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1. General overview

Luminescence is the spontaneous emission of electromagnetic
radiation, especially light waves, by substances in an electronic
excited state.”” The word ‘luminescence’ derives from two Latin
words, lumen (meaning ‘light’) and escentia (meaning ‘the
process of’).> The concept of luminescence is very different
from incandescence so that the latter term deals with radiative
emission from a hot substance. Luminescence is formerly
classified by the difference in energy source as photolumines-
cence, cathodoluminescence, chemiluminescence, electrolumi-

nescence, mechanoluminescence, radioluminescence and

thermoluminescence [Fig. S1 in ESIT].

Luminescence covers a wide array of topics. Fig. S1 (ESIt)
display the depth of this overall topic. Thus, it is not practical to
provide extensive coverage of all developments and features
of this extremely broad area of research. Instead, we attempt
to focus on fluorescence that arises from photon-induced
excitation and emission.
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Fluorescence refers to the spontaneous emission of radia-
tion from an electronically excited state of a fluorescent species.
It occurs through the electronic transition from the excited
state to the ground state of the same spin multiplicity (Fig. S2,
ESIT)."? The first report on fluorescence can be traced back to
the observation of peculiar blue light in the infusion of
a Lignum nephriticum (Latin for “kidney wood”) by Nicolas
Monardes in 1565 and Franciscan Friar Bernardino de Sahagun
in 1560.> This blue fluorescence is due to oxidation of flavo-
noids in “kidney wood” to highly fluorescent matlaline (from
the Aztec word ‘matlali’ for blue) with an emission wavelength
close to 466 nm.” Each subsequent innovation in fluorescence
added wonderful features to the fluorescence signal, including
intensity, lifetime, large wavelength separation (Stokes shift)
between absorbing and emitting radiation as well as sensitivity
to surrounding environmental factors.”* In many cases,
fluorescence can be influenced by physicochemical aspects of
the local environment (e.g.: viscosity, polarity, temperature,
redox status, or pH) and interactions with quenchers.> The
interaction between a fluorophore and quenchers occurs via
Forster resonance energy transfer (FRET), photoinduced elec-
tron transfer (PET), inner filter effect (IFE), aggregation, Dexter-
type interaction, excimer formation or complex formation.*®
These favourable features of fluorescence laid the foundations
for fluorescent sensors which rely on a sensitive fluorescence
response to specific analytes.” To overcome the limitations of
conventional organic-molecule-based fluorophores, tremen-
dous attempts have been made to discover alternative fluores-
cent materials with a large Stokes shift, long lifetime, high
biocompatibility, water solubility and so on. Every year, new
evidence of fluorescent materials appears and interest in inves-
tigating the origin of fluorescence has risen. Owing to this
intense evolution, fluorescence techniques using ultra-small
nanoparticles have been developed as a powerful tool for
analysis (see Fig. 1).%°

In this article, we summarise luminescent ultra-small nano-
particle sensors, especially those smaller than 10 nm, as they
can be absorbed or excreted quickly by the human body but can
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Fig. 1 Number of publications on ultra-small nanoparticles based on
Pubmed with the keyword “(ultrasmall OR carbon dots OR Gold nanoclus-
ter) AND sensing” in "Title/Abstract” section during the period 2003 to
2024 (data collected on 3 February 2024); total: 1648 results.

be circulated in the blood for a longer time.® To date, many
luminescent ultra-small nanosensors have been proposed for
various applications. These materials include semiconductor
nanocrystals (also known as quantum dots), metal nanoclusters
(especially gold nanoclusters (AuNCs)) and carbon dots
(CDs).®'® Their photophysical properties, fluorescence origin
and structural elucidation in previous reports have been given
prime importance in this article. We summarise the use of
these nanosensors to detect metal ions, neurotransmitters,
biomarkers, biomolecules, pesticides, pH, temperature, polar-
ity, viscosity, and hypoxia. Finally, the prospects and challenges
in this rapidly maturing field are addressed.

1.1. How do they fluoresce?

Many luminescent materials exhibit two types of emission:
downconversion and upconversion.® Downconversion or Stokes
shifted emission is the normal process in which particles
absorb high-energy radiation and emit at lower energy. On
the other hand, fluorescence upconversion occurs via an anti-
Stokes phenomenon in which a high-energy photon is emitted
through simultaneous multiple low-energy photon absorption
or energy transfer processes.”® The Stokes shift is named after
George Gabriel Stokes, who coined the term fluorescence in the
19th century.? The origin of the Stokes shift in conventional
organic dyes can be illustrated simply with the aid of an energy
level diagram known as the Jablonski diagram (Fig. S2, ESIt)."
Many ultra-small nanoparticles exhibit upconversion fluores-
cence.”™™ Luminescent ultra-small nanoparticles have achieved
larger Stokes shifts than conventional organic dyes. However, the
detailed mechanism for fluorescence from ultra-small nano-
particles has not yet been completely understood.'®*>*
Size-dependent fluorescence is widely observed in many
ultra-small nanoparticles, especially semiconductor nanocrys-
tals (quantum dots). Quantum dots are nanocrystals smaller
than the typical Bohr exciton radius. At this nano-dimension,
their energy levels become quantised with values directly
related to the size of the quantum dots (Fig. 2)."™"” This
phenomenon is called the quantum confinement effect. The
absorption of a photon with energy above the semiconductor
bandgap will trigger the generation of electron-hole pairs
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Fig. 2 Evolving quantum confinement effect within the energy level
structure of semiconductor materials on tuning the dimensions from bulk
to nano-dimensional. The bulk semiconductor possesses continuous
conduction and valence bands separated by a constant bandgap. The
limited number of atoms in quantum dots results in discrete ‘molecule-
like" energy levels depending upon the size of the particles. The quantum
dots bridge the gap between cluster molecules and bulk materials.

(excitons). The subsequent radiative recombination of excitons
results in narrow and symmetric fluorescence emission with a
long lifetime.">"”

CDs are widely visualised as quantum dots made of
carbon."” That is why the quantum confinement effect in CDs
has been comprehensively investigated over the last decade.'*'®
Surprisingly, much research work has provided evidence of size-
dependent fluorescence in CDs."*?® Most importantly, Lee and
co-workers reported bright blue, green, yellow and red fluores-
cence from CDs with increasing size.’® In another case, Lin and
co-workers prepared green, blue and red luminescent nitrogen-
doped carbon dots (NCDs) from ortho-, meta- and para-isomers
of phenylenediamines.*® They suspected that particle size and
nitrogen content controlled the fluorescence colour of the CDs.
From these experimental observations, researchers found
some correlation between CD fluorescence and the quantum
confinement effect in graphene oxide (Fig. 3). As a result,
the theory of a bandgap transition within numerous isolated
sp’-hybridised carbon nanodomains embedded on an sp*-
hybridised carbon matrix of CDs has gained a lot of research
attention.’” According to this model, a single CD particle
possesses numerous conjugated m-domains containing sp’-
hybridised carbon clusters at its core (i.e., the CD core is similar
to the graphene oxide structure) and numerous polar surface
functional groups of sp>-hybridised carbon. The fluorescence is
the result of the quantum confinement effect. In contrast,
researchers get confused when observing identical visible light
fluorescence from CDs of ultra-small size as well as larger CDs
with dimensions of several tens of nanometers.”" Subsequently,
Eda et al. confirmed the probable presence of isolated sp*-
hybridised carbon nanodomains within an sp® carbon matrix of
CDs by theoretical calculations using Gaussian and time-
dependent density functional theory (TD-DFT).**> They calcu-
lated that isolated n-domains within a carbon core of 3 nm can
accommodate more than 100 aromatic benzene rings in such a
way that CDs of this dimension should have a bandgap of only
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Fig. 3 Scheme representing the electronic band structure of graphene
oxide. The pink and blue bands indicate conduction and valence bands,
respectively. Smaller sp?-hybridised carbon nanodomains exhibit a large
bandgap due to the quantum confinement effect. The absorption of
photons (E.x.) generates electron—hole pairs which on subsequent radia-
tive recombination yield fluorescence (Ep|). The black arrows symbolise
electronic transitions. DOS represents the density of states.

