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In recent times, glutathione (GSH) has emerged as a crucial player in various cellular functions and is
implicated in human pathologies. The creation of simple and highly responsive sensors capable of
identifying GSH would be immensely valuable for gaining a deeper understanding of disease
mechanisms. Carbon dots (CDs) have attracted considerable interest owing to their remarkable
fluorescence capabilities, excellent compatibility with biological systems, and ease of production.
Consequently, numerous research endeavors have focused on developing highly efficient CD probes for
the rapid and precise detection of GSH. However, a comprehensive overview addressing the effective
synthesis of CDs and their practical utility in GSH detection is still needed to further enhance the
widespread application of CDs. In this context, we present, for the first time, a detailed introduction to

Received 23rd February 2024, GSH and CDs. Following this, we classify the synthetic methods of CDs. Additionally, considering various

Accepted 6th May 2024 sensing categories, we classify CD fluorescent probes into single emission probes of CDs, ratiometric
DOI: 10.1039/d4ma00185k sensing probes of CDs, and visual detection of CDs. Furthermore, we highlight existing shortcomings

and potential avenues for future research to offer valuable guidance in the preparation of commendable
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1. Introduction

GSH, the most abundant natural thiol and an essential anti-
oxidant in biological systems, plays a central role in safeguard-
ing against harmful free radicals and toxins."™ GSH is crucial
for maintaining redox homeostasis by balancing its disulfide
form." Typically, GSH is predominantly found in its reduced
form under normal conditions. However, situations leading to
oxidative stress in pathophysiology can elevate GSSG concen-
trations through the oxidation of reduced GSH to its oxidized
form, glutathione disulfide (GSSG).> Irregular GSH levels are
closely linked to various diseases, including Alzheimer’s disease,
cancer, liver damage, diabetes, and arthritis.® Furthermore, GSH,
a tripeptide composed of 7y-i-glutamyl--cysteinyl-glycine, is
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renowned for its essential biological roles. Fig. 1 illustrates several
critical cellular functions associated with it.”

Hence, it is essential to devise a straightforward, effective,
and sensitive method for detecting and monitoring the levels of
GSH in serum samples.® Several techniques have been devised
for GSH assays, including EC,>'°® HPLC,'"'* SERS,"® MRI,"*
ECL,"”” COL,'® and FL spectroscopy.'” ' Among these, FL
spectroscopy is distinguished by its notable benefits, including
heightened sensitivity, user-friendly operation, real-time assay
capability, and nondestructive detection of targets in various
systems.>”

However, various fluorescent materials have been employed
for the determination of GSH, including metal-organic frame-
works (MOFs), semiconductor quantum dots (QDs), nanoclus-
ters (NCs), and small molecule fluorescent sensors. These
materials, however, come with certain drawbacks. For instance,
MOFs face poor solubility issues, nanoclusters exhibit short-
term stability issues, QDs pose toxicity concerns related to their
metals, and sensors based on small molecules have poor
selectivity.>* >’ Carbon dots have garnered significant attention
in various fields over the last few years.>*™!

CDs represent a novel category of carbon nanomaterials
endowed with fascinating optical and photophysical
characteristics.>> The chemical characteristics of CDs, espe-
cially in the domains of analyte sensing.***® CDs stand out as
preferred sensing probes due to their distinctive features,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 An overview of GSH functions in the organism. Adapted from ref. 7.

including their small size, solubility, tunable photolumines-
cence, nonblinking fluorescence, and biocompatibility.>*~*
Among these features, the photoluminescence of CDs stands
out, demonstrating both excitation-dependent and indepen-
dent emission, multicolor emission, photostability, and both
up-conversion and down-conversion FL. These attributes can
be attributed to surface energy traps, quantum confinement,
and defects within the structure of CDs.*”*®

In 2004, CDs were fortuitously uncovered during the separa-
tion and purification of SWCNs.*® Since this discovery, the
straightforward synthesis and distinctive properties of CDs
have led to a significant increase in the number of publications
utilizing diverse precursors and synthesis methods. The meth-
ods are primarily categorized as either top-down or bottom-up
approaches.

