-QD probe. Adopted with
permission from ref. 134.
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to investigate the presence of AFB1 in real agricultural products
such as peanut samples.

Glucose is one of the main components that controls plant
growth through the formation of complex intracellular signal trans-
duction pathways.'>® However, the nanomaterials-based in vivo
destection of glucose in photosynthetic organisms is rarely explored.
In this regard, Giraldo et al. reported a ratiometric optical nanoprobe
based on boronic acid (BA) and thioglycolic acid-conjugated QDs as
a standoff optical monitoring tool for the sensitive “turn-off”’
fluorescence recognition of glucose in photosynthetic tissue based
on the specific interaction of BA with the two pairs of cis diols
groups of glucose (Fig. 9B).** The interaction of glucose resulted
in the aggregation of BA-QDs, which induced the corresponding
fluorescence quenching by excitation energy transfer and electro-
nic coupling between the QDs in close proximity (<10 nm).
Therefore, the developed portable glucose sensing approach is a
value-added addition in the domain of photosynthesis research.

Alzheimer’s disease (AD) is a neurological disorder leading
to memory loss, anxiety, etc. Amyloid-beta peptide 1-42 (AB;_45)
is the basic component of amyloid plaques related to this
disease."® In this regard, Zheng et al. reported the preparation
of a streptavidin-functionalized quantum dots and dual anti-
body (C-terminal antibody (C-Ab) and biotinylated N-terminal
antibody (N-Ab))-based sandwich immunoassay for the fluoro-
genic recognition of the Alzheimer’s disease-related peptide
biomarker AB;_,, with a linear range of 5.0-100.0 pM."?*
Herein, the QDs act as fluorescent labels for the quantification
of AB;_45, which was also free from the magnetic separation in
the previous sandwich assay approaches for the detection of
ABy_4». This method was also successfully applied for the
recognition of AB; 4, in a human cerebrospinal fluid sample
(CFS), which may pave the way for the diagnosis of AD.

Bacteria possess a bacterial cell membrane and cell wall
around their outer side. Their cell membrane is based on the
fluid mosaic model (protein-lipid-protein), indicating that
lipids are incorporated inside a layer of proteins. These proteins
are called outer membrane protein W (OmpW). In comparison to
lateral flow immunoassay or enzyme-linked immunosorbent
assay (ELISA), FRET-based homogeneous immunoassay is
advantageous for the detection of OmpW, which does not
require washing or separation steps.'**® In this regard, Rezayan
et al. reported a competitive CdTe QDs and AuNPs-based
fluorescence probe for the ratiometric recognition of OmpwW
antigen of whole V. cholerae bacterial cells via the FRET process
with a linear range of 2-10 nM and detection limit of 2 nM.***?
Upon the interaction of the AuNPs-conjugated OmpW antigen
with the specific antibody bound to carboxyl-functionalized
CdTe QDs, the distance between the QDs and AuNPs was close
enough to facilitate the FRET process, resulting in fluorescence
attenuation via energy transfer from the QDs to AuNPs. The
addition of free OmpW led to the revival of the initial fluores-
cence due to the increasing competition between the free and
conjugated OmpW, causing the detachment of Au-OmpW from
CdTe-anti-OmpW. Thus, the developed FRET based assay can
also be extended to the detection of various targeted bio-analytes
such as toxins and bacterial virulence factors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Tuberculosis (TB) is a type of lung disease that can be
potentially diagnosed via the quantitative detection of tubercu-
losis volatile organic biomarkers (VOBs). Current technologies
include aeoNose (The eNose Company), breathalyzer (Rapid
Biosensor Systems), prototype breathalyzer (Next Dimensions
Tech), breath analysis instrument (Metabolomx) etc., which
rely on the principle of gas chromatography flame ionization
(GC-FID), surface acoustic wave detection (GC-SAW), etc.
However, they are not efficient enough to analyse the specific
VOBs present in the exhaled breath of TB patients. In this
regard, Sarswat et al. reported a stable colloidal suspension of
CdSe QDs together with CDs as a viable photoluminescent
platform.”® Methyl nicotinate, methyl anisate, etc. are the
major VOBs present in the breath. The CDs exhibited selective
quenching in the presence of methyl nicotinate or methyl
anisate due to non-radiative electron transfer to the CDs, while
the observed fluorescence spectral shift of the QDs in the
presence of pyridine was because of the formation of a charge
transfer excited state. Overall, an algorithm could be created for
the quantification of TB VOBs.

Guanine is one of the important nitrogen bases of DNA.
Lancucka et al. synthesized CdTe QDs and AuNPs as a selective
and sensitive “turn-on” fluorescent assay for the detection of
guanine, which was also effectively employed for guanine recogni-
tion in real samples using simulated urine conditions."*” Herein,
TPA and guanine-functionalized QDs and cytosine-functionalized
AuNPs underwent specific bio-interaction to produce a QDs-
guanine-AuNPs-cytosine assembly, thereby facilitating the FRET
process, which was approved by both distance and spectral over-
lap. However, in the presence of the targeted guanine, the FRET
process was hampered to produce a “turn-on” fluorescence
response, resulting in a low possibility of false positive signals.
The sensitivity of the developed nanoassembly has also been
employed towards the detection of guanine in a simulated urine
environment.

Arginine (Arg) plays an important role as an anti-oxidant and
blood pressure regulator, and thus its detection is very
important.'*® Furthermore, cancer can be diagnosed by inves-
tigating the concentrations of arginine in the blood. In this
regard, Ren et al. reported the preparation of a fluorescence
nanoprobe via the combination of thioglycolic acid (TGA)-
capped CdTe-QDs and AuNPs for the selective fluorescence
“turn on” detection of Arg via Arg-induced aggregation of
AuNPs with promising real field biological applications.™®
Herein, the intense absorption of AuNPs was initially respon-
sible for the IFE process, leading to the quenching of the
fluorescence of the QDs. However, in the presence of Arg, the
specific interaction of Arg with the carboxyl groups of
the citrate-capped AuNPs occurred via hydrogen-bonding and
electrostatic interactions. This resulted in a decrease in the
absorption of the AuNPs, leading to the inhibition of IFE, which
was ultimately helpful for the regeneration of the initial
fluorescence of the QDs. This method was employed for the
detection of Arg in blood plasma samples with good accuracy.
Again, Verma et al. reported the fluorogenic detection of
arginine using the unique combination of Mn-doped ZnS

Mater. Adv., 2022, 3, 4421-4459 | 4437


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00238h

Open Access Article. Published on 02 geguZs 2022. Downloaded on 2026-02-14 18:33:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

QDs and arginine deaminase enzyme with a linear detection
range of 1.0-10"* M."° Additionally, the newly synthesized
biosensor was exploited for monitoring Arg in different fruit
juice samples, such as watermelon, pomegranate, orange
and guava.

Chen et al. reported the use of a mercaptopropionic acid
(MPA) and crystal violet (CV)-functionalized CdTe quantum
dots (QDs) based “turn-on” fluorescent probe for the recogni-
tion of Cys and GSH."** CV led to the quenching of the initial
fluorescence of the QDs due to the specific electrostatic inter-
action and FRET between CV and MPA. However, in the
presence of Cys or GSH, MPA was separated from the QDs
due to the better interaction of biothiols with Cd** than that of
MPA. Meanwhile, CV was also detached from the QDs as MPA
and CV were inter-linked. Therefore, the fluorescence was again
revived. In addition, biothiols were investigated using the
developed nanoprobe in real human urine samples with a
recovery in the range of 97.3-105.8%. Thus, the low cost and
high sensitivity of the newly synthesized QDs make them an
efficient candidate for the analysis of Cys and GSH in environ-
mental and physiological samples.

3.4 Magnetic nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) based biosensing is a burgeoning
research interest in the sensing area due to their increased
sensitivity, short-time analysis, low detection threshold value,
elevated signal-to-noise ratio, high mass transference, large
surface area, etc.'”’*” MNPs, having a size between 10 nm to
20 nm display the best characteristics due to their supermagnet-
ism under an applied field for a fast sensing response.'”®
Moreover, they are particularly interesting in the domain of
solution-phase sensing due to their ease of separation.”* It has
been observed that magnetic nanoparticles based on spinel
ferrites, ie., ferric oxide connected with different metal nodes
(MFe,O4, where M = Zn, Cd, Ni, Co, Mn, etc.), exhibits
morphology-tunable oxidase-like activity, which has attracted
the attention of researchers in the current scenario. The catalytic
activity of ferrites is mainly driven by Fe**, which exhibits Fenton
reactions to degrade target-specific organic substances. During
catalytic reactions, H,O, is adsorbed on the surface of the
nanoparticles, which is then easily reduced to hydroxyl radicals
by the redox reaction of Fe*". To visualize the extent of the catalytic
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reactions, various chromogenic substances are used, which can
help quantify the target analytes.””’* In some cases, it has been
observed that ferrites undergo aggregation at a certain level,
leading to a decrease in their catalytic efficiency.’? Thus, to
overcome this issue, MNPs are combined with other nanomater-
ials, such as graphene oxide,'®” graphitic carbon nitride,"*”
multiwalled carbon nanotubes,'®® or even MoS,">"" etc. to
increase their catalytic efficiency by increasing their surface area.
Presently, MNPs have engaged as significant probes for the
detection of various biomolecules such as ascorbic acid, glucose,
dopamine, H,0,, etc. via mostly the chromogenic method, utiliz-
ing their peroxidase-mimic activity (Table 4).">°7%

Glucose acts as an energy source in the human body and an
abnormal level of glucose in the blood is related to the most
common disease, diabetes.'®® In this regard, recently, Wu et al.
synthesized mesoporous MnFe,O, magnetic nanoparticles
(mMnFe,O, MNPs) via a one-step green method, showing high
indispensable peroxidase activity, homogeneous distribution,
enhanced stability, and quick separation.'®® The as-synthesized
MNPs were used for the chromogenic detection of glucose
indirectly. The oxidation of glucose catalysed by glucose oxi-
dase (GOx) promoted H,0, to produce hydroxyl radicals (*OH),
which can oxidize 3,3',5,5'-tetramethylbenzidine (TMB) in the
presence of the mMnFe,O, MNP nanozyme to form a blue
colour (due to the formation of oxidation product of TMB,
OXTMB) within a few minutes, leading to the highly selective
and sensitive on-site detection of glucose with a detection
threshold of 0.7 pM. Therefore, the reported magnetic nano-
particles exhibited intrinsic horseradish peroxidase (HRP)-like
activity. It is worth mentioning that the glucose detection
capacity of this nanoprobe was also investigated using real
human urine samples, exhibiting its application for real field
diagnosis of diseases.

Again, the deficiency in biothiols (e.g., cysteine (Cys), glu-
tathione (GSH), etc.) has been linked to various chronic
diseases."®”"'® Yu et al. reported a flower-like nanozyme based
on CoFe,0, modified with MoS, for the chromogenic determi-
nation of Cys and GSH via a redox interaction, where the
hydroxyl generated from H,O, formed a blue colour in the
presence of TMB."* However, in the presence of the targeted
biothiol, the redox reaction was inhibited due to the competition
of TMB with biothiols, ultimately nullifying the chromogenic

and

Table 4 Magnetic nanoparticles-based nanomaterials implemented in chromo-fluorogenic biosensing applications

Type of nanomaterials Targeted analyte Mode of biosensing Limit of detection Linear range Ref.