0.5 V. This calculated value of the bandgap could not provide
emission in the visible region.

Metal nanoclusters are known as metal quantum clusters
and a special case of the quantum confinement effect happens
in certain metal nanoclusters (Fig. 4).>* In particular, poly-
amidoamine (PAMAM)-dendrimer-stabilised atomically precise
AuNCs exhibit size-dependent fluorescence.”**> This experi-
mental evidence led to the formulation of a simple Jellium
scaling law:

_ EFermi

1
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where Ej is the energy gap between the highest occupied mole-
cular orbital (HOMO) and the lowest unoccupied molecular
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Fig. 4 Representations of a gold ring, a gold nanoparticle, a gold
nanocluster solution in a cuvette under UV illumination and visible light,
as well as a metallic gold atom, are given (from right to left) in the top
panel. Bottom panel: bulk gold (as in a gold ring) and gold nanoparticles
exhibit continuous conduction and valence energy bands (right). The
limited number of gold atoms in gold nanoclusters results in discrete
‘molecule-like’ energy levels, a quantum confinement effect, and size-
dependent fluorescence. Gold nanoclusters act as a ‘'missing link’ between
atomic gold and plasmonic gold nanoparticles.
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orbital (LUMO) of AuNCS, Egerm; is the Fermi energy of bulk
gold and N is the number of gold atoms.>® This model of
PAMAM-protected AuNCs can be successfully applied for many
other AuNCs protected by pepsin, bovine serum albumin or
thiolate.”®>” However, the Jellium model holds good only for
small AuNCs and it is violated for AuNCs with a large number
of gold atoms as well as in the case of glutathione-stabilised
AuNCs.*?® To find the proper fluorescence mechanism of
AuNCs, Zhu and coworkers performed TD DFT calculations
on [Au,s(SH);4]~ clusters.”® The results obtained suggest that a
HOMO and three LUMOs are formed from the 6sp atomic
orbitals of gold. Therefore, these molecular orbitals are collec-
tively termed the sp band. On the other hand, HOMO-1 to
HOMO-5 orbitals come from the 5d atomic orbitals of gold
and these molecular orbitals are termed the d band. Thus
they concluded that the electronic transition in [Au,s(SH)ig]™
clusters is an intraband (sp — sp) HOMO-LUMO transition or
an interband (d — sp) transition.

1.2. Excitation wavelength dependence of fluorescence

The observation of excitation-wavelength-independent fluores-
cence emission in ultra-small nanoparticles is a very common
phenomenon following the classical Kasha-Vavilov rule.?® This
rule states that in any condensed phase (i.e. liquid or solution)
fluorescence emission in appreciable yield occurs only from the
lowest excited state of a given multiplicity (singlet or triplet)
irrespective of the initial photoexcited state (see Fig. S2, ESI{).°
Consequently, the fluorescence quantum yield should remain
independent of excitation wavelength. An excellent demon-
stration of this law can be seen in many quantum dots, AuNCs
protected by proteins or small molecules'**"*?> and a few
CDS.33'34

The fluorescence of CDs is more complicated than that
of typical semiconductor quantum dots or AuNCs. Though
there is a huge difference in the size and surface state of CDs
prepared through different methods, excitation-dependent
fluorescence emission is a common feature of CDs except for
a few cases. However, the mechanism behind this phenomenon
remains a topic of debate. Initially, this excitation-dependent
fluorescence is correlated to variation in the quantum con-
finement effect due to different-sized particles present in the
ensemble used for recording the fluorescence spectrum
(Fig. 5).>® Subsequently, several reports projected that different
surface states or molecular states on a single particle, doping
with an electronegative heteroatom, the synergic effect of
quantum size, surface state and molecular state as well as
solvent relaxation could have roles in multiple fluorescence
centres involved in an excitation-dependent emission process.
A comprehensive explanation of this matter can be found in the
review article from 2016 by Gan et al.**

1.3. Factors affecting the fluorescence of ultra-small
nanoparticles

It is well known that several parameters, including viscosity,
polarity, temperature, redox status, pH and an adjacent
heavy atom, can influence the photophysics of ultra-small

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic representation of surface-defect-state-derived excitation-
independent fluorescence and different-sized sp?-hybridised carbon
nanodomain-controlled excitation-dependent fluorescence in carbon dots.
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Fig. 6 Scheme illustrating various environmental factors influencing the
fluorescence performance of ultra-small nanoparticles.

nanoparticles (Fig. 6). Abnormal changes in these factors may
affect the quality and fluorescence performance of ultra-small
nanoparticles. Here, we outline the various environment-
responsive fluorescent ultra-small nanoparticles that have been
reported so far.

1.3.1. Viscosity. The viscosity of the dispersing medium
will control the diffusion of ultra-small nanoparticles in the
specified medium.® Microviscosity (i) is related to the diffusion
coefficient (D) and hydrodynamic radius (Ry;) of particles via the
Stokes-Einstein relationship:*®

 ksT
= 6nRuD

where kg is the Boltzmann constant and T is the absolute
temperature. With an increase in the viscosity of the solvent,
the diffusion and collision rate of a fluorophore will decrease to
show less collisional non-radiative deactivation and enhanced
fluorescence intensity. Using this principle, ultra-small nano-
particles of BSA-capped AuNCs have been proposed as a good

This journal is © The Royal Society of Chemistry 2024
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microviscosity-targeting sensor in single breast cancer cells
(MCF7).*® These authors found that the viscosity of breast
cancer cells is much higher than that of normal breast cells.
Based on the same principle, Mandal and co-workers used
viscosity as a tool to determine the location of emissive species
within the CD matrix.”’

1.3.2. Temperature. The fluorescence performance of a
selected ultra-small nanoparticle for a particular application
can be controlled by its fluorescence stability over the desired
temperature range. With an increase in temperature, non-
radiative transition pathways will be activated and this process
will adversely affect the fluorescence intensity." Yu and co-
workers investigated the temperature dependence of fluores-
cence from quantum dots, AuNCs and CDs to gain insight into
the secrets of their fluorescence.***° These experimental inves-
tigations established a decrease in fluorescence intensity with a
rise in temperature. Among these interrogations, the fluores-
cence of AuNCs undergoes a small blue shift with rising
temperature. In contrast, CDs exhibit a small red shift. On
the other hand, the fluorescence band of semiconductor quan-
tum dots shows a large red shift in the order of 100 meV due to
strong exciton-phonon scattering. Moreover, from these results
it is speculated that the n-electron-mediated fluorescence tran-
sition in CDs is closer to the electron transition in metallic
quantum clusters rather than the quantum-confined electronic
transition in semiconductor quantum dots.*®

1.3.3. Polarity. The optical properties of ultra-small nano-
particles can be strongly influenced by the local environment,
including the polarity of the dispersing solvent. For instance,
Leatherdale and Bawendi reported on the solvatochromic shift
in the absorption spectrum of cadmium selenium quantum
dots.** This observation is made from the polarization energy
of the quantum-confined exciton.

Few papers have been devoted to describing solvent effects
on the photoluminescence of AuNCs. Typically, Chen and co-
workers were the pioneer group who investigated atomically
precise AugNCs formed by the etching of gold nanocrystals with
biomolecules like deoxyribonucleic acid (DNA).*> Then they inter-
rogated the fluorescence of these AugNCs in different organic
solvents, including chloroform, tetrahydrofuran and N,N-dimethyl-
formamide (DMF). They concluded that the surface properties of
AugNCs play a major role in these solvent effects. Subsequently,
Yi et al. explore the ligand- and solvent-dependent electronic
relaxation dynamics of certain phenylethane-thiol-stabilised
atomically precise monolayer-protected cluster-type AuNCs.** They
found that the electron relaxation dynamics in these clusters are
solvent independent and they determined that the electronic-
vibrational coupling in these systems is significant.

Recently, many authors have used solvatochromism as an
efficient tool for unravelling the fluorescence mechanisms of
CDs. In most cases, they suggest that the fluorescence emission
of CDs changes with the solvent. These reports unanimously
identified the effect of hydrogen bonding of the solvent on the
fluorescence of CDs.**™*°

1.3.4. Redox status. The close proximity of quantum dots
to redox-active metal ions,”*" organic molecules,”*>* or metal

Nanoscale Horiz., 2024, 9,1683-1702 | 1687
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complexes® causes fluorescence quenching. This fluorescence
modulation has become the basis for several PET-directed
sensors. This phenomenon is also used as an efficient tool
for monitoring the photophysics of CDs**™*® and AuNCs.>®

1.3.5. pH. The fluorescence of ultra-small nanoparticles is
sensitive to external parameters like the pH of the solution.
Therefore, pH-elicited changes in the fluorescence of quantum
dots can be sensibly tuned for designing effective sensors.
In this respect, Raymo and coworkers designed an organic
ligand which can be adsorbed on the surface of CdSe-ZnS
core-shell quantum dots.®® The [1,3]oxazine ring structure on
this ligand is transformed into 4-nitrophenyl-azo phenolates
on interaction with hydroxide anions. This transformation
switches on an energy transfer pathway between the quantum
dots and the adsorbed ligand. In this way, the modified quantum
dots exhibit good pH-dependent fluorescence quenching.
Ultra-small nanoparticles mostly exhibit maximum fluorescence
at their optimum pH. For instance, Bao et al reported that
hydroxyl-terminated PAMAM-protected AuNCs are stable between
pH 6 and pH 8.°" A breakthrough in AuNC synthesis was achieved
by Xie et al., who reported a BSA-directed bio-mineralisation-based
AuNC synthesis. These biocompatible AuNCs show stable fluores-
cence over a broad range of pH from 3 to 12.*' Numerous pH-
dependent studies were also done on the CD platform. In some
cases, CDs exhibit the highest fluorescence intensity in neutral
pH.®> On the other hand, pH-dependent changes in fluorescence
intensity have been reported.®* Moreover, a pH-dependent peak
shift is observed in some cases, but it remains consistent in other
cases.*!