Top-down techniques involve the breaking and separation of
carbon sources such as graphite, carbon fibers, and coal.
Various methods, including oxidative cleavage, hydrothermal,
microwave, electrochemical, and ultrasonic-assisted techni-
ques, are utilized in top-down approaches. Conversely,
bottom-up methods entail the pyrolysis of small organic mole-
cules like citric acid, glucose, fructose, and ascorbic acid. These
molecules can be combined with others to introduce heteroa-
tom doping atoms.’*">*

Due to its ability to interact with fluorescent species, com-
pounds, or nanomaterials, GSH can be quantitatively assessed
by monitoring changes in fluorescent signals. Recent advance-
ments in fluorescent GSH sensing can be categorized based on
the origin of the output signals into three types: (1) signals
emanating from fluorescent compounds, where GSH induces
alterations in fluorescence intensity or emission wavelength
through chemical reactions. (2) Signals originating from fluor-
escent indicators, where GSH triggers fluorescence activation
by interrupting FRET between indicators and certain sensing
nanoplatforms. (3) Signals arising from fluorescent nanomater-
ials, where GSH causes changes in fluorescence performance by
perturbing surface properties or nanostructures. Among var-
ious fluorescent sensors, carbon dots have garnered significant
attention as one of the most promising sensors for GSH due to
their well-known nanomaterial properties with tunable
fluorescence.”® The fluorescent behavior of carbon dots is

© 2024 The Author(s). Published by the Royal Society of Chemistry

= Cell proliferation and apoptosis

attributed to factors such as conjugated m-domains of the
carbon core, surface functional groups, incorporation of
organic fluorophores, doping elements, etc. By modulating
these factors, GSH can regulate the fluorescence of carbon
dots, thereby enabling their straightforward application as
fluorescent GSH sensors.

In this review, with a focus on providing a distinct perspec-
tive, we will emphasize recent advancements in the application
of CDs for detecting GSH in serum samples. This includes
discussions on the synthesis and sensing mechanisms of CDs.
Practical applications for GSH sensing encompass single
probes, ratiometric probes, and visual detection modes in real
serum samples. Finally, we will briefly discuss the obstacles
and potential advancements in the exploration and advance-
ment of applications involving carbon dots.

2. Synthesis method for carbon dots

Regarding carbon sources, the creation of carbon dots can be
broadly categorized into two methods: ‘top-down’ and ‘bottom-
up’.”® In the ‘top-down’ approach, larger structures are broken
down into smaller ones through various physical or chemical
processes. This method employs techniques such as laser
ablation, electrochemical processes, arc discharge, and plasma
treatment for synthesis. These methods encompass template
approaches, supported synthetic strategies, pyrolytic processes,
microwave-based techniques, chemical oxidation,
micelle processes, and various other approaches for bottom-
up synthesis. In the ’bottom-up’ approach, smaller building
blocks or molecules are assembled to create larger structures.
Biomass materials are gaining preference in CD synthesis due
to their renewable characteristics.>®™>®

CDs offer advantages over other nanoparticles due to the
availability of multiple synthesis methods, some of which are
environmentally friendly.>® The ‘bottom-up’ method is espe-
cially beneficial as it is more eco-friendly, less time-consuming,
and allows for easy surface modification and composition
adjustment of CDs. This stands in contrast to the 'top-down’
method, which typically necessitates lengthier processing
times, more severe reaction conditions, and the utilization of

reverse
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costly materials and equipment. Synthetic conditions such as
time, temperature, and voltage can be optimized for specific CD
preparation.®® Post-synthetic purification methods, ranging
from simple treatments like centrifugation, dialysis, and
filtration to more precise techniques like electrophoresis and
chromatography, are employed to obtain purified and mono-
disperse CDs with independent properties.®* Additionally, sur-
face functionalization during or after synthesis significantly
influences the properties and applications of CDs.®

2.1 Top-down approach

Top-down method involves the controlled fragmentation of
larger carbon-containing structures, such as CNT or graphene,
into smaller nanoparticles through physical or chemical pro-
cesses, such as laser ablation, arc discharge, or plasma
treatment.®® His approach allows for precise manipulation at
the nanoscale to create uniform carbon dots with tailored size,
morphology, and surface properties.** By selectively breaking
down larger carbon structures, the top-down method offers
versatility and control over the final characteristics of the
carbon dots, making it a valuable technique for nanomaterial
synthesis.®® To be specific, chemical oxidation emerges as a
straightforward and convenient method for mass-producing
high-quality CDs without the need for complex equipment.