MnFe,0, Glucose Chromogenic 0.7 uM 0.5-16.0 uM 160

MoS,@CoFe,0, Cysteine (Cys) Chromogenic Cys: 0.10 uM Cys: 0.5-15.0 uM 159
Glutathione (GSH) GSH: 0.21 uM GSH: 0.5-35.0 pM

Fe;0,@Au Reduced glutathione (GSH) Chromogenic 0.013 pmol L™ 0-0.25 mmol L* 161

NF-PANI Ascorbic acid (AA) Chromogenic 232 nM — 162

R-C030, Glucose Chromogenic Glucose: 3.2 x 107" mol L™" Glucose: 1-20 pM 163
H,0, H,0,: 4.3 x 107’ mol L ! H,0,: 1-30 pM

0.15Fe-doped CoO NCs H,0, Chromogenic H,0,: 4.40 uM H,0,: 6-20 uM 164
Dopamine (DA) DA: 1.99 uM DA: 2-10 uM

Fe;0,@Si0,@Au H,0, Chromogenic H,0,:6 x 107’ M H,0,:1 X 10°°-4 x 107° M 165
Glucose Glucose: 3.5 x 10°°*M Glucose: 5 x 107%-3.5 x 10°* M

Fe;0,/m-GC Glucose Chromogenic 0.24 pM 0.5-200 uM 169
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reaction. This synthesized sensor responded to cysteine and
glutathione in the linear range of 0.5-15 uM and 0.5-35 pM,
with an LOD of 0.10 and 0.21 pM, respectively. This sensing
mechanism not only provided high sensitivity, strong catalytic
effect and dynamic property, but was also employed in real tests
of Cys in serum, acting as a potential biomarker.

Alternatively, Huanan et al. proposed a straightforward and
prompt strategy for the chromogenic recognition of reduced
GSH based on an Fe;0,@Au nanocomposite, which acts as one
of the most important enzymes due to the presence of increased
number of active sites, high specific surface area, etc.'®" This
nanoprobe exhibited inherent peroxidase-like activities, result-
ing in the generation of *OH by the oxidation of H,0,, which
generated green coloration from colorless due to the oxidation of
ABTS (ABTS = 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic
acid)) to OXABTS. However, in the presence of GSH, the chromo-
genic alteration was observed to be green to colorless. A
smartphone-based detection strategy was also developed herein
based on RGB (red-green-blue)-based chromogenic changes to
quantify the presence of GSH. This nanoprobe achieved the
highly sensitive and on-site quantitative detection for GSH,
having a linear range of 0-0.25 mmol L™ with an LOD of
0.013 pmol L~ " Interestingly, this as-synthesized nanosensor
was used in a wheat flour sample for the detection of GSH to
prove its applicability in real samples (Fig. 10).

Nickel ferrite is an important biocompatible ferromagnetic
nanomaterial, which exhibits prominent peroxidase-mimic
activity. Ponpandian et al reported the use of a non-
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Fig. 10 Schematic diagram of the synthetic mechanism of FesO,@Au and
a new FezO4@Au-based detection of GSH by smartphone. Adopted with
permission from ref. 161.
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enzymatic nickel ferrite/PANI (NF-PANI) nanocomposite, which
showed peroxidase-mimic activity, for the chromogenic detection
of ascorbic acid (AA) through the sensing of H,0, in the presence
of the chromogenic substance TMB.'®®> In the presence of the
catalyst, NF-PANI, TMB was prone to be oxidized to exhibit the
corresponding chromogenic change colorless to blue, which was
then utilized for the quantification of AA. Actually, in the presence
of AA, TMB is reduced due to the interaction of AA with the -NH,
functional groups of TMB. Therefore, the intensity of the blue
color was reduced, and ultimately became colorless, based on
which the presence of AA was quantified, with the LOD of 232 nM.
This as-synthesized probe was also involved in the detection of AA
in real samples prepared from commercial beverages, fruit
extracts and vitamin-C tablets with a relative standard deviation
(RSD) of 1.7-2.3%. Interestingly, this nanoprobe also exhibited an
electrochemical sensing response towards AA with an LOD of
423 nM.

Lu, Meng and Zhang et al. designed a novel reduced Co;0,
nanocomposite (R-Co;0,), which was synthesized from MOF
ZIF-67, for the selective chromogenic detection of H,0, and
glucose.’®® It was observed that the catalytic activity of the
reduced Coz;0, nanocomposite was higher than that of the
pristine Co;0, due to the introduced oxygen vacancies, which
facilitated H,O, adsorption followed by its conversion to
hydroxy radicals. Herein, TMB was also used as a chromogenic
substrate, which was oxidized in the presence of *OH, to show
the corresponding chromogenic alteration from colorless to
blue. Thus, this assay was useful for quantitative detection of
H,0,. Alternatively, glucose oxidase promotes the oxidation of
glucose to H,0,, the quantification of which is also beneficial
for the indirect detection of glucose. Based on this, the devel-
oped nanosensor was utilized for the quantification of H,0,
and glucose, exhibiting a linear range of 1-30 uM and 1-20 uM,
respectively. Furthermore, the as-designed nanoprobe was efti-
caciously used to analyse glucose in human serum samples,
indicating its capability for use in complex biological matrices.

CoO nanoparticles exhibit promising catalytic activity due to
their high surface area, good stability and facile redox reaction
between Co>'/Co**. However, they tend to agglomerate, thereby
exhibiting poor catalytic activity due to the decrease in active
sites. Therefore, research is ongoing to improve the catalytic
activity of CoO NPs. In this regard, Liu and Liu et al. reported
a new series of magnetic flower-like CoO nanocomposites
(Fe-CoO NCs) doped with 0.15Fe, possessing peroxidase and
oxidase dual enzyme mimetic activities for the rapid and selec-
tive chromogenic detection of H,0, and dopamine (DA) with an
LOD of 4.40 and 1.99 uM, respectively.'®* The introduction of Fe
herein was beneficial for the easy magnetic separation of the
nanocomposite. Initially, the Fe*" in the doped Fe compounds
was oxidized to Fe*" by decomposing H,0, to *OH, which then
oxidized the chromogenic substrate TMB. Subsequently, the
oxidized Fe** converted H,0, to O, with self-reduction to Fe**.
The generated O, was responsible for the oxidation of Co** to
Co®" with self-conversion to *0,~, which then helped in the
oxidation of TMB. However, the oxidizing capability of *O, " is
much lower than that of *OH. This nanosensor was successfully
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employed to prove the real field applicability of DA and H,0,
detection in human urine samples with promising responses.

Again, to improve the surface activity and stability of the
naked Fe;0,, Wang et al. fabricated multifunctional fluorescent
nanoparticles, Fe;0,@SiO,@Au MNPs, via surface silanization,
which possess superparamagnetism and good intrinsic
peroxidase-like catalytic activity towards the chromo-fluorogenic
sensing of H,0, and glucose.'®® Herein, this nanosensor exhibited
bright red fluorescence, which was quenched gradually in the
presence of an increasing concentration of glucose due to the
increasing generation H,0, from glucose, catalyzed by glucose
oxidase (GOx). TMB was used herein as the chromogenic
substrate to induce a chromogenic alteration from colorless to
blue in the presence of glucose. Furthermore, the real field
efficacy of the as-fabricated nanosensor was also investigated via
the chromogenic analysis of glucose in human blood serum
samples.

To improve the catalytic activity of Fe;O, NPs, Xu et al
reported the use of an Fe;O,/mesoporous graphitized carbon
(Fe30,/m-GC) composite for the chromogenic determination of
glucose (using TMB as the chromogenic substrate), exhibiting
peroxidase-mimetic activity.'®® The as-designed nanoprobe was
facile, selective and highly sensitive towards the determination
of glucose through the Fe(u)/Fe(m) redox cycle and m-GC by the
C=Cp2/C-Cgps  redox cycle. This nanosensor exhibited
potential for the real sample analysis in serum samples.

3.5 Noble metal nanomaterials

Due to their unique size and shape-dependent optical and
physico-chemical properties, noble metal nanomaterials, such
as silver (Ag) and gold (Au) and core-shell nanoparticles or their
bi-metallic alloys exhibit fascinating biosensing applications,
which can be visualized by the naked eye. The appearance of
the absorption spectrum of noble metal nanoparticles is mainly
due to the oscillation of the electric component of light with the
electronic cloud present in their conduction band.'7%%¢
Recently, there have been numerous reports towards target-
specific biosensing applications with enhanced selectivity and
sensitivity via simple structural tuning, which would be an
added impetus for nanomaterial-based health-monitoring.
3.5.1 Silver nanoparticles (AgNPs). Among the various
nanomaterials, silver (Ag)-based chromogenic nanosensors
have attracted significant attention due to their promising
localized surface plasmon resonance (LSPR) band in the visible
window, which may lead to target-specific analyte-induced
naked-eye chromogenic changes due to a variation in their
size, shape, dielectric environment, composition, inter-particle
distance, etc.'”°” AgNPs are more cost-effective but less explored
than AuNPs. Recently, AgNPs have been widely explored for
biosensing applications towards the detection of various bio-
analytes, such as dopamine, cysteamine, cysteine, glucose,
lactate, uric acid, alkaline phosphatase, vitamin, adenosine,
H,0, etc.””™%° (Table 5). AgNPs exhibit promising affinity
towards thiol functionalities. Therefore, they are sometimes
termed amino-thiol sensors.””” AgNPs exhibit a prominent
target-specific chromogenic response due to surface
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functionalization together with size-regulated tunable SPR
properties.’”? Moreover, AgNPs are often combined with
fluorescent nanomaterials, where AgNPs act as a promising
quencher to facilitate the FRET or IFE process during the target-
specific detection of the targeted analytes.

Recently, Karakus et al. reported a green synthetic strategy
for the preparation of Konjac gum/polyethylene glycol-AgNPs
(KG/PEG-Ag NPs) for the selective chromogenic detection of
H,0, within the very short response time of <5 s.'”! This
nanosensor exhibited a “naked eye” chromogenic change from
yellow to transparent, which may be attributed to the H,O,-
induced oxidation of Ag® to Ag".

To improve the catalytic activity of the metallic nano-
particles, ionic liquids are beneficial to cap the nanoparticles
for preventing their agglomeration. Therefore to improve the
catalytic activities of AgNPs, Rahim et al. reported the prepara-
tion of ionic liquid-coated lignin-stabilized AgNPs for the
chromogenic detection of H,0, within the response time of
5 min.'”? Herein, the synergistic effect between the ionic liquid
and lignin helped to maintain the peroxidase-like activity
of AgNPs, which ultimately oxidized 3,3’,5,5'-tetramethyl-
benzidine (TMB) to achieve an H,0,-induced facile chromo-
genic response from colorless to blue-green. Herein, after the
absorption of photons, the nanosensor generates an H' and
electron pair, which is consumed by the H,0, adsorbed on the
surface of the nanosensor, forming a peroxo complex between
Ag and H,0,. Therefore, the recombination of the electron and
H" pair is not possible. After consumption of the electron by
H,0,, OH  and *OH are produced, which are beneficial for the
oxidation of TMB to produce the blue-green-colored oxidized
product. This sensing strategy was employed for the detection
of H,0, in the blood serum samples of hypertension patients.