1.3.6. Heavy atom effect. The fluorescence quenching of
ultra-small nanoparticles via the heavy atom effect has wide
application in sensor design. Usually, quenchers inducing a
heavy atom effect are non-fluorescent paramagnetic species like
inorganic halide ions or transition metal ions with a higher
atomic number, which are either linked to fluorescent species
or located in the vicinity of the fluorophore.! The heavy atom
effect occurs via enhanced intersystem crossing in the presence
of these paramagnetic heavy atoms. This is a dynamic quench-
ing mechanism and is always accompanied by a decrease in
fluorescence lifetime.

Many research groups reported the heavy atom effect on
AuNCs. For instance, Durgadas et al. explored the heavy atom
effect of copper(n) ions (Cu®") on BSA-capped AuNCs.*> Among
such research work, mercury(u) ion (Hg>") and silver() ion (Ag")
induced quenching of protein-templated AuNCs is very inter-
esting, because Hg>" and Ag" can interact with AuNCs via the
sulfur atoms of the ligand.'"®® Moreover, the metallophilic
d'°-d'® interaction of Hg>" or Ag" with Au® at the surface of
AuNC s also plays an important role in their quenching mecha-
nism. By realising the importance of the heavy atom effect on
sensor design, Sony’s group has tried the fluorescence quench-
ing of 3,4-dihydroxy-L-phenylalanine (.-DOPA)-protected AuNCs
with paramagnetic transition metal ions of the 3d series.®”
As evidence of the heavy atom effect by halide ions on AuNCs,
Sony’s group has explored iodide-ion-induced quenching on
BSA-capped AuNCs and used the affinity between iodide ions
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and amino acids for demonstrating an on-off-on mode sensor
for cysteine and homocysteine.®® Motivated by these results,
Sony’s group extended iodide-ion-induced quenching to a
CD platform and proposed an iodide-ion-quenched CD as an
on-off-off mode sensor for tyrosine.®®

The heavy atom effect appears to be a good tool with which
to explore the fluorescence mechanism of CDs. In particular,
the Kumbhakar group performed fluorescence quenching
experiments on CDs with iodide ions to establish the self-
assembly nature of CDs in solution.”® Subsequently, Sony’s
group demonstrated the heavy atom effect of differently doped
CDs with halide ions.”* In addition, there have been numerous
reports of metal ion quenching on CDs.” In contrast, detailed
investigations of the heavy atom effect on quantum dots
are scarce. Typically, Masteri-Farahani and Khademabbasi
explored the sodium-halide-ion-induced heavy atom effect on
mercaptoacetic-acid-capped CdS quantum dots.”

1.3.7. Doping. Doping is a widely adopted technique to
modulate the fluorescence of ultra-small nanoparticles.

Most importantly, doping with suitable non-toxic metal
cations of copper, silver and manganese (transition metal ion
series) can create intermediate energy levels between the dis-
crete energy levels of quantum dots and cause enhanced
quantum yield, improved lifetime, a large Stokes shift and
new fluorescence bands.”* [See the review article by Wu and
Yan for details].

Doped or alloyed ultra-small luminescent AuNCs have
unique optical and catalytic properties.”” Interestingly, plati-
num- or palladium-doped AuNCs were found to be more stable
than homo-AuNCs. In contrast, silver- or copper-doped AuNCs
were less stable. However, silver doping is a widely adopted
technique to improve the quantum yield of AuNCs.”®

Heteroatom doping with nitrogen, sulfur, phosphorous,
boron, and metal ions of copper, manganese, iron, zinc,
terbium, and gadolinium has been extensively investigated in
the CD matrix."® Oxygen-rich surface functional groups like
-COOH or -OH are common in all types of CDs.”” These
functional groups (known as surface states) have an influence
on the emission from CDs.”® In this way, heteroatom doping
has great potential for fluorescence tuning. In particular, the
atomic size of nitrogen and carbon are comparable, so nitrogen
doping in CD is a widely studied doping technique. Yu’s group
investigated sulfur and nitrogen co-doped CDs synthesised
from citric acid and ri-cysteine, and developed a model to
understand the fluorescence mechanism of heteroatom-
doped CDs (see Fig. 7).** They claimed that pristine CDs with
oxygen-rich surface functional groups exhibited an array of
energy levels matching various surface states (oxygen states).
The surface states produced a broad UV-visible absorption
band and excitation-dependent fluorescence. The heteroatom
doping created a new form of surface state known as the
nitrogen state. The excited electrons trapped in these nitrogen
states induce high radiative recombination. If the density of the
nitrogen states is proportional to that of the oxygen states,
doped CDs will give wide and excitation-dependent fluores-
cence. Several authors have reported on the tuning of nitrogen

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Scheme representing the improved fluorescence quantum yield of
carbon dots on doping with nitrogen and sulfur. The upward violet arrow
indicates electronic excitation from the ground state. These excited
electrons get trapped at oxygen-derived surface states and are returned
to the ground state via non-radiative routes (curved blue arrow). In the
presence of nitrogen states, the rate of radiative transition (downward
violet arrow) from the excited state to the ground state is increased.

content on CDs for obtaining a desired fluorescence shift from
the blue or green to the red or near infra-red region.*
In particular, Xiong’s group reported on the synthesis of NCD
from urea and phenylenediamine and the separation of NCD
fractions via silica column chromatography.”® The separated
fractions of the NCDs exhibit excitation-independent fluores-
cence varying from the blue to the red region. They attribute the
red shift in emission to a decrease in bandgap with increased
content of oxygen species in the surface state. In a recent report,
Zhang et al. synthesised CDs from o-phenylenediamine and
demonstrated simultaneous red fluorescence (at 620 nm) and
two-photon absorption of near-infrared (NIR)}-induced red fluores-
cence (630 nm and 680 nm) simply by protonating their NCDs.*°
They found that a molecular fluorophore named 2,3-diamino-
phe-nazine (known as the molecular state) formed on oxidation
of the precursor played a significant part in the fluorescence of
these doped CDs.

2. Luminescent ultra-small
nanomaterials

The extremely small size regime of ultra-small nanoparticles
induces many unique properties, such as high surface to
volume ratio, fluorescence, catalytic activity as well as chirality.
In addition, fluorescent AuNCs and CDs are widely known for
their biocompatibility.">®! Due to these unique features, ultra-
small nanoparticles have attracted widespread research interest
for a wide landscape of applications ranging from energy
devices and catalysts to fluorescent sensors. This growing
interest was established with the award of the 2023 Nobel Prize
in Chemistry to Moungi G. Bawendi along with Louis E. Brus
and Aleksey Yekimov “for the discovery and development of
quantum dots.”%?