This method includes breaking down precursor carbon
materials like carbon fibers, graphene oxide, or CNT by employ-
ing strong acids or oxidizing agents.®® During the chemical
oxidation process, potent oxidants are employed to disrupt the
covalent bonds within the carbon source, gradually converting
it into smaller molecules. The effectiveness of the reaction is
primarily influenced by the oxidizability of the oxidant
employed.

Additionally, the oxidative process introduces an abundance
of oxygen-containing functional groups, such as -OH and
—-COOH, which contribute to excellent hydrophilicity and cus-
tomizable emission properties in the CDs®” To create environ-
mentally friendly GCDs, H,SO, was chosen as an oxidant, and
green tea leaf residue served as the raw material. Initially, the
tea leaf residue underwent drying at 80 °C and grinding into
powder, followed by calcination at 350 °C for 2 hours. Subse-
quently, the resulting residue was dissolved in concentrated
H,SO, and carbonized for 20 hours. Ultimately, GCDs were
achieved.*® The ultrasonic synthesis method achieves reactions
through the thermal effect of cavitation and ultra-high-
frequency vibration, offering unparalleled advantages such as
eco-friendliness, cost-effectiveness, strong penetration, and
uniform effects.®®

This technique involves the generation of alternating high-
pressure waves and low-pressure waves during ultrasound
processing, resulting in the formation and collapse of small
bubbles within the liquid. Consequently, macroscopic carbon
materials are fragmented into nanoscale carbon dots due to the
intense hydrodynamic shear forces originating from the cavita-
tion of these small bubbles,’>”® The laser ablation technique
involves using a high-energy laser to irradiate the material,
causing rapid heating. Laser pulses generate small pits in the

4620 | Mater. Adv, 2024, 5, 4618-4633
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sample, consuming the material and producing plasma that
flows through the sample surface, ultimately ionizing it,”"”>
The arc discharge method is a specialized technique used to
fabricate carbon nanoparticles, specifically carbon dots. In this
method, two graphite electrodes are submerged in a liquid
medium, typically water or organic solvents, and subjected
to an electric discharge. This discharge generates intense
heat and pressure, causing the graphite electrodes to
undergo vaporization and fragmentation. Consequently, car-
bon nanoparticles, including carbon dots, are formed within
the solution,”*”*

2.2 Bottom-up approach

The bottom-up method involves the assembly of smaller
carbon-containing molecules or building blocks to form larger
nanoparticles through self-assembly or controlled growth
processes.”” This method enables the creation of carbon dots
with complex structures and functionalities by building from
molecular precursors.”® The CDs produced through this
method typically exhibit abundant functional groups, resulting
in a high fluorescence quantum yield. However, the particle
size distribution is uneven, necessitating additional steps for
separation and purification.”” Synthetic conditions such as
time, temperature, and voltage can be optimized for specific
CD preparation. The bottom-up method starts with molecular-
scale components and builds them up to create the desired
nanomaterial through various techniques such as pyrolysis.
The controlled assembly and growth of carbon dots from
organic precursors are facilitated through the wuse of
microwave-assisted synthesis and hydrothermal synthesis,”®”°

The hydrothermal/solvothermal method involves a synthesis
technique where the reaction mixture interacts with water or
organic substances and a non-aqueous solvent under defined
temperature and autogenous pressure conditions within a
sealed system, such as an autoclave.®® This approach is con-
sidered direct and efficient, facilitating polymerization and
carbonization reactions. It has found widespread application
in preparing various materials owing to factors such as the high
reactivity of the reactants, ease of solution control, minimal
environmental impact, and low energy consumption under
hydrothermal conditions.?' The diverse range of reaction sub-
strates, reaction temperatures, and reaction times significantly
alters the properties of the resulting products,®®® Pyrolysis, a
method employed in the synthesis of CDs, entails the con-
trolled thermal decomposition of carbon-rich precursors under
inert conditions.®* Initially, suitable carbonaceous materials,
such as organic compounds or biomass derivatives, are care-
fully selected.®® Subsequently, these materials undergo gradual
heating in an oxygen-free environment to avoid combustion.®®
As the temperature escalates, chemical bonds within the pre-
cursors disintegrate, liberating volatile organic compounds and
yielding carbon-rich intermediates. These intermediates then
undergo further molecular reorganization and condensation,
ultimately culminating in the formation of carbon dots with
precise structural attributes, including size, morphology, and
surface chemistry,®”*® The microwave method is widely utilized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram depicting the synthesis of CDs, incorporating
both top-down and bottom-up approaches.

