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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

4426 | Mater. Adv., 2022, 3, 4421-4459
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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


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 Maius 2022. Downloaded on 18/02/2026 23:25:15.

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

(cc)

Materials Advances

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

Mater. Adv,, 2022, 3, 4421-4459 | 4427
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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 Fe*": 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
spectrum, which may be assigned to the electron/charge trans-
fer transition from BNSCDs to Fe*" and the coordination of Fe**
with the surface amino and carboxyl functional groups
of BNSCDs. Here, the constant lifetime value indicates the
occurrence of static quenching via the formation of a stable
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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
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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
ima