Similarly, the peroxidase-like activity of functionalized
carbon dots (CDs)-stabilized AgNPs was employed toward the
chromogenic recognition of glucose and H,0,, wherein the
charge of the CDs at their periphery stabilized the AgNPs.'”®
To design a greener pathway, herein, banana peels were chosen
for the preparation of CDs, which acted as both a reducing
(for converting Ag" to Ag®) and capping agent for the AgNPs.
Interestingly, the nano-assembly exhibited promising
peroxidase-like activity due to its high surface area and the
presence of sp’>-hybridized carbon structure. In the presence of
H,0,, the initial yellow color of the nanoassembly gradually
disappeared by the obvious H,0,-induced oxidation of Ag° to
Ag'. By using glucose oxidase enzyme, glucose could also be
detected by this method indirectly. This sensing strategy was
employed for the detection of glucose in human serum samples
with a promising response.

Recently, Nishan and Rahim et al. reported the preparation
of Augmentin drug-mediated AgNPs functionalized with an
ionic liquid (IL) for the chromogenic detection of dopamine
within only 4 min.'”* Herein, the IL was adsorbed on the
surface of the AgNPs via different intermolecular interactions,
such as H-bonding interaction, van der Waals interactions,
electrostatic interactions etc. The observed chromogenic
change from light grey to brown can be attributed to the
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Table 5 Noble metal nanoparticles-based nanomaterials implemented in chromo-fluorogenic biosensing applications
Type of
nanomaterials Targeted analyte Mode of biosensing Limit of detection Linear range Ref.
AgNPs H,0, Chromogenic 0.071 uM 1-100 pM 171
AgNPs H,0, Chromogenic 10°°M — 196
AgNPs H,0, Chromogenic 1.379 x 10 M 1x10°-3.6 x 10’ M 172
AgNPs-CQDs H,0, H,0,: 9 nM H,0,: 0.1-100 pM 173
Glucose Chromogenic Glucose: 10 nM Glucose: 1-600 pM
AgNPs-GQDs H,0, Chromogenic H,0,: 162 nM H,0,: 0.5-50 uM 189
Glucose Glucose: 30 uM Glucose: 0.5-8 mM
AuNPs-AgNPs Glucose Chromogenic 3 uM 5-70 uM 187
AgNPs Fe?*, H,0, and glucose Chromogenic Fe’*: 0.54 uM Fe**: 1-90 uM 192
H,0,: 0.032 uM H,0,: 0.05-7.5 uM
Glucose: 0.29 pM Glucose: 1.5-30 uM
AgNPs Glucose Chromogenic 5 pM 0-100 uM 195
Ag/carbon nano- H,0, Chromogenic H,0,: 0.03 uM H,0,: 0.1-80 uM and 80-220 uM 193
composite (Ag/C  Cysteine (Cys) Cys: 0.004 uM Cys: 0.01-10 pM
NC) Homocysteine (Hcy) L-Lactate: 0.35 pM Hcy: 0.05-6 tM GSH: 0.02-1 pM
Glutathione (GSH) L-Lactate: 1-30 mM and 30-900
L-Lactate mM
AgNPs Dopamine (DA) Chromogenic 118 x 107’ M 1x105%36x10°M 174
AgNPs Cysteine (Cys) Chromogenic 4.0 nM 0-100 ng mL ™" 175
AgNPs-CQDs Cysteine (Cys) Fluorogenic Cys: 68.5 nM 0.1-1000 pM 182
Homocysteine (Hcy) Hcy: 82.6 nM
Glutathione (GSH) GSH: 90.9 nM
AgNPs Cysteine (Cys) Chromogenic 0.043 uM 0.1-200 uM 183
AgNPs Cysteine (Cys) Chromogenic Cys: 1.80 x 107 * M Cys:1.10 x 10 °*Mto 5 x 10 ® M 184
Glutathione (GSH) GSH: 3.68 x 107’ M GSH:1 x 10 °Mto5 x 107’ M
AgNPs Cysteine (Cys) Chromogenic 12.0 uyM — 185
AgNPs Cysteine (Cys) Chromogenic 0.1-10.0 pM Cys: 15.0 nM Hcy: 84.6 nM and 186
Homocysteine (Hcy) GSH: 40.0 nM
Glutathione (GSH)
AgNPs Cysteamine (CA) Chromogenic 4.9 nM 0.1-1.0 pM 176
AgNPs Cysteamine (CA) Chromogenic 0.37 uM 0.6-1.8 pM 201
AgNPs Ascorbic acid (AA) Both Chromogenic AA: 0.6 umol L™ " AA: 5-150 pmol L™* 194
Ascorbic acid oxidase activity (AA- and Fluorogenic ~ AA-Ox: 0.0048 U mL " AA-Ox: 0.01-0.20 U mL™"
Ox)
AgNPs Uric acid Chromogenic 30 pM 0.1 nM-0.1 mM 198
AgNPs Vitamin B1 Chromogenic 7.0 pgml " 25-500 ugmL " 177
AgNPs Bovine sex pheromones Chromogenic — — 199
AgNPs-CQDs H,0, Both Chromogenic H,0,: 0.6 pM Lactate: 0-0.02 mM and 0.4-18 178
Lactate and Fluorogenic Lactate: 10 pM mM
AgNPs Adenosine Chromogenic 21 nM 60-280 nM 197
AgNPs Alkaline phosphatase Chromogenic 0.24UL" 0.5-225 UL ™" 180
Au@AgNPs-GQDs Alkaline phosphatase Both Chromogenic Chromogenic: 9 pU mL™'  Chromogenic: 0.01-6 mU mL™' 181
and Fluorogenic Fluorogenic: 5 pU mL ™" Fluorogenic: 0.01-2 mU mL ™"
AgNPs Alkaline phosphatase Chromogenic 0.003 UL™" 0.01-2.00 U L™ 191
AgNPs Ascorbic acid Chromogenic 0.054 uM 0.25-25 uM 188
AgNPs Creatinine Chromogenic 53.4 nM 0-4.2 pM 190
AuNPs Concanavalin A Chromogenic — — 206
AuNPs Human immunoglobulin G (IgG) Chromogenic <100 ng mL~" (700 pM) 50-500 ng mL " 228
AuNPs Protein-phosphatase-1-gamma-2 Chromogenic — — 207
Au NPs Biomarker-HER2 protein (human Fluorogenic 1ng mL ™’ 2-100 ng mL " 226
epidermal growth factor receptor
2, also called c-erbB2 or Neu)
AuNPs Dipeptidyl peptidase IV (DPP-IV or Chromogenic VP-EN-DC method: 1.5 U L™! VP-EN-DC method: 0-30 U L™* 219
CD-26) GPDC method: 1.2 UL ™" GPDC method: 0-12 U L™*
AuNPs Cholesterol Fluorogenic 343.48 nmol L™" 10-210 pmol L™* 231
AuNPs ATP Fluorogenic 23 nM 50 nM-10 uM 224
AuNPs ATP Chromogenic 1.7 nM 20-100 nM 229
AuNPs Adenosine Chromogenic 0.13 nM 5nM ' UM 225
AuNPs Adenosine Chromogenic 1.8 x 10 M 1x1077-1 x 107*M 230
AuNPs Trypsin Both chromogenic ~ Chromogenic: 8.4 ng mL~' Chromogenic: 20-2000 ng mL™' 232
and fluorogenic Fluorogenic: 4.6 ng mL~'  Fluorogenic: 10-2500 ng mL "
AuNPs Lysozyme Chromogenic 57.2 ug mL ™" — 208
AuNPs Lysozyme Fluorogenic 33.43 ng mL ™" 50-1000 ng mL ™" 220
AuNPs DNA Chromogenic 0.36 uM 0-5 UM 209
AuNPs DNA Chromogenic 3.0 nM 10-150 nM 235
CQDs-AuNCs Dopamine Fluorogenic 2.66 nM 2.66-0.18 mM, 0.511-3.79 mM 210
and 4.87-13.1 mM
AuNPs Dopamine Both Chromogenic Chromogenic: 1.85 uM Chromogenic: 0-0.3 mM 214
and Fluorogenic Fluorogenic: 0.29 pM
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 4421-4459 | 4441
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Table 5 (continued)
Type of
nanomaterials Targeted analyte Mode of biosensing Limit of detection Linear range Ref.
AuNPs Spermine Both Chromogenic Chromogenic: Chromogenic: 0.0001-50 pM 222
Spermidine and Fluorogenic Spermine: 136 pM Fluorogenic: 10-130 nM
Spermidine: 636 pM
Fluorogenic:
Spermine: 6.2 nM
Spermidine:5.3 nM
AuNPs L-Histidine Chromogenic 3.6 nM 0-400 nM 227
Au Ag NCs Cys Fluorogenic Cys & GSH: 0.74 nM Cys: 2.3 nM-110 pM 213
(Solution state)
GSH 5.0 uM (Paper based) GSH: 2.3 nM-63 uM
AuNCs GSH Fluorogenic 0.018 pmol L™* 0-0.1 pmol L™* 216
CQDs-AuNPs GSH Fluorogenic 0.21 uM 3.8-415.1 uyM 215
AuNPs GSH Fluorogenic 3.6 nM 0.01-5.0 pM 223
CQDs-AuNPs Cys Fluorogenic 0.16 uM 1.0-110 pM 217
CQDs-AuNPs Cys Both Chromogenic 20 nM 0.05-12 pM and 0-100 pM 221
and Fluorogenic
AuNPs PA Chromogenic PA: 0.15 pM PA: 1.0-35.0 yM 211
Fe** Fe*': 1.0 pM Fe*': 5.0-30.0 uM
GQDs-AuNPs Fe** Fluorogenic 30 nM 0.10-0.75 uM 238
AuNPs Fe** Chromogenic 0.051 pmol L™* 0.3-2.1 pmol L™* 218
AuNPs Fe** Chromogenic 0.036 ppb 0.3-7.0 ppb 212

oxidation of dopamine by the photogenerated hydroxyl radical
from the water molecules or the hydroxyl functional groups
present on the surface of the NPs.

Ghosh et al. reported the use of IL-functionalized AgNPs for
the selective chromogenic detection of Cys.'”®> Herein, the
chromogenic change was observed from pale yellow to wine
red to purple in the presence of an increasing concentration
of Cys due to the morphology and self-induced aggregation of
ILs-AgNPs with neutralization of surface charge via the increase
in intramolecular electrostatic interaction due to the strong
affinity of AgNPs towards Cys, which ultimately led to a batho-
chromic shift in the SPR band from 395 nm to 560 nm.

Liu et al. reported a nanomaterial surface energy transfer
(NSET) system based on AgNPs and nitrogen and sulfur co-
doped CQDs for the selective recognition of GSH from Cys and
Hcy by a “turn-on” fluorescence response via pH modulation
together with the steric hindrance and charge density of the
biothiols, which was also checked in real human serum
samples.'®> In comparison to AuNPs, which exhibit an LSPR
band at 520 nm, AgNPs exhibit the same at a higher resonance
frequency. Therefore, there is a chance of good spectral overlap
of the LSPR band of AgNPs with the emission band of CQDs
due to the strong interaction of their surface functional groups
(-NH,, -SH, etc.) with AgNPs, facilitating the FRET process to
exhibit a decrease in fluorescence compared to that of the bare
CQDs. However, in the presence of the targeted biothiols,
the inherent fluorescence of the CQDs was regenerated due to
the competitive binding interaction of the AgNPs with the
biothiols.