Small Molecules

Bottom-up

for directly carbonizing organic materials into carbon dots under
microwave radiation, providing effectiveness and ease of opera-
tion, and minimal equipment requirements,**°° The microwave
method for synthesizing carbon dots involves using microwave
irradiation to facilitate the conversion of carbon-rich precursors
into carbon nanoparticles. Microwave treatment initiates the
dehydration and pyrolysis of precursor substances, leading to
their carbonization into small-sized CDs. As mentioned before,
various methods have been devised for generating CDs for various
applications, as illustrated in Fig. 2.

3. Sensing mechanisms

In theory, any alteration in fluorescence, be it in intensity,
wavelength, anisotropy, or lifetime, linked to varying analyte

View Article Online
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concentrations, holds the promise of being employed as a
sensor.”!

3.1 Static quenching

Fluorescence quenching describes a phenomenon that
diminishes the overall intensity of fluorescent light. It is
categorized into static quenching and dynamic quenching. In
static quenching, a non-fluorescent complex is created between
the fluorescent molecule and the quencher, leading to a
reduction in the number of fluorescent molecules and a con-
sequent decrease in fluorescence intensity. Notably, there is no
observed change in fluorescence lifetime during the static
quenching process,®*°"°> As shown in Fig. 3A.

3.2 Dynamic quenching

Dynamic quenching can be elucidated through energy transfer
or charge transfer mechanisms. In the case of CDs, the excited
state reverts to the ground state due to collisions with the
quencher. For dynamic quenching to occur, the quencher must
be in close proximity to the fluorescent molecule when it is in
its excited state, initiating a reaction that accelerates the decay
of the excited state. This leads to a shorter fluorescent lifetime
while leaving the absorption spectrum unchanged.**** As
shown in Fig. 3B.

3.3 Photoinduced electron transfer (PET)

PET is a deactivation mechanism characterized by an internal
redox reaction occurring between the excited state of the
fluorophore and another species capable of either donating
or accepting an electron. In PET, an intricate complex is
established between the electron donor and the electron
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Fig. 3 Various FL sensing mechanisms include (A) static quenching, (B) dynamic quenching, (C) PET, and (D) FRET.
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acceptor. This complex has the ability to revert to the ground
state without emitting a photon, although in certain instances,
exciplex emission may be detected. Ultimately, the additional
electron present on the acceptor is restored to the electron
donor to complete the process.>'**?> As shown in Fig. 3C.

3.4 Photo-induced charge transfer (PCT)

This process entails the exchange of an electron between
electron donor and acceptor functionalities to trigger FL.
Partial charge transfer sensors involve the partial transfer of
charges within a fully conjugated n system. The interaction
between the donor and acceptor results in a modification of
electron energy levels, leading to alterations in FL signals. PCT
sensors are characterized by an integrated receptor and fluor-
ophore, whereas PET sensors feature the separation of the
electron donor moiety from the fluorophore by a spacer.”*

3.5 Internal filter effect (IFE)

IFE is influenced by the spectral overlap between the fluoro-
phore and absorber. Unlike FRET, IFE relies on radiative energy
transfer, primarily affecting the donor’s ground state through
energy perturbation. Consequently, IFE results in only fluores-
cence quenching without any noticeable alteration in the
fluorescence lifetime. Another notable difference from FRET
is the absence of a distance requirement between the energy
donor and absorber in IFE.**¢37

3.6 Aggregation induced emission (AIE)

AIE represents a luminescent phenomenon that stands in
direct contrast to the Aggregation-Caused Quenching (ACQ)
effect. In AIE materials, light emission does not occur in a
sparse solution, yet strong fluorescence is evident at elevated
concentrations or in a solid state. This behavior arises due
to the dynamic intramolecular rotation of molecules in a
diluted solution, which disperses their excited state energy
(Table 1). However, in the aggregated state, intramolecular
rotation becomes significantly constrained, resulting in the
inhibition of nonradiative energy dissipation and the augmen-
tation of FL.%?
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3.7 Forster resonance energy transfer (FRET)