2.1. Quantum dots

Fluorescent quantum dots are ultra-small nanoparticles of
diameter 1 to 6 nm.** Quantum dots include semiconductor
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nanoparticles from Group IV (silicon or germanium) as well as
alloyed semiconductor nanoparticles with elemental combina-
tions from Groups II-VI (CdE or ZnE, E = S/Se/Te), IV-VI (PbE),
II-V (InP) and I-111-VI (CulnS,, CulnSe,).® Among these alloyed
quantum dots, CdSe- or CdTe-based core and core-shell quan-
tum dots have received a lot of research attention for analytical
applications due to their strong quantum confinement effect
and high fluorescence quantum yield.'® Even though quantum
dots were discovered in 1981, their synthesis was a challen-
ging task until 1993 when Bawendi and coworkers proposed a
classical hot injection method for cadmium-based quantum
dots from a precursor solution of dimethyl cadmium and
trioctylphosphine chalcogenide or hexamethyldisilathiane in
a high-boiling-point coordinating solvent (trioctylphosphine
oxide).’> However, the biocompatibility of quantum dots
became an issue and a lot of research work concentrated on
alternative cadmium precursors. Then quantum dot synthesis
employing CdClO,4, cadmium oxide,*® cadmium carbonate and
cadmium acetate®” was demonstrated.®® Instead of toxic phos-
phine derivatives, oleic acid and octyl decyl amine have been
used.®®®¥ Nowadays, quantum dots can be prepared in organic
solvents or aqueous solutions.'®®® Alternatively, approaches
based on artificial neural networks attempt to predict the
photoluminescence emission spectra of CdSe quantum dots
from different reaction conditions (e.g.: precursor composition,
choice of ligand, reaction temperature, time) from a combined
quantum dot synthesis data set from the literature.’®

Surface defects on quantum dots can adversely affect the
quantum yield of quantum dots because an excited electron in
the conduction band of the quantum dot can be nonradiatively
transferred to these surface defects created by oxygen vacan-
cies, trap states or defects.”’ Photoblinking (a random transi-
tion from an on to an off state) is another problem which
hinders the wide application of quantum dots in single-
molecule experiments.”> The blinking behaviour of a single
quantum dot is thought to be caused by the non-radiative
recombination of electron-hole pair excitons in the off
state.”® The duration of the off state follows Lévy statistics
and is marked by observable and long non-emissive periods.’*
So, there have been reports on the construction of non-blinking
giant quantum dots by expanding the shell thickness of
core-shell quantum dots up to a diameter of 13-15 nm.’?
Similarly, high-quality quantum dots can be synthesised only
in the organic phase. Such quantum dots have limited use in
bioengineering.”> To overcome these challenges, ligand
exchange or surface coating with suitable hydrophilic and
biocompatible ligands (e.g.: silica, amino acids, proteins, mer-
captocarboxylic acids) are adopted for modifying the quantum
dot surface and tuning the material performance for desired
bio-related applications.®®°> Brus and Efros published a
recent review narrating the story of quantum dots from the
past to the modern era.”®

The photostability of quantum dots is a persistent challenge
in nanochemistry due to the increased chances of oxidation,
aggregation, and the creation of surface defects on the pro-
longed storage of quantum dots.*® Zine-based binary quantum
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Fig. 8 Scheme representing the structures of Au*-thiolate complexes,
conventional Au-thiolate nanoclusters with a shell of short Au*-thiolate
motifs over an inner Au® core and Au-thiolate nanoclusters exhibiting
aggregation-induced emission (AIE) of an oligomeric Au*-thiolate
complex over an inner Au® core. The structure of gold nanoparticles
(AUNPS) with a larger Au® core is also given for comparison.

dots and ternary quantum dots could be a remedy for the
toxicity issue in association with cadmium-based quantum
dots. Even so, there is a strong demand for biocompatible
counterparts to quantum dots.®

2.2. Gold nanoclusters

AUNCs are ultra-small gold nanoparticles of diameter 1-3 nm.*”
AuNCs show a broad UV-visible absorbance spectrum and
molecule-like bright fluorescence over the visible to near-
infrared region due to quantum confinement of conduction
band electrons to the Fermi wavelength size regime of gold.®®
These AuNCs were first discovered in the gas phase.'® Detailed
investigation of their unique properties and application for
ultra-sensitive detection, bio-imaging and catalysis were hin-
dered until researchers succeeded in synthesising these pro-
mising luminescent ultra-small materials in organic and
aqueous phases. At present, they are generally prepared either
by the etching of larger gold nanostructures or the reduction of
a suitable gold salt in the presence of a stabilising agent like
small thiolate or carboxylate ligands, proteins and polymers.®
The as-obtained atomically precise AuNCs are stabilised in the
pockets of proteins, polymers or small ligands."®

The fluorescence emission from AuNCs is determined by
several factors like Au® core size, the Au® content of the surface
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shell over the inner core, surface ligands and the valence state
of the AuNCs."® Approaches based on machine learning evalu-
ate the correlation between the physical properties of AuNCs
and various reaction condition parameters by analysing a
selected finite number from previous literature.’®'°° However,
optimisation of all variables and reaction parameters can be
puzzling, owing to restricted knowledge about efficient combi-
nations in the vast chemical space.’®® Many thiol-capped
AuNCs exhibit a large Stokes shift and a long microsecond
lifetime."* The unique behaviour of these thiol-capped AuNCs
is correlated with the ligand-to-metal charge transfer (LMCT)
interactions between sulfur atoms and the gold centre."*
Besides, the Au’@Au’-thiolate core-shell structure of these
thiol-capped AuNCs holds oligomeric interlocked Au'-ligand
motifs in the exterior shell over the inner Au® core (Fig. 8).
The aggregation-induced emission (AIE) of the oligomeric
Au'-thiolate complex on the surface of the Au® core makes a
major contribution towards the long lifetime and large Stokes
shift of their strong Iuminescence.”® More specifically,
this model claimed that the process behind the aggregated
Au'-thiolate-motif-induced phosphorescence is an LMCT or
ligand-to-metal-metal charge transfer (LMMCT), which pro-
duces radiative recombination of excitons via a metal-
centered triplet state (see Fig. 9)."> Easy access to the triplet
state is facilitated by improved spin-orbit coupling in the
presence of a heavy inner Au® core. Yet, the emission mecha-
nism behind the AuNCs is not completely understood.
Moreover, the fluorescence quantum yield of many
monolayer-protected AuNCs is low. Therefore, researchers are
driven by curiosity to explore AIE-type AuNCs in detail to
achieve AuNCs with good quantum yield as a substitute for
organic dyes or typical quantum dots for practical applications,
even though precursors for AuNCs are rare and costly. Thus,
there is a consistent demand for other biocompatible quantum
dots from cheap and abundant precursor molecules.

Core induced fluorescence

S Shell induced phospshorescence
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Fig. 9 Diagram showing radiative and nonradiative electronic transitions
within aggregation-induced emission (AlE)-type AuNCs. The phosphores-
cence is generated by the AIE of the oligomeric Au*—thiolate complex on
the surface shell. The fluorescence arises because of the Au® core. S, and
T, represent singlet state and triplet state, respectively. ISC stands for
inter-system crossing.
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2.3. Carbon dots

Fluorescent CDs are quasi-spherical nanoparticles with a dia-
meter less than 10 nm which consist of a crystalline or
amorphous sp* carbon core embedded in an sp? carbon matrix
(Fig. 10)."*> CDs are proposed as a better substitute for classical
fluorescent quantum dots because of their superior qualities
like biocompatibility, chemical inertness, water-solubility, easy
functionalization and low cost of synthesis.'® The discovery of
fluorescent CDs in 2004 was serendipitous while attempting the
separation and purification of single-walled carbon nanotubes
prepared through an arc discharge method."*?

Subsequently, the discovery of a reliable synthetic metho-
dology for CDs has become an interesting research topic. Sun
and colleagues synthesised CDs via the laser ablation of carbo-
naceous material and subsequent surface functionalization
of the obtained non-fluorescent nanoparticles with amine-
terminated polyethylene glycol.>® This group suggested the
name ‘carbon quantum dots’ because they expected that the
multiple excitation-dependent emission of the obtained CDs
was evidence of quantum confinement and size effects. Next,
the synthesis of CDs via electrochemical oxidation of graphite
or multi-walled carbon nanotubes attracted tremendous atten-
tion because it was identified as an easy and cheap method to
yield CDs in high quantity.'®'* However, these top-down
approaches demand several complex, time-consuming and
expensive post-synthetic treatments like surface functionalization.
To overcome the limitations of top-down methods, bottom-up
methods based on templates, the hydrothermal, microwave or
ultrasound assisted decomposition of small molecules like glu-
cose, citric acid, urea, or phenylenediamine® were widely adopted

absorbance / flu. intensity

|
f T
200 300 400 500 600
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Fig. 10 Scheme representing the structure of a carbon nanodot. The
inner carbon core of a carbon nanodot is composed of numerous
conjugated n-domains. The surface functional groups connected to this
inner core are termed the surface state. The fluorescent molecule (red
molecular entities) connected to the surface or interior of the carbon core
are known as the molecular state. A representation of a typical excitation
spectrum (red line) and absorption spectrum (black line) of carbon dots is
also given.
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to synthesise CDs.”>"*™'°” Some groups attempted machine learn-
ing (e.g.: artificial neural network) assisted CD synthesis.'*®