Again, Ali et al. reported the use of maltol-capped AgNPs for
the selective chromogenic detection of Cys due to the formation
of nanoaggregates via the formation of Ag-S bonds, H-bonding
interaction, and electrostatic interaction between AgNPs and
Cys, leading to a chromogenic alteration from yellow to orange
due to the variation in the LSPR absorption.'®* The practicability
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of the proposed method was also checked by detecting Cys in
biological samples, including blood plasma and urine. Together
with the exploration of non-toxicity to various cell lines, the
probe also exhibited a prominent antibiofilm, antimicrobial and
biofilm eradicating activities, suggesting its broad applicability.

Kumar et al. reported the use of a tyrosine-functionalized
AgNPs-based chromogenic probe for the discriminative recog-
nition of cysteamine and GSH."®* Upon the addition of GSH,
the characteristic LSPR band intensity decreased, leading to a
chromogenic change from yellow to colorless, which may be
attributed to the dissolution of AgNPs into their oxidized form.
Alternatively, in the presence of cysteamine, the chromogenic
change was observed to be red due to the cysteamine-induced
aggregation of AgNPs by the binding interaction between the
NH, or -SH group of cysteamine with the metal surface. They
also checked the sensing ability using artificial serum samples.

Lazic¢ et al. also reported the use of dextran-coated AgNPs as
a chromogenic probe for the selective detection of Cys via the
analyte-induced aggregation of AgNPs, leading to a decrease in
the LSPR band at 402 nm with the generation of a new
absorption band in the visible window with a chromogenic
variation from yellow to orange-red-brown.'®> Due to the
presence of various surface functional groups in dextran, the
agglomeration and oxidation of the AgNPs were prevented.
However, in the presence of Cys, the dextran molecules were
replaced by Cys due to the stronger interaction of the thiol
groups of Cys with AgNPs, which led to the corresponding
agglomeration of the nanoparticles.

Similarly, Mohammadi et al. also reported the use of a
chitosan-stabilized AgNPs-based chromogenic probe (yellow
to orange) for the selective detection of biothiols via the
target-specific aggregation of AgNPs due to H-bonding inter-
action, electrostatic interaction and Ag-S bond formation,
which was also applied for the recognition of biothiols from
real biological samples, such as human serum and urine

© 2022 The Author(s). Published by the Royal Society of Chemistry
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186 Herein, chitosan was chosen due to its bio-

samples.
compatibility, biodegradability and strong interaction with Ag".
Cysteamine is an important aminothiol, which has many
significant biological and clinical applications."”®*% Ilanchelian
et al. reported the preparation of a simple, chromogenic
polyvinylpyrrolidone-stabilized AgNP-based nanosensor for the
selective detection of cysteamine.?* The corresponding chromo-
genic change from pale yellow to purple was observed via the
cysteamine-induced aggregation of the NPs, leading to a
decrease followed by bathochromic shift in the SPR band from
395 nm to 436 nm with a shoulder peak at 436 nm, which may be
due to the strong electrostatic interaction of the positively
charged cysteamine with the negatively charged PVP-AgNPs.
The sensing sensitivity towards cysteamine was also investigated
in real human blood serum samples, where cysteamine
was recovered at a high rate (96-101.8%), demonstrating the
practical applicability of the developed nanosensor (Fig. 11A).
Vitamin B1 (thiamine) is another important biomolecule,
which has many significant biological and pharmaceutical
applications.>®> Deb et al. reported the use of r-cysteine-
functionalized AgNPs for the sensitive chromogenic detection
of thiamine."”” The electrostatic interaction with the positively
charged thiamine is the driving force for the thiamine-induced
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Fig. 11 (A) Schematic illustration of the colorimetric determination of CA

based on PVP-AgNP aggregations. Adopted with permission from ref. 201.
(B) UV-Vis absorption spectral variation of dispersed Cys-capped AgNPs
and aggregated Cys-capped AgNPs after the addition of vitamin Bl
(C) Schematic representation of ALP detection based on the pAP-
mediated growth of AgNPs (inset: UV-Vis absorption spectral change with
an increase in the concentration of ALP and the corresponding chromo-
genic changes). Adopted with permission from ref. 180.
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aggregation of the nanosensor, which ultimately led to a bath-
ochromic shift in the LSPR band from 390 nm to 580 nm with a
naked eye chromogenic change from yellow to colorless
(Fig. 11B). The negatively charged Cys stabilized the AgNPs,
preventing their agglomeration. However, in the presence of
thiamine, an electrostatic interaction occurred between the
negative oxygen sites of the Cys-capped AgNPs and the posi-
tively charged nitrogen sites of thiamine. This method was also
applied for the detection of thiamine from different food
samples, such as peas, grapes and tomato.
Lactate is another important biomolecule,
generated in the human body by altered metabolism in cancer
cells together with an increase in glucose uptake.”*® Park and
Yoon et al. reported the use of silver nanoparticles-coated
carbon dots (AgNPs-CDs) for the selective chromo-fluorogenic

detection of H,0, and lactate on paper strips within
178

which is

minutes.”’® Based on the catalytic reaction of lactate oxidase
(LOx), H,0, was produced, which decomposed the AgNPs,
leading to a chromogenic change from yellowish to colorless
with the recovery of the fluorescence of the CDs from dark to
bright blue. The synthesized nanoprobe was also applied for
the intracellular monitoring of lactate using the 4T1 cell line
related to stage IV human breast cancer.

Alkaline phosphatase (ALP) enzyme is an alternative enzyme
to horseradish peroxidase (HRP) in immunoassay systems due to
the interference of HRP by antibacterial agents. Kim et al.
reported the preparation of a chromogenic assay for the selective
chromogenic detection of ALP via the specific dephosphoryla-
tion of p-aminophenol phosphate (pAPP) into p-aminophenol
(pAP)."®® The selective chromogenic alteration from yellow to
brown with the corresponding bathochromic shift in the LSPR
peak was attributed to the pAP-mediated growth of AgNPs in the
presence of ALP (Fig. 11C). The proposed method was exploited
towards the recognition of ALP in real human serum samples,
where ALP was recovered at a high-quality rate of 99.2% + 1.5%.

Metal core/shell nanostructures, particularly Au@Ag nanos-
tructures, may be an appropriate colorimetric platform for
biosensing applications due to their tunable opto-chemical
properties. However, much less attention has been paid to
Au@Ag nanostructure-mediated dual-mode chromo-fluorogenic
assays. In this regard, Lu et al. reported the chromo-fluorogenic
detection of ALP using GQDs as a fluorescent indicator.'®" The
catalytically formed AA from the hydrolysis of 2-phospho-r-
ascorbic acid (AAP) in the presence of ALP led to the production
of AgNPs, ultimately forming Au@Ag NPs (silver nanoshell over
AuNPs core) with the corresponding chromogenic change from
pink to deep yellow. The generated Au@Ag NPs quenched the
fluorescence of GQDs via IFE via both a static and dynamic
quenching mechanism to ultimately produce a dual channel
signal in the presence of ALP. This assay was also examined for
the detection of ALP in human serum samples.

3.5.2 Gold nanoparticles (AuNPs). Owing to their high
surface area, tunable optical properties, surface modification
capability, size-dependent enhanced efficiency, specificity, etc.,
AuNPs-based nanomaterials have attracted significant atten-
tion in the domain of biosensing applications recently.

Mater. Adv, 2022, 3, 4421-4459 | 4443
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Moreover, in contrast to AgNPs, AuNPs are more bio-
compatible and less ecologically toxic.>*?°> Therefore,
researchers are more interested in target-specific biosensing
using AuNPs. Spherical AuNPs absorb light in the blue-green
region (450-600 nm), and generally their dispersion appears
red. With an increase in the size of AuNPs, the position of the
plasmon band starts to be red-shifted.?**” Moreover, surface-
functionalization also leads to the shifting of the plasmon
band. For example, if AuNPs are functionalized with thiolate
ligands, there will be an obvious red shift in the plasmon band
due to the abstraction of a surface electron from gold
nanoparticles.”**® Again, the variation in the geometry of AuNPs
is also responsible for the alteration. The SPR band may also
vary with a change in the environment, such as pH, viscosity,
temperature, and salt concentration.’*? The aggregation of
AuNPs is also responsible for the variation in the SPR band
with the corresponding chromogenic changes. Depending on
the shape of the AuNPs, a variation in color occurs. For
example, spherical-shaped AuNPs are red in color, rod-shaped
NPs are mostly yellow/green, and urchin-shaped NPs are blue in
color. Therefore, AuNPs can be exploited for the detection of
the targeted analytes based on the variation in the SPR band in
the visible region. Recently, AuNPs-based chromo-fluorogenic
nanosensors exhibited excellent biological applications
towards the target-specific recognition of various bio-analytes,
such as protein, DNA, lysozymes, dopamine, biothiols such as
cysteine and glutathione, and bio-relevant ions such as Fe**
and Fe*" etc.”°°>** (Table 5)

Seto et al. reported the preparation of glucosylrutin-catechol-
conjugated AuNPs for the selective and specific visual recogni-
tion of proteins via an aggregation-induced chromogenic
alteration from red to reddish violet.?°® Herein, catechol was
beneficial for surface coating, while glycoside helped to bind
the targeted biomolecules.

Similarly, the detection of urinary lysozymes is tremen-
dously important in the early-stage monitoring of lysozymuria
and various renal disorders, such as hypokalemia. Recently,
Prado-Gotor and Jimenez-Ruiz et al. reported the preparation
of a non-functionalized, anionic AuNP-based nanosensor
stabilized by sodium citrate for the selective recognition of
lysozymes in human urine samples.’®® In the presence of
lysozymes, the nanosensors exhibited a chromogenic change
from purple to blue, which was actually taken as the reference
signal. This chromogenic alteration was ascribed to the
aggregation of the AuNPs, which led to plasmonic coupling.
The corresponding CIEL*a*b* parameters were extracted from
the observed chromogenic changes to obtain a clear pediatric
range for monitoring urinary lysozymes.

Moreover, as one of the deadliest diseases, early-stage cancer
diagnosis is a necessary task. In this regard, Sachdev and
Bandyopadhyay et al. reported an AuNPs-based chromogenic
immunosensor-based POCT platform for the recognition of the
cervical cancer (CaCx) specific biomarker antigen protein-
phosphatase-1-gamma-2 (PP1y2) in human urine samples.>”’
In the presence of the targeted antigen, the UV-Vis spectrum of
the nanosensor experienced a prominent hypsochromic shift
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with a concomitant enhancement in absorbance due to the
localized surface plasmon resonance, originating from the
particular epitope—paratope interaction. Based on this principle,
herein a proof-of-concept POCT device was fabricated for mon-
itoring urinary CaCx, which would be an early-stage disease
diagnostic tool.