Resonance energy transfer is another valuable phenomenon for
fluorescence sensors. In FRET, an initially excited molecule
(donor) reverts to its ground state orbital, concurrently trans-
ferring energy to excite an electron on the acceptor.”® This
process involves the non-radiative energy transfer between
donor and acceptor fluorophores, termed FRET pairs, occurring
when the emission spectrum of CDs overlaps with the absorp-
tion spectrum of the quencher,’®°> FRET proceeds sans photon
emission, owing to long-range dipole-dipole interactions
between CDs and the quencher.’® The efficiency of energy
transfer hinges on factors such as the relative orientation of
donor and acceptor dipoles, the degree of overlap between the
fluorescence emission spectrum of the donor and the absorp-
tion spectrum of the acceptor, and the spatial separation
between them. FRET manifests when the overlap between the
emission spectrum of the donor and the absorption spectrum
of the acceptor exceeds 30% and the distance is under 10 nm.%”
Through monitoring alterations in the fluorescence intensity or
lifetime of the donor carbon dot, one can discern the presence
or concentration of the acceptor molecule, thus enabling
sensitive sensing applications. FRET with carbon dots garners
preference due to their adaptable fluorescence properties,
robust photostability, and biocompatibility, rendering them
versatile tools across diverse sensing platforms.’® As shown in
Fig. 3D.

4. Application

Until this point, significant endeavors have been invested in
creating diverse CDs to function as efficient fluorescence
probes for detecting GSH. Due to their widespread sources,
minimal  toxicity, excellent photoluminescence, and
biocompatibility,’® CDs have garnered significant attention
and found widespread use in chemical sensing applications.
In this context, fluorescent CDs sensors are categorized into
three types based on different sensing approaches: single probe
of CDs, ratiometric probe of CDs, and visual detection of CDs.

Table 1 This table provides a comprehensive comparison of static quenching, dynamic quenching, PET, PCT, IEF, AIE, FRET in terms of their full forms,

mechanisms, dependencies

Mechanisms Full form Mechanism

Dependency

Static Static quenching Quencher forms a nonfluorescent complex with fluor- Concentration of quencher, no dependence on

quenching ophore, inhibiting fluorescence time

Dynamic Dynamic quenching Quencher transiently interacts with fluorophore, causing  Concentration of quencher, dynamic nature of

quenching temporary decrease in fluorescence interaction

PET Photoinduced elec-  Electron transfer from excited state of donor to acceptor  Extent of overlap between donor emission and
tron Transfer acceptor absorption spectra

PCT Photo-induced charge Charge transfer from donor to acceptor upon Extent of overlap between donor emission and
transfer photoexcitation acceptor absorption spectra

IEF Inner filter effect Attenuation of fluorescence due to absorption by Concentration and absorbance characteristics

chromophores of chromophores

AIE Aggregation induced Emission enhancement upon aggregation of fluorophores Aggregation state of fluorophores
emission

FRET Forster resonance Energy transfer between donor and acceptor fluorophores Distance between donor and acceptor, spectral
energy transfer based on dipole-dipole interactions overlap, orientation

4622 | Mater. Adv., 2024, 5, 4618-4633 © 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1 Single probe sensing

The fluorescence detection of CDs relies primarily on monitor-
ing the variation in fluorescence intensity from a specific
emission peak of an individual CD. This change occurs when
exposed to a sole excitation wavelength, providing the outcome
for target detection.

As an example, Zhang’s team successfully developed a novel
fluorescence strategy for detecting GSH. The designed probe
consists of boron and nitrogen doped carbon dots (B,N-CDs)
and MnO, nanosheets. In Fig. 4, it is evident that, with an
increase in GSH concentration, the fluorescence of the CDs
gradually intensifies. Furthermore, the determined LOD for
GSH was 0.32 uM.”°

Khan’s team'®’ achieved the successful development of a
novel carbon dots through hydrothermal synthesis, specifically
creating a fluorescent CDs based sensor named GP-PEI-CDs.
This sensor operates on an “on-off”’ FL strategy designed for
detecting GSH. In Fig. 5, it is observed that the LOD for GSH
was determined to be 38 nM, with a linear range spanning from
0 to 25 M.