Kasprzyk and coworkers isolated fluorescent molecules
including several citrazinic acid derivatives from the reaction
product formed on the decomposition of organic mole-
cules.''% So substantial attention has been paid to a theory
based on the molecular fluorescence of CDs (Fig. 10).*7'""*?
Although, researchers were very curious as to why the excitation
spectrum of CDs does not coincide with the absorption spec-
trum. Further, single-particle spectroscopic studies reveal that
individual particles do not exhibit the same spectral or lifetime
heterogeneity as their ensemble. To answer these contradic-
tions, Demchenko et al. proposed an ‘H-like emissive aggregate
model’ for CDs by considering the presence of surface-exposed
fluorophores (Fig. 11).*>7%'*3115 The theory of ] and H molecular
aggregates’ was originally framed by Kasha and co-workers.>*''¢
The positive Coulomb coupling (parallel arrangement) between
component fluorophores produced weakly emissive H-aggregates
(abbreviated ‘H for hypsochromic’), which are distinguished by a
hypsochromic (blue) shift in the absorption/excitation spectrum, a
marked red shift in suppressed fluorescence, and an increase in
the rate of phosphorescence through intersystem crossing. Blue-
shifted fluorescence and bathochromic shift (red shift) in the
absorption/excitation spectrum are the hallmarks of superradiant
J-aggregates, also known as Sheibe aggregates (] for E. E. Jelly, who
discovered this form of aggregate in 1936). Yet, it is difficult to
draw far-reaching conclusions on this issue and this latest J- and
H-aggregate concept requires more cautious and careful investiga-
tion to achieve reliability of the emissive aggregate structure,
especially for CDs from other precursor molecules. Besides, there
are literature reports considering molecular fluorophores in CDs
as being the consequence of impurities due to the use of inade-
quate purification techniques.”"” Concurrently, multiple fluores-
cence emission bands from certain CDs are observed at a single
excitation wavelength."'® These multiple emission bands are inter-
preted as individual contributions from the quantum confinement
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Fig. 11 The proposed ‘H-like emissive aggregate model’ for carbon
dots. The H-like aggregates are formed by side-by-side arrangement of
component fluorophores (represented by oval-shaped structures), which
results in the splitting of excited-state energy levels into two. Among both
these excited-state energy levels, excitation to higher excited level is the
only allowed transition. However, there is excited electron non-radiative
relaxation (curved arrow) to the lower excited level, and emission occurs
from this lower excited level. This causes a large Stokes shift. The carbon
dots are carbonised nanoparticles with numerous surface-exposed fluor-
ophores assembled as H-aggregates.
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Fig. 12 The fluorescence emission mechanism in multiemission carbon
dots is described as individual contributions from the quantum size effect,
surface state and molecular state.

effect, surface defects and molecular fluorescence (Fig. 12).
In this context, the absence of a unified emission mechanism
for CDs has hindered their fluorescence tuning to the desired
wavelength region and complete fulfilment of their potential
applications like bio-sensing and bioimaging.®*”°

3. Fluorescence quenching

A wide variety of substances, including metal ions, molecules
and nanomaterials can cause fluorescence quenching (a
decrease in fluorescence intensity) of ultra-small nanoparticles.
The quenching process requires intimate contact between
fluorescent ultra-small nanoparticles and quenchers. Conse-
quently, quenching measurements can reveal the accessibility
of fluorescent centres to quenchers. Thus, the occurrence of
quenching depends on the quenching mechanism and the
structure of the ultra-small nanoparticles. So, a detailed inves-
tigation of the fluorescence quenching of ultra-small nano-
particles provides a hint about the structural aspects of these
materials. Four fundamental types of fluorescence quenching
have been identified and form the main topic of discussion in
this section (Fig. 13).
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Fig. 13 The four fundamental types of fluorescence quenching are:
dynamic quenching, static quenching, combined static and dynamic
quenching, and amplified quenching. The representative kinetic curves
are given to the side.
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3.1. Dynamic quenching

Dynamic quenching of fluorescence is described by the Stern-
Volmer equation:

1_10: 1+ ky10[Q] = 1 + Kp[Q]

In this equation, I, and I are the fluorescence intensities of a
fluorescent material in the absence and presence of a
quencher, respectively, k, is the bimolecular quenching con-
stant, 7, is the lifetime of a fluorescent material in the absence
of a quencher, and Ky, is the Stern-Vélmer quenching constant.
A linear plot of Iy/I versus concentration of a quencher give an
intercept of one in the y-axis and a slope equal to Kp. For

. . N (
dynamic quenching, R 70, where 7, and 7 are the fluores-
T

cence lifetime in the absence and presence of a quencher.
Dynamic quenching affects only the excited state of the fluor-
escent material and has no effect on the absorption spectrum
of the fluorescent material. The rate of dynamic quenching
increases with temperature and decreases with viscosity
because these parameters can influence the collision rate.

This type of quenching mechanism is observed for many ultra-
small nanoparticles. Notably, the fluorescence quenching of
homocysteine-capped CdTe quantum dots by Cu®* ions illustrates
this mechanism."* To prove its dynamic quenching mechanism,
quenching experiments at different temperatures (293 K, 298 K,
303 K) were conducted and a proportional rise in Stern-Volmer
quenching constant was observed. This is due to enhanced colli-
sions and dynamic quenching effect with a rise in temperature.
Similarly, Ungor and colleagues conducted temperature-
dependent fluorescence quenching experiments on A-globulin-
immunoprotein-stabilised red-emitting AuNCs by using t-
kynurenine (a tryptophan metabolite) as a quencher."® They also
observed evidence of dynamic quenching in this system. In
another case, Zhang et al. reported the dynamic quenching of
DNA-stabilised AuNCs with added glutathione.'*' They confirmed
the quenching mechanism using UV-visible absorption spectro-
scopy. These authors found a similar null effect in the absorbance
spectrum of AuNCs after the addition of glutathione and con-
cluded that it was an example of dynamic quenching. Further-
more, water molecules can cause the dynamic quenching of a CD
dispersion in an organic solvent and this work was reported by
Zheng and group members. They clarified the mechanism using
time-resolved fluorescence spectroscopy and UV-visible absorption
spectroscopy.’** They noticed that the UV-visible absorption spec-
tra of CDs and a CD-water system are superimposed on one
another. This indicates dynamic quenching. In addition, they
confirmed the dynamic quenching mechanism by observing the
variation in the fluorescence lifetime of the fluorophore in the
presence and absence of water molecules.

3.2. Static quenching
The kinetics of static quenching can be represented as:

1702 1 + Ks[Q]
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In this equation, Kg is the association constant. The
measurement of fluorescence lifetime is the most appropriate
method to distinguish static and dynamic quenching, because

T . . . . R
=% = 1 for static quenching. The static quenching mechanism is
T

the formation of a non-fluorescent ground-state complex
between the fluorescent material and a quencher and it shows
significant changes in the absorption spectrum of the fluores-
cent material.

The fluorescence quenching of a CdS quantum dot/N-
methylpolypyrrole hybrid by picric acid is one static quenching
experiment in the literature.'* In this case, the static quench-
ing mechanism is confirmed by observing the formation of a
new absorption peak upon the addition of picric acid to this
fluorescent material. Subsequently Ma et al. reported the static
quenching of orange fluorescence of CDs by Ag” ions."** This
group also found a notable difference between the absorption
spectrum of the CDs before and after the addition of Ag" ions.
However, the fluorescence lifetime of the CDs was 2.42 and 2.43
ns before and after the addition of Ag" ions. Then, Santhosh
et al. demonstrated the static quenching of human-serum-
albumin-stabilised AuNCs with bilirubin."*® This research
group also underlined that the fluorescence lifetime of a
fluorescence material remains unchanged on static quenching.

3.3. Combined static and dynamic quenching

An upward-curving Stern-Volmer plot is strong evidence for
combined static and dynamic quenching. The kinetics for this
quenching process can be described as:

L;: (1+ Kp[Q))(1 + Ks[Q])

This equation is second order in [Q], which accounts for the
upward-curving Stern-Volmer plot. More specifically, this type
of quenching is observed on the interaction of CdTe quantum
dots with protamine sulfate."®® These authors noted a drastic
increase in the slope of the Stern-Volmer plot with an increase
in the temperature of the quenching experiments. This obser-
vation indicates dynamic quenching, but they did not find a
corresponding decrease in the fluorescence lifetime propor-
tional to the changes in fluorescence intensity. Hence, they
monitored the zeta potential values of the quantum dots, which
indicated a significant increase from —19.3 mV to +19.8 mV
after the addition of protamine sulfate. The TEM image demon-
strates aggregation in the quenching process. As a result, the
authors proposed a combined static and dynamic quenching
mechanism. Similarly, Anand et al. reported that the Stern-
Volmer plot for the quenching of r-cysteine-functionalised CdS
quantum dots with tetracycline displays a positive deviation
and is concave to the y-axis.'?” Further, they observed a con-
siderable decrease in the fluorescence lifetime on quenching.