Again, the quantitative detection of free DNA from bio-fluids
currently requires complicated time-consuming methodologies,
such as rolling circle amplification (RCA), real-time polymerase
chain reaction (RT-PCR) etc.>***** Therefore, for the rapid, on-
spot monitoring of DNA, Kaushik et al. prepared citrate-reduced
AuNPs (CI-AuNPs) for the colorimetric recognition of calf thymus
DNA (Ct-DNA) and the anti-cancer drug sanguinarine (SNG).>*°
The initially dispersed AuNPs exhibited a red color, while in the
presence of SNG, the AuNPs underwent target-specific agglom-
eration to induce a blue coloration with a bathochromic shift in
the SPR band via electrostatic interaction of the negatively
charged CI-AuNPs with positively charged SNG. However, the
presence of Ct-DNA re-dispersed the AuNPs due to the specific
binding interaction of SNG with Ct-DNA to revive the initial red
coloration, which could easily be visualized by the naked eye.
Thus, herein, DNA could be visualized via the anti-aggregation
strategy. The nanosensing strategy was also employed for the
detection of Ct-DNA in human urine samples, which would be
helpful for the quantitative monitoring of Ct-DNA in various bio-
fluids. Li and Chen et al. also reported the preparation of an
AuNP-based chromogenic nanosensor for the selective detection
of DNA, assisted by exonuclease III, via the anti-aggregation of
AuNPs, leading to a bare-eye chromogenic change from blue-
purple to red.?* Initially, in a salt environment, the color of the
NPs solution was blue-purple due to the salt-induced aggrega-
tion. However, in the presence of DNA, this type of aggregation
was prohibited due to the tethering of residual DNA on the
AuNPs, leading to the corresponding chromogenic alteration
from blue-purple to red. This method also exhibited a good
response in real human serum samples. However, significant
tuning of the nanosensor or sensing strategy is still needed to
improve the sensitivity of the nanosensor for its effective appli-
cation in disease diagnostics.

Again, FRET-based sensory receptors are in high demand
due to their self-calibrating behaviour. For an effective FRET
process, the emission spectrum of the donor must overlap
with the absorption spectrum of the quencher. Therefore, by
conjugating AuNPs with the relevant fluorophores, the FRET
process can be initiated. The emission spectra of CQDs are
generally located in the blue region and the absorption spectra
of AuNPs or gold nanoclusters (AuNCs) are also in the same
range. Therefore, the combination of these two materials may
be a perfect FRET pair. In this perspective, Liao et al. reported
the use of a carbon quantum dots and gold nanoclusters-based
nanohybrid (CQDs-AuNCs) for the selective fluorogenic detec-
tion of dopamine (DA) with a very low detection threshold of
2.66 nM.>'° Initially, the nanohybrid exhibited purple-colored
fluorescence due to the FRET process operating from the CQDs
to AuNCs, exhibiting dual emission peaks at 446 nm and
670 nm (Fig. 12A). However, in the presence of DA, the initial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (A) Schematic illustration of the ratiometric fluorescent CQDs-
AuNC probe for the detection of DA (inset: fluorescence spectral variation
in the presence of an increasing amount of DA and the corresponding
naked-eye fluorometric changes under UV light). Adopted with permission
from ref. 210. (B) Schematic illustration of AuAg NCs used for the detection
of biothiols both in solution and paper-based test. Adopted with permis-
sion from ref. 213.

FRET process was restricted, and then initiated from CQDs to DA,
and thus fluorescence was quenched via the static quenching
mechanism, leading to a ratiometric fluorescence response, which
was successfully employed towards the monitoring of DA in real
human serum samples.

Again, Peng et al. reported the use of citrate-capped AuNPs
linked with a 4-(4-dialkylaminostyryl)pyridinium-derived fluoro-
phore for the selective chromo-fluorogenic recognition of DA via
DA-induced aggregation, leading to a chromogenic alteration
from red to blue with fluorescence recovery of the
fluorophore.”™* Initially, herein, the FRET process was operative
from the fluorophore to AuNPs, which quenched the fluores-
cence emission of the fluorophore. However, in the presence of
DA, the catechol groups of DA were adsorbed on the surface of
the AuNPs, inducing the aggregation of the AuNPs and impeding
the FRET process from the fluorophore, which was actually
responsible for the fluorescence recovery of the fluorophore
and allowed the quantification of DA. This sensing strategy
was also applied for the recognition of DA in human urine
samples with a high rate of recovery (98.2-106.0%), which may
be helpful for DA-induced disease diagnosis.

Xu and Liao et al. reported the preparation of a gold/silver
nanoclusters (AuAg NCs)-based nanosensor with cytidine as the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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binding unit for the “turn-off’ fluorogenic detection of Cys and
GSH via the aggregation of NCs due to the coordination of Ag or
Au metal atoms with the sulfur of biothiols to form non-
fluorescent coordination complexes.>'® This sensing strategy
based on the static quenching mechanism was also effectively
applied towards the recognition of biothiols in real human
serum samples (Fig. 12B). To increase the photostability and
biocompatibility of nanoclusters, Zhang and Zhou et al
reported the preparation of a DNA-templated gold nanoclusters
(AUNCs@C3,)-based fluorescent probe for the selective fluoro-
genic detection of GSH via dynamic quenching with a very low
detection threshold value of 0.018 umol L™ '.>'® Herein, the
fluorescence quenching was basically originated from the
coordination of the various functional groups of GSH with
AuNCs, consequently leading to the aciniform aggregation of
AuNCs@Cs3,. The probability of this static quenching mecha-
nism was ruled out due to the fact that no change was perceived
in the UV-Vis spectral window. However, at a higher concen-
tration, a new absorption peak appeared due to the generation
of AuNPs with a decrease in the number of AuNCs.

Again, Dong and Gong et al. reported the preparation of a
nitrogen and sulfur dual-doped CQDs and AuNPs-based nano-
sensor, where CQDs act as the energy donor and AuNPs act as
the acceptor to induce fluorescence quenching by the FRET
process throughout the system.”'> GSH led to the recovery of
the fluorescence of CQDs due to the particular interaction of
AuNPs with GSH through Au-S bond formation, leading to the
disruption of FRET process to result in a “turn-on” fluorescence
response to quantify the presence of GSH. This method also
exhibited a good performance towards the detection of GSH in
real human serum samples, exhibiting potential biomedical
applications.

Similarly, Gong et al. reported the preparation of a FRET-
based infrared nanosensor composed of positively charged
carbon dots (CDs) and negatively charged N-acetyl-L-cysteine-
capped AuNPs for the selective ratiometric fluorogenic detec-
tion of cysteine with a low detection threshold of 0.16 uM.>*"”
Herein, the FRET process was operative from CDs to AuNPs to
quench the emission intensity of the CDs. However, in the
presence of r-Cys, the emission intensity of the AuNPs was
quenched with a slight red shift, keeping the emission of the
CDs constant, which resulted in a ratiometric response to
quantify the targeted analytes via a continuous FRET process.
The static quenching of the AuNPs can be ascribed to the Au-S
coordination-induced change in the surface state of the AuNPs.
The nanosensor exhibited a good response towards the detec-
tion of Cys in real human serum samples.

Again, the detection of phytic acid (PA), which is present as
the main storage form of phosphorous in cereal and legume
grains,*®® is an important food antioxidant as it plays an
imperative role in diverse physiological processes and under-
goes strong binding interaction with minerals such as iron,
zinc etc.>® Apak et al reported the preparation of a
4-mercaptophenol and thioglycolic acid (TGA)-functionalized
gold nanoparticles-based chromogenic nanosensor for the
selective simultaneous detection of PA and Fe*".”'" Initially,
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the nanoprobe exhibited an SPR peak at 520 nm; however, in
the presence of Fe**, a strong peak appeared at 620 nm with a
concomitant reduction in absorbance at 520 nm, leading to a
chromogenic alteration from red to purple due to the aggrega-
tion of the NPs via coordinative interaction. Upon the addition
of PA to the same solution, the chromogenic change was
reversed due to the disaggregation of the NPs through the
stronger binding affinity between Fe*" and PA. Herein, the
presence of TGA was beneficial for the nano-assembly to
independently detect two analytes proficiently. The detection
strategy was also effectively employed for the detection of PA
extracted from bean grains at the pM level.

Again, Giri et al. reported the use of nitrogen-doped GQDs
decorated on AuNPs (Au@N-GQDs) for the selective “‘turn-off”’
fluorescent determination of Fe*" with ultrahigh sensitivity of
1 nM due to the strong interaction of Fe*" with the surface
hydroxyl groups.”*® Herein, Au@N-GQDs exhibited a better
emission efficiency than that of the bare N-GQDs due to the
generation of hot electrons. Additionally, the absorption
properties also improved due to the local field enhancement
and the surface functionalization. In presence of Fe*', the
fluorescence was strongly quenched via the dynamic quenching
mechanism due to the charge transfer together with the photo-
induced charge transfer process from Au@N-GQDs to the
vacant d-orbital of Fe**, ultimately leading to the agglomeration
of Au@N-GQDs. However, in the presence of EDTA in the
above-mentioned assembly, the fluorescence was recovered
due to the EDTA-triggered disaggregation of Au@N-GQDs.
The sensing strategy was effectively applied for the recognition
of Fe** in real water and human serum samples.

Sirajuddin et al synthesized AuNPs functionalized with
acetyl salicylic acid (ASA) drug for the selective chromogenic
detection of Fe®'. Here, the aggregation-induced spectral
change and the corresponding chromogenic changes from
red to dark blue were assumed to be due to the aggregation
via the formation of Au-Fe alloy.>*® The detection of Fe** or Fe**
selectively in the presence of both is a challenging task. In this
regard, to develop a cost-effective and green approach, Sirajud-
din et al reported the preparation of green bell pepper,
Capsicum annuum L., extract-capped AuNPs for the selective
chromogenic detection of Fe** (red to purple) with a clear
bathochromic and hyperchromic shift in the UV-Vis absorption
spectra due to the aggregation of the AuNPs, as confirmed from
AFM studies.*"?

3.6 Upconversion nanoparticles

Upconversion luminescence is a non-linear optical process that
can convert near infrared radiation into ultraviolet, visible or NIR
radiation as lanthanide-doped nanocrystals via a two-photon or
multi-photon mechanism.*** This phenomenon has been per-
ceived for various metal ions and organic molecules, among
which rare earth (RE) metals act as luminescent centres having
an electronic configuration of [Xe]4f’5s’5p® (n = 0-14). Com-
pared with organic polymers and quantum dots, rare-earth
doped upconversion nanoparticles show tremendous resistance
to photobleaching and photodegradation, low background
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noise, large anti-Stokes shift, distinct emission, etc., making
UCNPs an attractive alternative source for overcoming the
current limitations of traditional fluorescent probes.>*** More-
over, the excitation wavelengths of these types of nanoparticles
lie in the NIR region, which provides an improved signal-to-noise
ratio, deep tissue penetration ability and rules out the possibility
of autofluorescence.?*”” Therefore, these nanoparticles, having
a size in the range of 5-100 nm, are widely used in FRET- or IFE-
based biological assays as efficient donors. UCNPs are generally
conjugated with diverse nanomaterials, such as metallic nano-
particles (e.g.,, AuNPs and AgNPs),>** 2D nanomaterials (e.g.,
graphene oxide (GO)***? and Mn0,*** nanosheets), etc. which
often reduce the fluorescence of UCNPs. Upon interaction with
the targeted analytes, the quenched fluorescence may be
recovered, which may be ultimately useful for the quantification
of the targeted analytes.?*”” Based on excellent luminescence
property of UCNPs, they have been widely utilized in diverse
biosensing applications, in vivo and in vitro imaging, cancer
treatment, immune-chromatography assays, detection of intra-
cellular pH, glucose, H,0,, etc.*** 3> (Table 6).