In this study, a novel NS-CQDs were successfully prepared.
The fluorescence sensor exhibited quenching in the presence of
Cu”*, and upon the introduction of GSH, the fluorescence
sensor was restored. Moreover, this research effectively demon-
strated the sensor’s capability to selectively detect GSH. Speci-
fically, the dynamic range for GSH spanned from 0.6-180.0 uM,
with a noteworthy LOD of 100 nM, of significant importance,
the NS-CQDs nanosensor exhibited reliable performance in
monitoring GSH levels in serum.'®’

Furthermore, Dong and colleagues utilized a hydrothermal
method to prepare N,S-CDs and gold nanoparticles. Through
FRET, the resulting probe demonstrated high selectivity and a
fast-responsive signal in GSH detection. The fluorescence probe
for “turn-on” sensing of GSH, with a dynamic range spanning
from 3.8-415.1 uM and a LOD of 210 nM. This sensor platform

~ & B,N-CDs

MnO, nanosheets
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was effectively employed for monitoring GSH in real samples,
as illustrated in Fig. 6, yielding satisfactory results.**

Bano and colleagues effectively synthesized the N,S-CQD-
MnO, nano-composite through a straightforward hydrothermal
method. The detection capability of GSH in this system is
noteworthy, as the MnO, nanosheet induces a significant
reduction in the blue FL emission of N,S-CQDs. The reaction
system also serves as an off-on nanoprobe for GSH detection.
The presence of GSH in the system restores the fluorescence
emission of N,S-CQDs by eliminating the FL resonance energy
transfer. Additionally, the N,S-CQD-MnO, probe exhibits mini-
mal cytotoxicity and excellent biocompatibility. The calculated
LOD is determined to be 12 nM in a GSH dynamic range of 0.1-
0.7 uM."** As shown in Fig. 7.

In this section, we delve into more details about the most
commonly utilized single sensing platforms based on CDs, as
outlined in Table 2.

4.2 Ratiometric sensing

In 1993, Akkaya and colleagues introduced the concept of
ratiometric sensors for detecting calcium in aqueous
solutions.’®® Since then, there has been a growing trend in
developing ratiometric sensors across various fields such as
chemistry, biology, environmental studies, and food analysis.
Typically, a ratiometric fluorescent sensor consists of both a
response/indicator signal and a reference signal, creating a
stable measurement system through self-calibration. The incor-
poration of an insensitive reference signal in ratiometric fluor-
escent measurements helps alleviate errors caused by
interferences, while still capitalizing on the high selectivity
and sensitivity of luminescence techniques for analyte
detection,""*> The fluorescence intensity of the indicator
signal is divided by the intensity of a spectrally distinct refer-
ence signal, with the reference signal serving as a correction
factor to enhance the reliability of the detection system. This

Mn?2+

Fig. 4 Schematic illustration of the fluorometric sensing for GSH with permission. Copyright 2021, Elsevier.”®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A schematic illustration for GSH with permission. Copyright 2021, Springer Nature.**°
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Fig. 6 Schematic principle for the determination of GSH based on FRET of N,5-CDs and Au NPs with permission. Copyright 2019, Springer Nature.X°*

approach facilitates accurate measurements that are less sus-
ceptible to variations in uncontrolled variables."”® The con-
struction of a novel ratiometric sensing method is promising
and greatly significant for convenient detection of GSH
in serum.

Han et al. reported ratiometric GSH probes based on FRET,
as shown in Fig. 8.">” The mechanism involved FRET between
CQDs and 2,3-diaminophenazine (0xOPD). Moreover, the reac-
tion involving the oxidation of Cu** and OPD could be hindered
with the addition of GSH to the solution, thereby preventing the
quenching of CQDs’ fluorescence. The sensing system exhib-
ited high sensitivity towards GSH within a range of 1.0-
80.0 uM, with a corresponding LOD of 0.30 uM, respectively.
Additionally, the proposed method could be applied to effi-
ciently quantify GSH in samples.