. T0 . .
Then a linear plot of — versus concentration of tetracycline
T

gives a slope equal to Kp. From their fluorescence quenching
data, they calculated the value of K5 using the standard method
and found that K, > Ks. Dynamic quenching predominates
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over static quenching in this case. Subsequently, Lin and co-
workers demonstrated the combined static and dynamic
quenching of PAMAM-dendrimer-entrapped AugNCs by a para-
magnetic nitroxide radical.'*® Similarly, this type of quenching
mechanism was used by Gagoi and Khan for designing a CD-
based fluorescence immunosensor for cardiac Troponin T."*°
This work illustrates FRET from CDs to a molybdenum dis-

. I .
ulfide nanosheet. However, plots of 70 versus concentration of

: . T
the molybdenum disulfide nanosheet and - versus the concen-
T

tration of molybdenum disulfide nanosheet do not coincide.
This suggests the minor involvement of a static quenching

. Iy
mechanism. Moreover, the plot of T versus quencher concen-

tration displays an upward curvature.

3.4. Amplified quenching (or quenching sphere of action)

Amplified quenching is identified as evidence of aggregation,
strong complex formation between the quencher and fluores-
cent material, as well as long-distance migration of a singlet
exciton to the quencher trap state. Amplified quenching is
achieved when the Stern-Voélmer equation follows an exponen-

tial function,
Iy [Q]V'Ny
=+ xolo (e (255" ) )

where V is the volume of the sphere and N, is Avogadro’s
number." Importantly, fluorescence quenching of certain oleic-
acid-capped CdSe quantum dots with nitroaromatic explosives
follows this mechanism."®° Interestingly, Giri and co-workers
found that the fluorescence quenching of graphene quantum
dots with single-walled carbon nanotubes followed an expo-
nential Stern-Volmer plot."*" Anjali Devi et al. demonstrated an
amplified fluorescence quenching effect on citric-acid—-urea-
derived CDs by transition metal ions (e.g.: Fe**, Ru*", Cr®") in
polar solvents (DMSO and water).'"®

4. Quantitative parameters of
luminescent sensors

The quality and performance of luminescence sensors are
validated using different detection parameters.

4.1. Stern-Volmer quenching constant

The Stern-Vélmer quenching constant (Ksy) is the product of kg
(the bimolecular quenching constant) and 7, (the lifetime of the
fluorescent material in the absence of a quencher). The Stern—
Volmer constant is widely adopted for describing the quench-
ing of many ultra-small nanoparticles.

4.2. Limit of detection and quantification

The limit of detection (LOD) is also called the lower limit of
detection."” It is the smallest amount of analyte that can be
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reliably measured with a given analytical method.”

LOD = 30
m
where ¢ is the standard deviation of a low-concentration
sample and m is the slope of the calibration curve.

The instrument detection limit is calculated by replicate
(n = 7) measurements of an aliquot from one sample. The
method detection limit will be greater than the instrument
detection limit. The method detection limit is calculated by
preparing different individual samples and analysing each at a
one time."*

Standard deviation is the degree of noise (random variation)
in the blank or a small signal. When the signal is three-fold
larger than noise, it is detectable. But it is not enough for
accurate measurements. A signal which is ten-fold larger than
noise is termed the limit of quantification (LOQ). LOQ is the
smallest amount of analyte that can be accurately measured

with a given analytical method:”"*>
10

LOQ = 2
m

5. Underlying principles of
luminescent ultra-small nanoparticle
Ssensors

A survey of the literature on ultra-small nanoparticle sensors
reveals that chemical interaction of the analyte with sensors
occurs and this event will be transmitted to the observer as
quantitative changes in the fluorescence signal. Several
chemical interactions and fluorescence quenching mechan-
isms were responsible for changes in fluorescence intensity
and the emission wavelength of ultra-small nanoparticles has
the potential to be used as an indicator for analytes.

5.1. Non-covalent interactions

The non-covalent interaction between ultra-small nanoparticles
and analyte molecules is very common. Here, we illustrate a
small collection of examples discussing various non-covalent
interactions in the literature (Fig. 14).

5.1.1. Hydrophobic association. Hydrophobic association
is the association of different non-polar molecules in aqueous
solution. This interaction is widely used for many cyclodextrin-
functionalised ultra-small nanoparticle sensors. The cyclo-
dextrin binds to hydrophobic guest molecules in its interior
cavity. This binding event can affect the fluorescence emission
signal of fluorescent nanoparticles attached nearby. The bind-
ing of the analyte can cause displacement of photophysically
active guests from the cavity, or the analyte itself can undergo
photophysical changes due to encapsulation in the cyclodextrin
cavity. A pioneering report on this type of ultra-small nano-
particle sensor came from the Willner group in 2009."** They
tried the competitive analysis of adamantane carboxylic acid
and p-hydroxytoluene with Rhodamine-B-dye-incorporated

1694 | Nanoscale Horiz., 2024, 9, 1683-1702

View Article Online

Nanoscale Horizons

Hydrogen
bonding /

_Non covalent interactiop

Fig. 14 Scheme representing various non-covalent interactions operat-
ing between ultra-small nanoparticles and analytes during the sensing
process.

B-cyclodextrin-modified CdSe-ZnS core-shell quantum dots.
Besides, they demonstrated the chiroselective response of this
sensor towards p,r-phenylalanine and p,L-tyrosine. Feng and
co-workers synthesised B-cyclodextrin-modified CDs for a
fluorometric assay of B-galactosidase activity with a detection
limit of 0.6 UL™"."** The fluorescence of the as-designed CDs
will be quenched on the formation of an inclusion complex
with glycosylated p-nitrophenol through a static quenching
mechanism. There were reports on a hydrophobic inclusion
complex of cyclodextrin-functionalised CDs with organic enti-
ties like Cg fullerene, "> methyl viologen,™*® or testosterone.™”

5.1.2. Electrostatic interactions. Electrostatic interaction is
the electric force of attraction/repulsion between different/
similarly charged molecules. Examples illustrating electrostatic
interaction in luminescent ultra-small nanoparticle sensors use
ionic polyelectrolytes or organic molecules as surface ligands to
bind oppositely charged analytes and transduce that binding
into noticeable fluorescence changes. More specifically, Saberi
et al. demonstrated the fluorescence quenching of cationic CDs
from cetrimonium bromide with a negatively charged acetami-
prid aptamer via electrostatic interaction.*® They used this
system for the fluorescence turn-on detection of acetamiprid
(a pesticide) with a detection limit as low as 0.3 nM. Similarly,
Vaishnavi and Renganathan demonstrated the cationic porphyrin-
induced quenching of anionic thioglycolic-acid-capped CdTe
quantum dots and used this system as a turn on-off-on mode
sensor for anionic calf thymus DNA."* Pyo et al. used the
fluorescence quenching of cationic azadioxatriangulenium dye
by electrostatic interaction with various anionic p-mercapto-
benzoic-acid-capped AuNCs. The fluorescence of the dye can be
restored by tuning the surface charge of AuNCs with pH,
thereby creating a pH sensor."*°

5.1.3. Hydrogen bonding. Hydrogen bonding is a special
type of dipole-dipole interaction. It is a non-covalent bonding
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interaction where a hydrogen atom is covalently bonded to two
or more electronegative atoms like O, N or halogen.

Chen and co-workers demonstrate hydrogen bonding and
electrostatic interaction between dopamine and (3-amino-
propyl)trimethoxysilane-capped silicon nanoparticles.**! Similarly,
Ma et al. reported on electrostatic and hydrogen bonding
interactions between heparin and silicon nanoparticles prepared
from 3-aminopropyltriethoxysilane and r-ascorbic acid.'*>

Sciortino et al. reported that citric-acid-urea-co-derived CDs
show a strong response towards the hydrogen bonding inter-
actions of the dispersing solvent.*® They proposed these CDs as
an example of a solvent polarity indicator. Subsequently, Anjali
Devi et al reported the hydrogen-bonding-directed J/H-
aggregate-like nature of citric-acid—urea-based CDs in polar
solvents.*’

Heintzelman and co-workers investigated the fluorescence
of particular phosphine-protected AuNCs {i.e., [Au,,(BI-
NAP),X,]" where X = Cl, Br} in different solvents like dichloro-
methane, methanol, or ethanol. They observed that hydrogen
bonding between halogen in the surface of the AuNCs and the
dispersing solvent is crucial in intense photoluminescence and
produced a 2-fold reduction in vibration-mediated non-
radiative pathways. They noted the quenching of these AuNCs
in a solvent which has no favourable hydrogen bonding.'**

5.2. Mechanism of luminescence sensing

This section is devoted to outlining various fluorescence
quenching mechanisms reported in the literature for designing
selective, sensitive and fast-response fluorescence detection
strategies using ultra-small nanoparticles (Fig. 15). These
mechanisms are not mutually exclusive, so that several reports
interrogate whether fluorescence quenching occurs via combi-
nations of these mechanisms.