Recently, Wu and Zhao et al. reported the use of label-free
ratiometric core-shell UCNPs for the monitoring of intracellular
pH.>** The nanosensor was made up of polyethylene glycolyated
phospholipid (DSPE-PEG) and the surface of the UCNPs was
functionalised with phenol red, which acted as a pH indicator by
forming a phospholipid monolayer for sensing pH changes
during endocytosis and interrogating the external stimulus-
responsive pH fluctuations inside cells. Therefore, the newly
synthesized nanoprobe could be used as a vital tool for the
diagnosis of various diseases and pH-related cell biology
research (Fig. 13A). Herein, the UV-Vis absorption band of
phenol red overlaps with one of the emission bands of the
UCNPs at 557 nm, which led to quenching of the upconversion
luminescence (UCL) via IFE. Therefore, phenol red acts as both a
pH indicator and quencher of upconversion luminescence via
IFE. The other UCL band at 655 nm acted as a reference signal to
produce a ratiometric response at varying pH. The reported
nanoprobe was also used for the intracellular monitoring of
pH using HeLa cells, which will be helpful for monitoring and
diagnosis of pH-related diseases.

Again, Chattopadhyay et al. reported the preparation of a
FRET-based ratiometric nanoprobe using UCNPs (NaGdF,:
Yb**Er’") as a donor and mOrange fluorescent protein as an
acceptor for the efficient sensing of pH (Fig. 13B).>*® The
synthesized nanoprobe was also employed for monitoring
intracellular pH using HeLa cells via pH-dependent ratiometric
calibration, which made the nanosensor efficient for using in
early cancer detection and other pH malfunctions in cells. In
the current scenario, luminescence resonance energy transfer
(LRET)-based ratiometric fluorescence assays are limited espe-
cially for basic pH. In this perspective, Zhang and Xian et al.
reported a pH-responsive LRET-based upconversion nanoprobe
via the combination of an energy acceptor, near-infrared (NIR)
Ag,S nanodots (NDs) and energy donors, UCNPs, to ultimately
produce an NIR excitation-NIR emission based nanoprobe.**®
This NIR probe exhibited a ratiometric fluorescence response

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Upconversion nanoparticles (UCNPs) and polymer dots (PDs)-based nanomaterials implemented in chromo-fluorogenic biosensing

applications
Limit of
Type of nanomaterials Targeted analyte Mode of biosensing  detection Linear Range Ref.
UCNPs pH Fluorogenic — — 242
UCNPs pH Fluorogenic — — 243
UCNPs@Si0,-Ag,S- pH Fluorogenic — 4.0-9.0 246
UCNPs pH Fluorogenic — 6.0-9.0 and 6.8-9.0 252
UCNPs pH Fluorogenic — — 247
UCNPs pH Fluorogenic — — 249
UCNPs pH Fluorogenic — 5.0-8.0 250
UCNPs Myeloperoxidase (MPO) Fluorogenic — — 245
UCNPs Fe’* Both Chromogenic ~ Chromogenic: Fluorogenic: 0.25-50 pM 248
and Fluorogenic 10 pM
Fluorogenic:
0.65 UM
UCNPs H,0, and glucose Fluorogenic H,0,: 0.8 up H,0,: 2.5-300 pp 251
Glucose: 2.3 pM  Glucose: 7-340 pM
AMP-Ce(v)/Tb polymer Ascorbic acid Fluorogenic 190 nM 0-100 pM 259
dots
NCPDs-Qc Quercetin Both Fluorogenic Fluorogenic: Fluorogenic: 0.05-10 ug mL ™" 260
and 8.5 ng mL ™" and 12.5-30 ug mL™"
Chromogenic Chromogenic: Chromogenic: 0.5-27.5 pg mL ™"
0.22 pug mL™"
Polystyrene polymer dot DNA methyltransferase Fluorogenic 0.025 U mL ™" 0.025-3 U mL ™" 261
(PSP dots) (MTase)
DA-CD@Pdots Glutathione (GSH) Fluorogenic 2.7 nM 0.01-3.0 uM 262
Pdots and dopamine (DA)-  Glutathione (GSH) Fluorogenic 60 nM 0.2-20 uM 263
melanin nanosystem
Pdots pH Fluorogenic — pH 3.0-8.0 264
PFV/PSMA-DA NPs pH Fluorogenic — pH 5.0-9.0 265
CR/TPP@Pdots Mitochondrial pH Fluorogenic — pH 2.57-8.96 273
Pdots Mitochondrial sulfur dioxide  Fluorogenic 110 nM 500 nM-30 pM 266
(SO,), formaldehyde (FA) in
cancer cells
SPN Alkaline phosphatase (ALP) Fluorogenic 0.01 uU mL ™" 0.031-12.4 pU mL ™" 267
Pdots@Rb-hy ALP Fluorogenic 0.0018 UL ™" 0.005-15 U L * 269
Pdots@MB DNA Fluorogenic — 0.006-200 nM 268

with fluorescence enhancement at 795 nm (red channel) with
an increase in pH, keeping the reference emission constant at
540 nm (green channel). Herein, the LRET efficiency was
adjusted by controlling the thickness of the silica layer.
Moreover, the photostable UCNPs@SiO,-Ag,S-based probe having
excellent biocompatibility, ratiometric pH sensitivity, etc. was
explored for the in vitro and in vivo bioimaging of pH in tumor
cells and zebra fish with promising sensitivity and selectivity
(Fig. 13C and D). Sun and Zhang et al. reported another improved
LRET-based NIR ratiometric core/shell/shell-structured upconver-
sion nanophosphor using polyacrylic acid-modified UCNPs as an
energy donor and organic moieties as an energy acceptor to detect
pH fluctuations mostly in the basic region and monitoring intra-
cellular pH in live HeLa cells (Fig. 13E).>*> Hall et al. proposed the
preparation of a core-shell upconversion nanoprobe using two
anthraquinone dyes, Calcium Red (CaR) and Alizarin Red S (ARS),
to efficiently act as a potential pH-responsive nanosensor.>"”
Initially, the green UCL of the thick-shell UCNPs was quenched
via the dynamic quenching mechanism due to the non-diffusional
interaction of the donor UCNPs with the quencher dyes. There was
promising spectral overlap of the green emission band of the
UCNPs with the absorption spectrum of CaR, which was pH
dependent, resulting a significant IFE. Therefore, with a variation
in pH, the green emission band was tuned, while the other red

© 2022 The Author(s). Published by the Royal Society of Chemistry

emission band remained constant due to its pH independence.
Thus, this red band could be used as a reference signal during the
ratiometric monitoring of pH in a broader range. Nareoja and
Schaferling et al. reported the use of polyethyleneimine (PEI)-coated
UCNPs for the ratiometric fluorogenic sensing and imaging of
intracellular pH.>*® PEI was conjugated herein to improve the
colloidal stability and increase the number of reactive sites. Red
Rhodamine dye, which was used as the energy acceptor, also acted
as an efficient pH indicator in the range of 4-8. Moreover, this
probe was successfully employed for monitoring intracellular pH in
in vitro models. Gallo, Sun, Long and Yan et al. reported another
ratiometric fluorescence nanoprobe based on PEI-functionalised
UCNPs conjugated with fluorescein (FL) for the effective sensing of
pH in the range of 5.0-8.0. Herein, fluorescein was used as the
pH-responsive energy acceptor. The synthesized UCNPs exhibited
blue and red emission, between which the blue emission decreased
with an increase in pH by the absorption of FL to promote its green
fluorescence, whereas the red fluorescence remained constant,
making it a reference signal to ultimately produce a ratiometric
response. The proposed self-calibrated ratiometric nanoprobe was
also effectively employed for in vitro cell imaging.**°
Myeloperoxidase (MPO) is a heme peroxidase protein related
to many inflammatory diseases, which is found in neutrophil
anhydrous granulocytes.”** Recently, Zhang and Xian et al.

Mater. Adv,, 2022, 3, 4421-4459 | 4447
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Fig. 13 (A) Schematic diagram of the construction of the pH nanoprobe
and sensing of pH via IFE. Adopted with permission from ref. 242. (B)
Schematic illustration of the pH-dependent energy transfer between
Cit-UCNPs and mOrange FPs. Adopted with permission from ref. 243.
(C) Confocal microscopic imaging of Hela cells incubated with UCNPs@-
SiO,-Ag»S at different pH values. (D) Imaging of zebra fish incubated with
UCNPs@SiO,-Ags,S at different pH values. Adopted with permission from
ref. 246. (E) Schematic illustration of the LRET-based ratiometric nano-
sensor for pH detection with hemicyanine dye-modified core/shell/shell
UCNPs, Adopted with permission from ref. 252. (F) Schematic representa-
tion of the glucose detection mechanism using the UCNPs. Adopted with
permission from ref. 251.

reported the use of a UCNPs-based NIR nanoprobe conjugated
with phycocyanin (PC) for the detection and in situ monitoring
of MPO via the specific sensing of CIO™ and ONOO ™, where the
fluorescence of the UCNPs was recovered by the target-induced
destruction of PC.>**> Herein, the absorption spectrum of PC
overlapped with the UCL, which quenched the UCL by an
efficient FRET process, where PC acted as an energy acceptor.
Based on the target-specific destruction of PC, the UCL was
again revived to produce ‘“turn-on” luminescence. This probe
was effectively applied in real-time biosensing and high-
resolution bioimaging in living cells using an acute liver injury
mouse together with the bioimaging of exogenous MPO activity
in macrophage RAW 264.7 cells.

Chen et al. reported the highly selective fluorogenic deter-
mination of Fe*" using a nanoprobe comprised of UCNPs and
N,N-diethyl-p-phenylenediamine (EPA) with the linear range of
0.25-50 pM (fluorogenic method) and limit of detection of
10 pM and 0.65 pM for the chromogenic and fluorogenic
method, respectively.**® In the presence of Fe*", a new UV-Vis
absorption peak was generated at 552 nm due to the formation
of EPA oxide. Herein, the UCNPs exhibited emissions at 4
different wavelengths including 812, 758, 657 and 546 nm,
among which the emission at 546 nm overlapped with the
absorption peak of the oxidized product of EPA. This led to
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effective IFE to quench the UCL emission at 546 nm, whereas
the other emission remained constant. Therefore, by the ratio-
metric fluorescence response of UCNPs at 546 and 758 nm, Fe**
could be quantified.

Considering that diabetes mellitus has become a worldwide
epidemic disease, monitoring of the blood glucose level is very
important.”®® In this regard, Zhang et al. reported the use of
ratiometric UCNPs for H,0, and glucose detection based on
IFE with a linear range of 7-340 uM and LOD of 2.3 upM.>*"
Herein, by the GOx-catalyzed oxidation of glucose, gluconic
acid and H,0, were produced, which then oxidized Fe** to Fe*".
This Fe’" was then bound to squaric acid to produce the
corresponding non-fluorescent ground state complexation,
the absorption band of which overlapped with the emission of
UCNPs, leading to a significant IFE to induce the corresponding
quenching of the UCL emission (Fig. 13F). Interestingly, the
developed probe was satisfactorily utilized for monitoring
glucose in real human serum samples.