In the conventional assay, CDs synthesized in a one-step
process were employed as a ratiometric FL method for GSH
detection. Varied concentrations of GSH (0-50 uM) were intro-
duced into the CDs-RhB nanohybrid solution in the presence of
10 uM Hg**. Subsequently, Hg** was eliminated from the

4624 | Mater. Adv,, 2024, 5, 4618-4633

surface of CDs, leading to a significant restoration of FL at
440 nm due to a competition mechanism as previously
described. The FL intensity at 440 nm gradually recovered with
increasing GSH concentrations, while the FL of RhB remained
nearly constant. Consequently, a robust linear correlation
between the I,40/I5;, ratios and the GSH concentration in
the range of 0-10 uM was evident. The estimated LOD was
20 nM."?®

Wang et al. also reported dual-emission carbon dots synthe-
sized by one-pot hydrothermal method. Glutathione (GSH) can
recover the fluorescence quenched by Hg>*. Therefore, the
sensing system showed high sensitivity toward GSH in a
range of 1.0 to 10.0 uM, with a detection limit of 270 nM,
respectively.'’

Alhazzani and colleagues also presented an innovative dual-
emission ratiometric FL probe designed for detection of GSH.
This was achieved by leveraging competitive interactions with a
Ag-RF complex. The quantification of GSH levels without inter-
ference was enabled through the ratiometric measurement of
FL intensities at 525 and 440 nm. This sensor exhibited

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of selected CDs, precursors of preparation, emissive color, dynamic range, and LOD values

No. Precursors of preparation Color Dynamic range (uM) LOD (nM) Ref.
1  Citric acid monohydrate, L-cysteine, and r-serine Blue 0.01-5.0 3.6 103
3 Citric acid and ethanediamine Blue 1-10 300 104
4 Tris(hydroxymethyl)-aminomethane and dimethylformamide  Blue, green, 0.7-1.4, 0.4-1.1, 73 (b-CQDs), 88 (g-CQDs), 105
orange, and red 0.5-1.2, and 0.55-1.15 194 (0-CQDs), and 244 (r-CQDs)
5 Eggshell membrane Blue 50-10 9.8 106
6  Citric acid and taurine Blue 0-85 67 107
7  Grass carp Blue 5206.3-117100 2505.53 108
8  Citric acid and triethylamine Blue 0.02-0.3 7.52 109
9 Thylenediamine, polyethyleneimine or ethanolamine and DMF Yellow 1-70 70 110
10 Starch soluble and citric acid Green 0.5-100 350 111
11 (NH,4),HPO, and citric acid monohydrate Blue 10-20 100 112
12 Citric acid anhydrous and 4,7,10-trioxa-1,13-tridecanediamine  Blue 30-400 460 113
13 Thiomalic acid and urea Blue 0.1-4.0 59 114
14 Borax and boric acid Blue 0.002-0.10 0.5 115
15 Citric acid Blue 1.0-50 943 116
16 Uric acid Blue 4-9 66 117
17 p-Hydroxybenzoic acid Green 0.2-1000.0 30 118
18 Citric acid monohydrate and diammonium hydrogen phosphate Blue 0.50-32 11.2 119
19 Citric acid and ethylenediamine Blue 1000-100 x 10° 500 x 10° 120
20 para-Phenylenediamine Red 12.5-800 700 121
21 Waste corncobs Blue 50-150 x 10° 8.0133 122

excellent linearity over the range of 0.05-70 pM GSH with LOD of
15 nM. The sensor demonstrated precise analysis of GSH in
serum samples with spiked concentrations (recoveries ranging
from 96% to 98.5%), affirming its practical utility. Endowed with
the benefits of simplicity, selectivity, and minimal sample volume
needs, this fluorescent probe shows considerable potential as a
tool for real-time, in-field monitoring of GSH, catering to both
fundamental research and clinical investigations."*°

4.3 Visual detection and portable application

Visual detection is a simple method with observable results
that can be easily distinguished by the naked eye. It offers
several advantages, including the use of low-cost instruments,