5.2.1. FRET. FRET is the non-radiative energy transfer from
excited fluorophores to neighbouring acceptors via long-range
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Fig. 15 The fluorescence quenching mechanisms used for designing
fluorescence detection strategies with ultra-small nanoparticles.
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dipole-dipole interaction. It is widely used for bioanalytical
applications.

5.2.1.1. Quantum dots. In many FRET sensors, quantum
dots act as a donor fluorescent material. Importantly, Miao
et al. reported a FRET-based aptasensor for chloramphenicol,
which works on the energy transfer from CdSe quantum dots to
DNA-labelled iron-oxide-linked silica-coated gold nanoparticles
(AuNPs). This method has a linear range of 0.001-10 ng mL ™"
with a detection limit of 0.0002 ng mL~"."** Similarly, Chang
et al. used FRET between glucosamine-coated manganese-
doped ZnS quantum dots and mercaptophenyl-boronic-acid-
capped AuNPs for the detection of glycoproteins like immuno-
globulin G, transferrin, al-acid glycoprotein and horseradish
peroxidase.'*®> FRET-based sensors are efficient enough to
accomplish accurate bioanalysis. Subsequently, many authors
reported FRET sensors for gene detection. For instance, Sham-
sipur et al. designed a FRET nanosensor for a BCR/ABL fusion
gene in patients with chronic myelogenous leukemia.'*® They
used 18-mer-oligonucleotide-conjugated CdTe quantum dots as
a donor and methylene blue as an acceptor. The hybridisation
of DNA on the quantum dot surface to target the BCR/ABL
fusion gene ensures the proximity of methylene blue and
quantum dots and this proximity enables FRET. This FRET
nanosensor provides fluorescence enhancement of methylene
blue on photoexcitation of the quantum dots as the signal
for quantitative detection. In many other cases, quantum dots
act as an acceptor in a FRET sensor. For instance, Borghei et al.
used FRET from DNA-conjugated silver nanoclusters to thio-
glycolic-acid-capped CdTe quantum dots for detecting the
BRCA1 gene in human breast cancer cells (MCF-7).**’

5.2.1.2. CDs. There have been numerous efforts to design
FRET sensors working on the fluorescence of CDs. For instance,
Shu et al. tried the ratiometric fluorescence imaging of intra-
cellular zinc in MCF-7 cells using FRET between citric-acid-
polyethyleniimine-co-derived CDs and fluorescein.™*® Ge et al.
designed a FRET-based strategy for analysing the antibiotic
molecule, p-penicillamine.*® This strategy is based on energy
transfer from citric-acid-urea-derived CDs to pH-mediated
aggregates of AuNPs. Cheng et al reported a FRET-based
aptasensor for adenosine triphosphate (ATP) using CDs as
donor and graphene oxide as acceptor.”®® Similarly, a
graphene-oxide-CD FRET system was used for the detection of
Mucin-1 protein.”®" Subsequently, Qaddare et al. proposed a CD
and AuNP based FRET-aptasensor for homogeneous HIV-1 gene
detection.”” They used a nanocomposite consisting of AuNPs
and graphene oxide as acceptor in FRET to achieve amplifica-
tion of the signal. Chawre et al. constructed a FRET assembly
composed of CDs and gold nanorods for the detection of H,O,,
glucose, glutathione, and acetylcholinesterase.'*?

5.2.1.3. AuNCs. AuNPs are widely accepted as efficient
quenchers for FRET sensors. There have been several reports
regarding the tuning of the structure and shape of AuNPs to
achieve a desired absorption property in a suitable wavelength
region. For instance, Qin et al. designed a FRET system working
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in the near-infrared region for the turn-on fluorescence sensing
of Glutathione-S-transferase. In this case, AuNCs act as a donor
and gold nanorods act as an acceptor.™>*

5.2.2. PET. In the photoinduced electron transfer (PET)
mechanism, a complex is formed between an electron donor
and an electron acceptor. The excited ultra-small nanoparticles
can act either as an electron donor or an electron acceptor,
depending upon the oxidation and reduction potential of the
ground and excited states." Numerous PET-mediated quench-
ing cases on ultra-small nanoparticles can be traced in previous
literature. In the oxidative PET mechanism, a photo-excited
luminescent material transfers an excited electron from its
ground-state LUMO to the vacant LUMO of the quencher
(acceptor). In this case, the ground-state LUMO of the donor
luminescent material should be higher in energy than the
LUMO of the acceptor. On the other hand, reductive PET occurs
when the quencher donates an electron from its ground-state
HOMO to the singly occupied ground-state HOMO of a photo-
excited luminescent material (see Fig. 15).

5.2.2.1. Quantum dots. Specifically, Jose et al. employed
PET-mediated fluorescence quenching of mercaptosuccinic-
acid-capped CdTe/CdS quantum dots for the detection of
pralidoxime." In this case, the oxidation and reduction
potentials of the quantum dots were 1.22 V and —1.19 V,
respectively. Consequently, the HOMO and LUMO energy levels
of the quantum dots were at —5.83 eV and —3.69 eV. The LUMO
of pralidoxime is at —4.09 eV. From these values, it is very
evident that the LUMO of pralidoxime lies within the HOMO-
LUMO energy gap of the quantum dots and this facilitates
electron transfer from the LUMO of the quantum dots to the
LUMO of the quencher molecule. Huang et al. reported the
PET-based off-on mode detection of a ruthenium anticancer
drug and calf thymus DNA using CdTe quantum dots.'>®

5.2.2.2. CDs. The PET mechanism is also common in CDs.
The pioneering report on PET-mediated quenching on CDs
came from Wang et al. in 2009, who performed fluorescence
quenching experiments on CDs with nitroaromatics.>® Subse-
quently, Qu et al. demonstrated the PET-mediated fluorescence
quenching of dopamine-derived CDs with Fe*" ions.’® Then,
many authors assigned the fluorescence quenching of CDs with
Fe®" ions as an illustration of the PET mechanism."’

5.2.2.3. AuNCs. Interestingly, Huang et al reported the
oxidative PET-mediated fluorescence quenching of dithiothreitol-
carboxylated-chitosan-co-modified AuNCs with doxorubicin.*>®
Qu’s group and Yun’s group demonstrated the dopamine-
induced fluorescence quenching of BSA-stabilised AuNCs via
a PET mechanism.>>™° Yun’s group found that dopamine can
transfer a proton to BSA-stabilised AuNCs to form dopaquinone
and the florescence of AuNCs was quenched via reductive PET
in the presence of dopaquinone.

5.2.3. Inner filter effect. The inner filter effect (IFE) was
considered an inevitable error in fluorescence spectroscopy.
In recent years, it has found profound application in fluores-
cence sensors. IFE is a radiative energy transfer pathway due to
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the absorption of an excitation or emission beam for a fluores-
cence material by an absorber in the sensing system.'®°

5.2.3.1. Quantum dots. Khezri et al. designed an IFE-based
fluorescence sensor for arginine using r-cysteine-capped CdS
quantum dots and gold nanoparticle quenchers.'®! Arginine (pI
10.8) has a positive charge and citrate-capped gold nano-
particles have a negative charge at the working pH of the sensor
(pH 9.6). The introduction of arginine causes aggregation of the
gold nanoparticles to give corresponding colorimetric signals.
Meanwhile, IFE on the quantum dots by gold nanoparticles
gets broken, which in turn switches on quantitative off-on
mode fluorescence signals.

5.2.3.2. AuNCs. IFE-based AuNC sensors have also been
widely reported. For instance, Chang et al. used poly(vinyl-
pyrroidone)-protected gold nanoparticles as absorbers of
the excitation beam of BSA-capped AuNCs."®> These authors
employed in situ syntheses of poly(vinylpyrroidone)-protected
gold nanoparticles by the direct mixing of an HAuCl, solution
and poly(vinylpyrroidone) in the presence of hydrogen peroxide
(H,0,) as a catalyst. They employed this method for the detec-
tion of H,O, and cholesterol.