3.7 Polymer dots (PDs)

Polymer dots (Pdots) made of polymers or small molecules®*
act as a potential fluorescent nanoprobe having significant
biomedical and bioanalytical applications.”>>* The presence
of conjugated units in polymer dots make them unique semi-
conductor materials as the electron-off domain can be moved
along the polymer chain.>**? Due to their excellent enhanced
fluorescence brightness due to both one-photon and two
photon stimulation,>*® chemically managed surface, no heavy-
ion toxicity, biocompatibility, low cytotoxicity,>” good photo-
stability, large Stokes shift,?*® etc., Pdots are ubiquitously used
in the domain of biosensing. These polymer dots can be easily
coupled with small organic molecules or biomolecules to tune
the energy transfer process to be applied for target-specific
detection in complex biological matrices. Nowadays, Pdots have
emerged as flexible probes for the detection of numerous
biomolecules such as ascorbic acid, quercetin, glutathione,
intracellular pH, and alkaline phosphatase, etc.,”>*>%° vig the
chromogenic and/or fluorogenic strategy through tunable IFE,
FRET, PET, static and dynamic quenching mechanism
(Table 6).

The use of lanthanide ions is highly advantageous in the
construction of supramolecular architectures due to their flexible
coordination number and very appealing “antenna effect”, which
help enhance their photoluminescence behaviour. In this regard,
Luo and Li et al designed fluorogenic AMP-Ce*/Tb*" (AMP=
adenosine monophosphate)-based infinite coordination polymer
(ICP) nanoparticles for the “turn-on” fluorescence detection of
ascorbic acid (AA) via the AA-induced redox reaction of Ce**
(confirmed by the corresponding UV-Vis spectra) together with
the sensitization of Tb®>" by the oxidation product of AA. Actually,
Tb>* was sensitized by excitation energy transfer from the oxida-
tion product of AA to Tb** (confirmed by the increase in lifetime
value in the presence of AA) and the reduced product of Ce"', i.e.,
Ce*" also acted as a sensitizer for Tb®>" due to their comparable
energy states, which was ultimately helpful to enhance the
fluorescence in the presence of AA. This method acquired an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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LOD of 190 nM towards the detection of AA.>>® The sensitivity of
the designed nanosensor was investigated in real serum samples
and vitamin C samples with qualified recoveries.

Again, the detection of the natural flavonoid quercetin (Qc)
(3,5,7-trihydroxy-2-(3,4-dihydroxyphenyl)-4H-chromen-4-one) is
significant due to its important biochemical and pharmaco-
logical activities, such as anti-oxidant and anti-inflammatory,
etc.>’® The design of aggregated non-conjugated polymer dots is
an important domain of research to obtain improved optical
properties. In this regard, Fan et al. synthesized eco-friendly
non-conjugated polymer dots (NCPDs) using polyethyleneimine
(PEI) and tr-threonine for the selective chromo-fluorogenic
detection of Qc.”*° NCPDs exhibited a selective “turn-off’
fluorescence response due to the synergism of static quenching
(confirmed from the lifetime data) and IFE of the NCPDs-Qc
ensemble via ground state complexation (confirmed from the
overlap of the absorption spectrum of Qc with the excitation
spectrum of NCPDs), which acquired the detection limit for Qc
of 0.22 g mL™* and 8.5 ng mL ™' by the chromogenic and
fluorogenic methods, respectively. The sensitivity was also
checked via the detection of Qc in red wine samples.

DNA methyltransferase (MTase) participates in DNA methy-
lation, helping genetic imprinting, normal cell function,
human tumorigenesis, etc.””* Huang and Ren et al. proposed
a sensitive and simple polystyrene polymer dots (PS Pdots)
assay via single-molecule fluorescence correlation spectroscopy
(FCS) for the evaluation of DNA adenine methylation (Dam)
MTase activity quantitatively.*®* This method acquired a detec-
tion threshold value of 0.025 U mL™", making it a suitable
approach for the analysis of Dam MTase activity in blood serum
and complex matrices and for fast inhibitor screening of Dam
MTase-related drugs.

During the surface functionalization of Pdots, sometimes they
suffer from low colloidal stability and loss of biocompatibility.
In this regard, to improve their biocompatibility and colloidal
stability, Sun and Gao et al. developed novel two-photon fluor-
escent hybrid Pdots, DA-CD@Pdots, obtained from amino-§-
cyclodextrin (B-CD) and dopamine (DA) with other precursors
via the nanoprecipitation method. Initially, surface-functionalized
DA underwent oxidation to produce a quinine-like structure,
dopamine-quinone (DQ), which acted as a good electron acceptor
to facilitate fluorescence quenching via the PET process from
Pdots to DQ, as confirmed by the corresponding lifetime data.
However, in the presence of GSH, DQ was again reduced, which
restricted the PET process, leading to the selective “turn-on”
fluorescence recovery towards GSH with the detection limit of
2.7 nM (Fig. 14A and B).”** Interestingly, this nanosensor was
satisfactorily used for in vitro and in vivo monitoring of GSH using
human cervical carcinoma HeLa cells and living zebrafish
(Fig. 14C and D), respectively.

Alkaline phosphatase (ALP) plays a vital role in intracellular
signal transmission and protein activity regulation process, and
thus an abnormal change in its level is closely related to several
chronic diseases.>”> Dopamine is one of the important neuro-
transmitters, which is present in most organisms. This can be
easily polymerized to produce polydopamine (PDA), which is
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Fig. 14 (A) Schematic representation of the designed two-photon hybrid
Pdots for GSH sensing. (B) Fluorescence spectral change of GSH. (C)
In vitro cell imaging of untreated control Hela cells (i), HelLa cells labeled
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(iii), and Hela cells pretreated with GSH (iv). (D) In vivo cell imaging of 7 day
old zebrafish: (i) untreated zebrafish (control), (ii) zebra fish incubated with
DQ-CD@Pdots, (iii) zebrafish pretreated with NEM, and (iv) GSH. Adopted
with permission from ref. 262.

(iv)

GSH+Probe MEM+Probe

one of the important methods of surface functionalization to
produce polymer dots. As an energy acceptor, PDA can take part
in the FRET process, where energy transfer is possible from the
fluorophoric polymer dots to the quencher, PDA. Thus, to find a
way for the defined analysis of ALP, Wei et al. established FRET-
based semiconducting polymer nanoparticles (SPNs), functio-
nalized with PDA, for the quantitative ‘“turn-on” fluorescence
detection of ALP via the single-particle enumeration (SPE)
method.*®” ALP can hydrolyze 2-phosphate-L-ascorbic acid tri-
sodium salt (AAP) to ascorbic acid (AA). However, in the
presence of AA, the formation of PDA is restricted. Based on
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this phenomenon, herein, a quantitative ALP assay with a
“turn-on” fluorescence response was prepared by recovering
the inherent fluorescence of SPNs. The reliability of the sensing
strategy was also investigated by monitoring ALP in real human
serum samples, which will be helpful in clinical diagnosis.
Besides, Liu et al. developed a new evolving near infrared
fluorescent semiconducting Pdots and dopamine (DA)-
melanin nanosystem for the “turn-on” fluorescence detection
of GSH with high selectivity and sensitivity via the restricted
polymerisation of DA.>*®> Herein, the NIR-Pdots acted as the
fluorophore, while polydopamine (PDA) formed via the oxida-
tive polymerization of DA acted as the quencher. This led to a
“turn-off” fluorescence response via both static and dynamic
quenching by the FRET process due to the large overlap of the
absorption band of PDA with the NIR emission of Pdots.
However, in the presence of GSH, the polymerization of DA
was inhibited. This nanosensor was fruitfully employed
towards detection of GSH in HepG2 cells and real human
serum samples with a qualified recovery (97.4-103.3%).

To improve the biocompatibility and sensitivity of Pdots, Jin
and Huang et al proposed semiconductor water-soluble
fluorescent Pdots via selective reprecipitation methods, which
exhibited ratiometric fluorogenic pH sensing in the pH range
of 3.0 to 8.0.%°* This probe could also be used for in vivo
bioimaging in HeLa cells due to its effective cellular uptake
and low cytotoxicity. Alternatively, Wang et al. designed robust
two-photon excitable semiconducting polymer nanoparticles
(PFV/PSMA-DA NPs) (PFV= poly(9,9’-dihexylfluorene-2,7-ylene-
vinylene-co-alt-1,4-phenylene), PSMA= poly(styrene-co-maleic
anhydride) and DA = dopamine) via the reprecipitation method,
which were functionalized with the redox-active and pH-
sensitive DA for the highly sensitive and reversible fluorogenic
detection of pH over the range of 5.0 to 9.0 (Fig. 15A).>®° In
acidic pH, the nanosensor exhibited enhanced fluorescence,
while in basic pH, its fluorescence was quenched. This
pH-dependent fluorescence fluctuation can be attributed to
the electron and/or energy transfer to the fluorophores. This
process was mainly facilitated by the facile oxidation of
dopamine to quinine, while at acidic pH, this was restricted.
Interestingly, this probe showed high stability, low cytotoxicity
and biocompatibility for intracellular pH monitoring in living
HelLa cells. Again, the mitochondrial pH,;; plays a pivotal role in
various biochemical processes.””> Thus, it is necessary to find
suitable techniques for monitoring pHp,;. Contextually, Gao
et al. constructed novel ratiometric fluorescent pH-sensitive
Congo Red (CR)-modified dual-emitting semiconducting poly-
mer dots (Pdots), CR/TPP@Pdots (TPP = triphenylphospho-
nium), for mitochondrial pH monitoring and imaging in living
Raw 264.7 cells via a competitive FRET mechanism.>”® Herein,
Pdots were prepared via the nanoprecipitation of TPP-modified
polyoxyethylene nonylphenylether (CO-520), poly(9,9-dioctyl-
fluorene)-co-(4,7-di-2-thienyl-2,1,3-benzothiadiazole) (PF-DBT5),
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) and poly(styrene-co-
maleic anhydride) (PSMA), which produced effective FRET from
PFO and PF-DBTS5 to the quencher, CR. At different pH, the FRET
efficiency changed to different extents to produce different
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fluorescence responses. The as-designed probe exhibited good
biocompatibility, enhanced selectivity and sensitivity, appreci-
able photostability and low cytotoxicity for monitoring pHy,;; in a
broad pH range from 2.57 to 8.96 (Fig. 15B).