© 2024 The Author(s). Published by the Royal Society of Chemistry

rapid detection, user-friendly operation, minimal sample and
reagent consumption, and suitability for on-site analysis,>>***
Scholars have been intrigued by visual detection for an
extended period. The emergence of portable optical detection
techniques for the qualitative and semi-quantitative analysis of
various substances has piqued the interest of researchers
across diverse fields. Visual detection enables the identification
of analytes without the need for intricate external
instrumentation.’®* This is achieved by observing color
changes during interactions with photoluminescence probes or
sensors.”** Consequently, the development of sensitive and
selective techniques for visually detecting GSH in serum sam-
ples is of utmost importance.
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A novel NCDs was synthesized using a solid-state method.
The resulting NCDs in a water solution exhibit a highly selective
“turn-off” FL response to Hg>* compared to other interfer-
ences. Additionally, NCDs@Hg>" demonstrates a remarkably
selective “‘turn-on” FL response to the GSH as opposed to other
amino acids, achieving a low LOD of 3.43 x 10° nM. Hydrogel
films incorporating NCDs and NCDs@Hg>" enable semi-
quantitative detection of Hg** and GSH, respectively, observa-
ble to the naked eye under UV lamp illumination. This study
validates the efficacy of NCDs as a practical material for the
naked-eye detection of GSH in real-world samples.™*

Chu et al. introduced a portable sensing platform, compris-
ing a ratiometric FL sensor integrated with a smartphone
device, enabling sensitive, quantitative, and immediate deter-
mination of GSH levels in serum. The suppressed FL can
rapidly recover upon interaction with GSH. Additionally, the
red/blue values exhibited a close correlation with the GSH
concentration. A strong linear relationship between the red/
blue values and GSH concentration within the dynamic range

3D-printer

Mold output
-

Smartphone ¢

Paper strips

Visual sensing

Fig. 9 Schematic diagram of visual assay for GSH with permission. Copyright 2020, American Chemical Society.
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Quantification

of 0-50 pM was evident, as illustrated in Fig. 9. The estimated
LOD was 1.84 x 10° nM."*®

He and his colleagues devised a system using developed CDs
as a fluorophore and MnO, nanosheets as an absorber. The FL
of CDs was effectively quenched by MnO, sheets through the
IFE. Serving as the analyte, GSH could reduce MnO, sheets to
Mn”" ions, inhibiting the IFE and resulting in a fading of the
solution color and the recovery of the FL signal. The results
demonstrated that the proposed assay could visually distin-
guish 10 pM GSH and quantitatively detect GSH within the
dynamic range of 0.1-400 pM. The LOD was 6.6 nM, evidenced
by a color change from brown to colorless, facilitating the
qualitative detection of GSH with the naked eye,''” as depicted
in Fig. 10.

However, in 2021, achieving exceptional selectivity and
sensitivity became possible exclusively for GSH through a
sensing platform based on PDA nanoparticles and r-CPDs using
a ratiometric FL approach. In this sensing system, green-
emitting PDA nanoparticles served as the response signal, while
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r-CPDs functioned as the internal reference signal. Upon the
addition of GSH, the green fluorescence of PDA nanoparticles
decreased, while the red FL of the system remained relatively
stable. This innovation established a detection threshold of
470 nM with a dynamic range of 1-100 pM."*® These findings
are visually depicted in Fig. 11.

5. Conclusions and prospects

Carbon dots, renowned for their outstanding PL and biocom-
patibility, have undergone extensive exploration as potential
fluorescent probes for the swift and accurate detection of GSH.
Consequently, As a result, we have gathered and emphasized
reliable approaches for the effective synthesis of CDs and
highlighted significant achievements in various sensing meth-
ods utilizing CDs for GSH detection. Despite notable progress,
there are still several deficiencies and challenges that must be
addressed.

The integration of diverse techniques renders CDs more
adaptable in detection research. A significant step forward
would involve combining CDs with FL immunoassay techni-
ques, and molecular imprinting techniques to formulate effi-
cient CDs with enhanced selectivity and sensitivity. Moreover,
the practical utility of CDs should not be overlooked. Presently,
the GSH detection using most CD probes remains confined to
the laboratory settings. There is an urgent need to transition
this technology for real-time detection and to devise simpler
and faster detection reagents.

In summary, CD fluorescent probes have demonstrated
promise in GSH detection; however, there is a need for con-
tinued efforts to explore innovative and dependable CDs to
further improve detection efficiency. We expect that this review
will stimulate increased interest to the preparation and opti-
mization of CDs, with their widespread application in GSH
detection flourishing in the near future.
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EC Electrochemistry
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r-CPDs Red-carbonized polymer dots
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