.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

REVIEW

View Journal | View Issue

Fluorescent carbon dots: rational synthesis, tunable

i") Check for updates‘
optical properties and analytical applications

Cite this: RSC Adv., 2017, 7, 40973

Yifan Wang,? Yanwu Zhu,? Shaoming Yu*? and Changlong Jiang & *°

Carbon dots (CDs) are a new type of fluorescent carbon nanoparticles (CNPs). In comparison with
conventional semiconductor quantum dots and organic dyes, CDs not only have the advantages of non-
toxicity and high biocompatibility, but also have excellent water solubility, an adjustable luminous range,
high photostability, an absence of light flicker, easy functionality, rich sources of cheap raw materials,
easy large-scale syntheses and other excellent characteristics. These excellent properties endow CDs

with great potential in many fields, such as environmental monitoring, sensors, catalysis, energy, light-
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Accepted 9th August 2017 emitting devices, cell markers and biological imaging. With these excellent properties, as well as
important applications, CDs have attracted widespread attention in recent years. This article reviews

DOI: 10.1038/¢7ra07573a recent progress in CDs in terms of their rational synthesis, tunable optical properties, and analytical
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1. Introduction

Fluorescent nanomaterials have attracted much attention
owing to their wide range of applications as fluorescent probes
in chemical and biological sensors, as well as optical elements
for sensor designs, in recent years. With the help of rapid
advances in nanoscience and nanotechnology, quantum dots
(QDs), which are one type of fluorescent nanomaterials, have
inspired much research interest in recent decades owing to
their unique properties, in particular their optical and photo-
degradation properties in comparison with organic dyes.!

“Anhui Province Key Laboratory of Advanced Catalytic Materials and Reaction
Engineering, School of Chemistry and Chemical Engineering, Hefei University of
Technology, Hefei, Anhui, 230009, China. E-mail: shmyu@hfut.edu.cn

*Institute of Intelligent Machines, Chinese Academy of Sciences, Hefei, Anhui, 230031,
China. E-mail: cljiang@iim.ac.cn

Yifan Wang received his BS
degree from Anhui University of
Science & Technology in China
in 2015. He is currently
a master's student with
Professor Shaoming Yu at Hefei
University of Technology. His
research interests focus on the
preparation of functional nano-
materials and their application
in environmental analysis.

1

h

This journal is © The Royal Society of Chemistry 2017

applications and put forward the developmental trend of CDs.

However, QDs are expensive, difficult to synthesise, and highly
toxic, which limits their applications in environmental moni-
toring, biosensors and biological imaging.> Therefore, many
efforts have focused on the facile synthesis and rational design
of other fluorescent nanomaterials with lower toxicity for
a wider range of applications.

Fluorescent CDs, which are a new class of carbon nano-
materials with sizes of less than 10 nm, have attracted many
researchers because of their superior resistance to photo-
bleaching, low toxicity, high chemical stability and photo-
stability, excellent biocompatibility, low cost, and abundant raw
materials in nature.*® Carbon is commonly a black material
and was generally considered to have low solubility in water and
weak fluorescence. On the other hand, CDs can be surface-
passivated by organic compounds or biomolecules to become
strongly fluorescent in the visible and near infrared spectral
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regions. CDs also exhibit very high two-photon absorption
cross-sections, which enables fluorescence imaging via both
one- and two-photon excitations on the same platform.®” Thus,
CDs have been employed in many fields, such as environmental
monitoring, sensors, catalysis, bioimaging, etc., owing to their
tunability and good optical properties. Xu et al.® discovered the
first example of fluorescent CDs when they were purifying
SWCNTs from arc-discharged soot. Subsequently, Sun et al.’®
pioneered the synthesis of CDs by laser ablation of graphite
powder using argon as a carrier gas in the presence of water
vapor, successfully employed them in multi-photon imaging,
and first named them CDs.

The rational design of fluorescent CDs with tunable optical
properties is vital for a wide range of applications in many
analytical fields. This review will summarize current advances in
the rational design of fluorescent CDs, their employment in
optical sensors and their potential applications in a wider range
of fields. Rational synthetic strategies for the controllable prep-
aration of fluorescent CDs with tunable optical properties will be
first introduced. Next, recent progress in the tunable optical
properties of fluorescent CDs will be discussed. Then, potential
applications of fluorescent CDs in various fields, including bio-
logical sensing and imaging, environmental monitoring, explo-
sives screening and food safety control will be reviewed. Finally,
an outlook and conclusion will also be presented.

2. Rational synthesis of fluorescent
CDs

As a new member of the family of carbon nanomaterials, CDs
have attracted much attention and aroused great interest. In
order to obtain CDs with more stable structures, enhanced
properties, more versatile functions and a wider range of poten-
tial applications, several synthetic strategies have been reported,
including laser ablation of graphite, electrochemical oxidation of
graphite or multi-walled carbon nanotubes, microwave pyrolysis
of solutions of saccharides (e.g;, glucose) in the presence of
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poly(ethylene glycol), and hydrothermal treatment of glucose or
orange juice.”*®" In general, methods for the synthesis of fluo-
rescent CDs can be divided into two categories, namely, top-down
and bottom-up routes.” Some typical strategies, synthetic
methods, precursors, etc., are listed in Table 1. Fluorescent CDs
have been extensively studied for their interesting and unique
properties and potential applications, which can enable new
approaches and critical improvements in the field of sensors."**¢

2.1 Top-down approaches

Top-down approaches mainly break down large-sized carbon
precursors (e.g., graphite, carbon nanotubes, carbon black,
activated carbon and graphene oxide, etc.) into small-sized CDs
by physical or chemical methods, including arc discharge,® laser
ablation,®**”*8 electrochemical oxidation,*** and so on.