Precise inspection of the deviation of mitochondrial sulfur
dioxide (SO,) and formaldehyde (FA) in cancer cells is signifi-
cant for studying cancer mechanisms and the role of mitochon-
drial homeostasis in cancer invasion and metastasis.””* In this
case, Gao et al. fabricated novel semiconductor two-photon
Pdots following a simple four-step engineering pathway.>*®
This nanoprobe exhibited a ratiometric fluorescence response
in the presence of SO, or FA via a tunable FRET process with an
LOD of 110 nM. Initially, the nanoprobe exhibited two fluores-
cence emission bands, one was a red band (610 nm) and the
other was a green band (500 nm). In the presence of HSO; ™, the
red band was gradually attenuated with a slight increase in
the green band, leading to a ratiometric response via the
inhibition of the FRET process due to the consumption of the
energy acceptor. This nanoprobe exhibited the reversible detec-
tion of SO, and FA via a reversible Michael addition reaction at
the energy acceptor site. Interestingly, the as-designed Pdots
could be efficiently exploited for monitoring the dynamic
fluctuation of exogenous and endogenous SO, and FA in the
mitochondria of cancer cells and larval zebra fishes, and
tumour-bearing mice, exhibiting satisfactory biocompatibility,
enhanced permeation and retention effect (Fig. 15C).

Again, Gao et al. fabricated highly fluorescent Pdots com-
bined with non-fluorescent Rhodamine B hydrazide (Rb-hy),
Pdots@Rb-hy,>*® which underwent a specific interaction with
Cu®" and the Pdots@Rb-hy-Cu®** ensemble exhibited a “turn-
off” fluorescence response via the FRET process between the
energy donor, Pdots, with the energy acceptor, RB-hy-Cu(u).
Pyrophosphate (PPi) can be hydrolyzed to phosphate (Pi)
catalysed by ALP. Furthermore, PPi can be easily coordinated
to Cu®*, whereas Pi cannot be coordinated to Cu®*'. Based on
this fact, the selective ratiometric fluorescence sensing of
ALP was achieved by the designed nanoprobe via a tunable
FRET process>’® with an LOD of 0.0018 U L™ ". This nanosensor
was satisfactorily used towards the recognition of ALP in
human serum.

Deoxyribonucleic acid (DNA) is a crucial nucleotide, which
plays a key role in the course of life as it contributes to storing
and transmitting genetic information.””” Consequently, an
infinitesimal alteration in the structure of DNA can affect in
the genetic features of biological organisms, leading to serious
disorders.?”® Therefore, for the quantitative detection of DNA,
Gong et al. designed methylene blue (MB)-modified poly(9,9-di-n-
octyfluorenyl-2,7-diyl) (PFO)/poly[2-methoxy-5-(2-ethylhexyloxy)-1,
4-(1-cyanovinylene phenylene)] (CN-PPV) Pdots, represented as
Pdots@MB, using the nanoprecipitation method.*®® Herein,
Pdots acted as the fluorophore, while MB acted as the quencher
to facilitate the PET process. However, this probe exhibited a
selective PET-restricted ratiometric fluorescence response in the
presence of DNA via the electrostatic interaction between MB with
negatively charged phosphate group of DNA, thereby releasing MB
from the surface of Pdots. This nanosensor probe exhibited good
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Fig. 15 (A) Schematic representation of pH sensing based on PFV/PSMA-
DA NPs. Adopted with permission from ref. 265. (B) Schematic representa-
tion of the designed mitochondria-targeted Pdots for ratiometric pHmt
detection. Adopted with permission from ref. 273. (C) Two-photon images
of Hela (a), HepG2 (b), Raw264.7 (c) and Hela+ (d). (e) Mean intensity of
Hela cells, HepG2 cells, Raw264.7 cells and Hela+. (f and g) Flow
cytometry assay of Hela, HepG2, Raw264.7, and HelLa+ cells treated with
BF@Pdots. (h) Mean cellular fluorescence intensity of these cell lines
incubated with Pdots for different times. Colocalization images of Mito-
Tracker Green in the green channel (i2), Pdots in the red channel (i3),
merged il bright field, i2 and i3 in Hela cells (i4), intensity profile of the
highlighted line in the green and red channels (i5) and colocalization
scatter plot of Pdots and Mito-Tracker Green (i6). Adopted with permission
from ref. 266.

biocompatibility, high photostability and efficiency towards the
quick ratiometric fluorescence detection of DNA in real serum
samples, exhibiting potential for biomedical applications.

4. Conclusions

The last decade has witnessed a mammoth escalation of zero-
dimensional nanomaterial-based sensing applications based
on their unique size/shape or aggregation/disaggregation-
induced chromo-fluorogenic spectral variation. It has been
observed that the developed nanosensors can quantitatively
monitor different targeted bio-analytes, such as vitamins, DNA,
proteins, aminothiols, biothiols, cancer biomarkers etc. Their
high surface-to-volume ratio, high thermal/chemical stability,
high quantum yield, high photostability, good biocompatibility,
tunable luminescence behaviour, aqueous phase stability, etc.
make 0D nanomaterials efficient for effective bio-analyte sensing
applications. Compared to other detection strategies, the optical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensing strategy based on a chromo-fluorogenic response is
advantageous due to the fact that it does not require any
expensive instrumentation, rather monitoring target-specific
changes by the naked eye. Therefore, these types of sensing
strategies significantly reduce the detection time, detection
complexity and associated costs. Based on their excellent
responses towards target-specific analyte sensing, nanosensors
have been effectively exploited towards the detection of analytes
in real samples, such as human urine, serum, etc. Their promis-
ing fluorogenic response and good biocompatibility have also
been exploited towards intracellular monitoring of targeted
analytes via fluorescence cell imaging. The sensitivity of nano-
sensors can be further improved by heteroatom doping or
surface functionalization. Besides, fluorescent nanomaterials
can be integrated with quencher nanomaterials such as metallic
nanoparticles to tune the FRET and IFE processes to obtain
better efficiency in the sensing event. Furthermore, the con-
trolled preparation of metallic nanoparticles is beneficial to
obtain nanosensors with tunable physico-chemical and fluores-
cence properties, which also enhance the performance of the
developed nanosensors. These fascinating advancements in the
domain of biosensing provide a new arena for the selective and
sensitive detection of the targeted bio-analytes, which will be
ultimately helpful for the regular monitoring of human health
and early-stage disease diagnosis in a non-invasive manner.

5. Outlook and future perspectives

In this review, we systematically elaborated the fundamentals
of the signaling mechanisms responsible for chromo-
fluorogenic biosensing by zero-dimensional nanomaterials.
Additionally, the numerous biosensing applications of the most
common zero-dimensional nanomaterials, such as carbon
quantum dots (CQDs), graphene quantum dots (GQDs), inor-
ganic quantum dots (IQDs), magnetic nanoparticles (MNPs),
noble metal nanoparticles (AgNPs, AuNPs), upconversion nano-
particles (UCNPs), and polymer dots (PDs) reported in the last
few years were discussed. However, sensing employing 0D
nanomaterials is still in its infancy and there is room for the
advancement of the practical applicability of nanosensors,
which need to be addressed in the near future. The major
challenges for chromo-fluorogenic biosensing applications can
be described as follows:

(i) Firstly, the major issue that needs to be addressed is the
selective detection of a particular targeted analyte. Although
most of the developed nanosensors exhibit sensing specificity
for a particular analyte, many sensors suffer from interference
from congener bio-analytes. Therefore, an important futuristic
strategy will be to develop selective sensors with zero inter-
ference from analogous bio-analytes.

(ii) The second point is ultra-sensitivity. Usually, bio-
analytes, specifically cancer biomarkers, need to be detected
at acute levels, which is also desirable for real-field biological
applications. However, in most cases, the targeted bio-analytes
cannot be directly detected at that low concentration (pico and
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femto to zeptomolar), which necessitates the design of signal
amplification methods but these methods suffer from several
drawbacks, such as prolonged detection time, detection com-
plexity, etc. Therefore, in the near future, ultrasensitive nano-
sensors will have to be rationally designed for the trace-level
detection of targeted bio-analytes without relying on signal-
amplification methods.

(iii) Another important issue is the simultaneous and dis-
criminative detection of multiple analytes, i.e., one-to-more-type
sensor. Although there are numerous reports on the selective
detection of a particular analyte, reports on the detection of
multiple analytes with different responses are lagging behind.
These types of discriminative multi-analyte sensing strategies
are highly advantageous as they are simple, cost-effective, less
time-consuming and offer less reagent consumption with mul-
tiple responses. Hence, future initiatives should be focused on
the fabrication of a single nanosensor having selective and
discriminative detection capability for multiple analytes.

(iv) The storage stability of nanosensors is a crucial para-
meter that should be considered. By optimizing the environ-
mental conditions, e.g., temperature and light, the storage
stability of the developed nanosensors may be improved.

(v) The high quantum yield of nanosensors should also be
considered because it is crucial for the intracellular monitoring
of targeted cancer biomarkers and other bio-analytes via fluores-
cence cell imaging. In that case, nanosensors should be bio-
compatible in nature, specific to the cancer cells with differen-
tiation capability between normal cells and cancer cells and
avoid the possibility of false positive and false negative signals.

(vi) The use of the minimum volume of metal-based nano-
particles for the detection of targeted analytes is another
important factor. For example, it is always desirable to use a
small volume of AgNPs (5-10 pL) due to their toxic nature.
Alternatively, the volume of AuNPs-based nanosensors will also
have to be reduced in terms of cost. Therefore, there is a
domain of cost-effective, biocompatible nanosensor-based
research, which should be improved in the near future.

(vii) Another important thing to consider is the sensing
mechanism. Amongst the different types of fluorescence signal-
ing mechanisms, including off-on, on-off and ratiometric
responses, it is desirable to design nanosensors with a ratio-
metric response as these types of nanoprobes can act as self-
calibrating probes. This can be achieved by proper tuning of the
surface functionalization or modulation of the FRET process.
Alternatively, analyte detection by self-organizing agents mainly
relies on the quenching capability of the targeted analytes.
However, in some cases, the analytes are not quenchers. There-
fore, some new transduction mechanisms may be designed to
accurately quantify the presence of analytes. This will motivate
future researchers to design more sophisticated sensing sys-
tems with new transduction mechanisms.

(viii) The sensing time and reproducibility should also be
considered for the real-day applicability of next-generation
Nanosensors.

(ix) Moreover, in some cases, the sensing phenomenon is
only limited to serum, urine samples, etc. However, the in vivo
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monitoring of the targeted bio-analytes by nanomaterials
suffers from several drawbacks, such as loss of detection
accuracy due to the complex biological environment, low bio-
compatibility, etc. Therefore, for clinical applications, their
long-term bio-toxicity and bio-degradation must be evaluated.

(x) Finally, although there are several reports on the selective
detection of targeted analytes followed by the fabrication of
microfluidic paper-based devices or other smartphone-
integrated or wearable POCT devices for on-field detection
applications, the exploitation of these nanosensors in indus-
trial use has not been explored. One plausible reason for this
may be due to the fact that most of the optical sensing
strategies are still in the proofof-concept stage as in most of
the cases nanosensors suffer from sensing specificity and
difficulties in detection of the targeted analytes from complex
bio-matrices due to interferences from analogous bio-
molecules. This necessitates the requirement of future endea-
vours for the practical applicability of the developed
nanosensors, especially in resource-constraint regions.

Typically, zero-dimensional nanomaterials have been well-
explored in biosensing applications and significant progress
has been achieved in the last few decades. Although there are
still some gaps in nanosensing research, there is a huge scope
for future analytical advancement in the domain of supra-
molecular nanosensing, where the developed nanosensors
can be practically applied in non-invasive biomedical clinical
applications with satisfactory results, making the nanosensing
strategy a sustainable approach for global health monitoring in
a user-friendly way.
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