5.2.3.3. CDs. A remarkable report on IFE with CDs is the
fluorescence quenching of citrate-based CDs with Cr®* ions."*?
Similarly, Sun et al. showed IFE with CDs using vitamin B, as
an absorber.’® Xu and co-workers designed a machine-
learning-assisted florescence sensor array based on two differ-
ent CDs to recognize four variants of tetracycline via an IFE
sensing mechanism.'®

5.2.4. Chelation-induced fluorescence enhancement.
Fluorescence enhancement may happen on complex formation
between an analyte and the surface ligands of the nanoparticle.
More specifically, Liu et al. synthesised boronic-acid-amine-bi-
functionalised CDs by the hydrothermal decomposition of
aminophenylboronic acid so that these CDs can complex with
dopamine and this binding event is transmitted to the observer
as a quantitative enhancement in fluorescence signal.'®® Like-
wise, Chaiendoo et al. reported the fluorescence enhancement
of CDs synthesised from lactose in a heated alkaline medium
upon polydopamine coating over its surface.'®” In addition,
Ag*-induced enhancement of CDs was also reported.'®®

5.2.5. Chelation-induced fluorescence quenching. Fluores-
cence sensors can work on fluorescence quenching in associa-
tion with non-fluorescent complex formation between the
sensor entity and the analyte molecule. A detailed discussion
of this type of sensor is given in the section entitled “static
quenching”.

5.2.6. Aggregation-induced emission. AIE in fluorescent
materials was discovered by Tang’s group in 2001. The restricted
intramolecular motion (RIM) in association with aggregate for-
mation is the pivotal reason behind this phenomenon.*

5.2.6.1. AuNCs. Notably, Xie’s group investigated the fluores-
cence of glutathione-capped AuNCs and found evidence of AIE
in these materials.®® They detected the Au’@Au’-thiolate
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complex structure of glutathione-capped AuNCs. They stated
that these structures are formed by aggregation of an
Au-thiolate complex over an Au’ core. Chang et al. also found
a similar aggregated structure in r-cysteine-capped AuNCs.'®°
In another pioneering report, Huang et al showed AIE
enhancement of glutathione-capped AuNCs with human serum
albumin."”® Similarly, You et al. demonstrated the AIE enhance-
ment of glutathione-capped AuNCs by peptides like AG73
peptide and glycine-arginine repeat peptide.'”! Fu and
co-workers reported poly(allylamine hydrochloride)-mediated
AIE in (p-/1-)-penicillamine-stabilised AuNCs.'”

5.2.6.2. CDs. Interestingly, Gigoi et al. reported AIE enhance-
ment behaviour of CDs while diluting CD dispersions in tetra-
hydrofuran/water medium with water. Further, they witnessed
the fluorescence enhancement of CDs in the presence of
cholesterol.’”

5.2.6.3. Quantum dots. Similarly, Mou et al. demonstrated
the AIE property of Cu-In-S ternary quantum dots while chan-
ging the solvent from water to 90% (by volume) DMSO."”*
Parthan et al. tried to explore magnetic graphene quantum
dots and their AIE enhancement effect for designing a turn-on
sensor for As®** ions.'”>

6. Self-assembly nature in AuNCs and
CDs

6.1. AuNCs

The first report on AIE-type AuNCs came from the Xie group in
2012."*?%19% They synthesised a series of Au’@Au’-thiolate
core-shell nanoclusters with intense luminescence due to the
presence of oligomeric aggregates of Au'-SR motifs in the
surface shell.”®'7° Strategies to enhance the luminescence from
these AIE-type AuNCs are as follows: (1) creating elongated or
interlocked Au'-ligand oligomeric structures in the exterior
shell of the AuNCs; (2) increasing the amount of Au’ leads to
stronger aurophilic interactions;"”” (3) enhancing Au-ligand
bonding to facilitate LMCT or LMMCT; (4) enhancing the
stiffness of the protective shell by surface engineering,'”®
(5) achieving tight inter-cluster stacking by self-assembly or
crystallisation.”®'”®'%® This charge transfer mechanism is sub-
stantiated by its long average lifetime in microsecond units.
The luminescence decay spectra of thiol-capped AuNCs follows
a bi- or tri-exponential fit, which can be resolved into a long
microsecond component (phosphorescence) and short nanose-
cond components (delayed fluorescence’®"'®* and prompt
fluorescence).’®® The luminescence from this family of AuNCs
can be varied from the visible to the NIR regions simply by
increasing the self-assembly or length of the Au'-ligand motifs
on the surface shell.'®> On the other hand, reductions in the
self-assembly pattern or length of Au‘-ligand motifs can shift
the cluster luminescence from AIE-type phosphorescence to
Au® core-directed fluorescence (Fig. 9).'9>'8
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6.2. CDs

One of the main topics of contemporary debates is where the
CD fluorescence originates. The amount and arrangement of
atoms that make up the core and surface of the CD ensemble
must be heterogeneous even after extensive purification, and
this influences their features, including optical properties.
By the spectroscopic analysis of CDs at the single-particle level
and ensemble-averaged level, Demchenko et al. deduced the
‘H-aggregate model’ where CDs are visualised as particles that
hold surface-exposed fluorophores and can self-assemble to
excitonic H-type aggregates very similar to conventional mole-
cular fluorophore aggregates.'™ Further, Kumbhakar’s group
assigned the huge excitation-dependent/independent emission
spectra of citric-acid-derived CDs to multiple discrete electronic
states of different aggregates. In this regard, the surface func-
tional groups can determine the pattern and degree of
aggregation.””"'* Subsequently, Anjali Devi et al. validated this
H-aggregate theory for CD fluorescence by conducting spectro-
scopic analysis in solvents of different polarity or viscosity.*’
They observed evidence for J-type aggregates, H-type aggre-
gates, and higher-order assemblies controlled by dipole-dipole,
hydrogen bonding, and charge transfer interactions. Then, an
amplified fluorescence quenching experiment on citric-acid-
derived CDs with transition metal ions reveals that pyridinic
nitrogen bases play a pivotal role in the construction of J-like
emissive aggregates.''® Likewise, oxygen-rich surface func-
tional groups are involved in H-like aggregates. The most
intense emission, in this case, is provided by the J-like assembly
of H aggregates. The heterogeneous aggregate structure in
solution is substantiated by the fluorescence decay spectra of
citric-acid-derived CDs, following a multi-exponential fit that
can be resolved into nanosecond components. These results
demand further detailed and cautious investigation on the
aggregate chemistry of CDs originating from other precursors.

7. Conclusions and perspectives

Recent studies have highlighted the unique features, facile
synthesis, and surface modification of ultra-small nano-
particles, fuelling their popularity. These materials offer sig-
nificant technological benefits over traditional fluorophores,
leading to several potential applications, ranging from sensors
to catalysts and energy devices. Nevertheless, despite these
advantageous features, ultra-small nanomaterial sensors face
issues concerning their large-scale fabrication and commercia-
lisation. (See Table 1 for some patented ultra-small nanoparti-
cle sensors.) There is anxiety regarding the safety of ultra-small
nanoparticle constituents as well as their assay reproducibility.

It is necessary to implement proper standard synthetic
protocols for CDs and AuNCs, ensuring consistent size, shape,
composition, and surface modification to facilitate better
immobilisation, enhanced sensitivity, and specific interactions.
The relationship between structure and optical properties in
these new materials is unclear. The formation of excited states
that affect absorption and fluorescence emission spectra is not
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fully understood. There is a significant drive to identify a unified
emission mechanism hidden behind these nano-materials to
achieve reliable control over their material performance. Remark-
ably, the excitation-dependent emission of CDs remained an active
debate topic before the research community. In this aspect, an
emissive aggregate model for fluorescence is still a growing area of
research not only for CDs but also for AuNCs.

With the advancement in machine learning technology,
many ultra-small luminescent sensors are being applied in
portable, artificial-intelligence-based smart devices.'®* How-
ever, such on-site devices suffer from issues of biofouling
and limited recyclability, which restrict their usage in regular
real-time monitoring.'®® Existing research should be directed to
transfer overall analyte detection strategies from the benchtop
in the laboratory to simple smart on-site devices to develop
lab-independent, decentralized, personalised analytical techni-
ques that are economic, quick, high output, and mobile. Smart
and innovative devices can also be made available which can be
easily linked to smartphones and tablets. Future research will
shed more light on their limitations and shortcomings.
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