2.1.1 Arc discharge. Xu et al.® obtained a new type of fluo-
rescent carbon nanomaterial by the purification of single-walled
carbon nanotubes synthesized by arc discharge, which was the
first report of the discovery of fluorescent CDs. As was reported,
arc ash was oxidized with nitric acid, and then a large quantity
of carboxyl groups was generated on the surface, which resulted
in an increase in the aqueous solubility of the material. The
precipitate was further extracted with sodium hydroxide to form
a stable black suspension after separation of the suspensions by
gel electrophoresis.

Moreover, from single-walled carbon nanotubes and short
carbon nanotubes, a mixture that emitted fluorescence was
unexpectedly obtained in the product. The mixture was further
separated to produce three kinds of fluorescent nanoparticles,
which emitted blue, green, and yellow and orange fluorescence,
respectively, under excitation at 366 nm. Fourier transform
infrared spectroscopy indicated that a large number of carboxyl
groups were present on the surface of the CDs, but there was no
characteristic peak of aromatic C-H in-plane bending vibra-
tions, which suggested that the fluorescence did not arise from
aromatic compounds. Elemental analysis showed that the CDs
mainly contained carbon and oxygen. The mass fraction of each
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element was C 53.93%, H 2.56%, N 1.20% and O 40.33%,
respectively, which indicated that the main components of the
CDs were C, O, and a small amount of doped N. Subsequently,
Bottini et al.** found that carbon nanotubes that emitted blue to
yellow-green fluorescence could be obtained when single-walled
carbon nanotubes prepared by arc oxidation were oxidized by
nitric acid. The fluorescence peaks of the CNPs underwent
a gradual red shift with an increase in molecular weight. CDs
prepared by arc discharge have small particle sizes and large
oxygen contents and can emit fluorescence without surface
modification. However, CDs generated by arc discharge often
have complex compositions and contain impurities, which are
difficult to remove and extract.

2.1.2 Laser ablation. Laser ablation comprises the irradia-
tion of a carbon target with a laser beam, which thereby
detaches carbon nanoparticles from the carbon target to
synthesize fluorescent CDs. Sun et al.® pioneered the synthesis
of CDs by laser ablation of graphite powder using argon as
a carrier gas in the presence of water vapor and obtained non-
fluorescent CNPs. However, upon passivation of the surface of
acid-treated carbon particles by attaching simple organic
species, bright luminescence emissions were observed (Fig. 1).
By passivating the surface of the particles with aminopoly-
ethylene (poly(ethylene glycol), PEG;500n), the obtained CNPs
had a diameter of 5 nm and a luminous efficiency of 4-10%. The
emission of fluorescent CDs shifted from blue to red with the
excitation wavelength, and subsequent studies found that most
CDs have this feature.?®**-*' Moreover, Yang et al'’ used
a similar method with *C powder as the carbon source and, by
optimizing the experimental parameters, obtained fluorescent
CDs with a PL quantum yield of 20%. Yang et al.*® simplified the
synthetic strategy by combining laser ablation and passivation

Emission from
passivated surface

" (_—» PEGs

Fig. 1 Aqueous solution of CDs attached to PEGy500n (a) excited at
400 nm and photographed through band-pass filters of different
wavelengths, as indicated, and (b) excited at the indicated wavelengths
and photographed directly. (c) Schematic of passivation of CDs with
PEGis00n- (Reprinted with permission from ref. 9. Copyright 2006,
American Chemical Society.)

RSC Adv., 2017, 7, 40973-40989 | 40975
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in one step but changed the organic solvent (polyethylene glycol
(PEG,00n), hydrazine hydrate or diethanolamine), and CDs with
different fluorescence emission wavelengths were prepared
with different surface coatings. The synthesized CDs had an
average size of 3 nm and a lattice spacing of 0.20-0.23 nm,
which is similar to that of diamond. Laser irradiation, oxida-
tion, and passivation processes were usually required to
synthesize CDs by laser ablation. The latter two steps were
gradually simplified in subsequent fabrication procedures.
However, CDs were produced by this method in low yields. The
sizes of CNPs produced by laser irradiation are quite heteroge-
neous, and large CNPs are easily lost during centrifugation. The
yields and utilisation efficiency of CDs obtained by this method
are therefore low, which limits many potential applications.
2.1.3 Electrochemical oxidation. Electrochemical synthesis
is a method of obtaining water-soluble CDs by electrolyzing
carbonaceous materials such as graphite, carbon nanotubes, and
so on. Zhou et al** first used multi-walled carbon nanotubes as
the working electrode, silver/perchlorate as the reference elec-
trode and an acetonitrile solution containing 0.1 mol L™ tetra-
butylammonium perchlorate as the supporting electrolyte. The
working electrode was treated by cyclic voltammetry to obtain
CDs with a particle size of about 2.8 nm and a PL quantum yield
of 6.4%. Raman spectra showed that the CDs contained both
sp® carbon and irregular carbon, of which the lattice structure
was similar to that of graphite. Studies have shown that the
CDs produced in this experiment were generated during the
voltage cycling process when tetrabutylammonium ions were
inserted into defects in multi-walled carbon nanotubes. Yao
et al.”® placed a spectrally pure graphite ring anode and a tita-
nium tube cathode in the center of an electrolyzer. The anode
and cathode were separated by an insulating O-ring, and pure
water was used as the electrolyte. At the same time, an elec-
trolytic voltage and ultrasonic power were applied, and blue
fluorescent CDs were rapidly obtained in pure water without
complex purification. The size of the synthesized CDs was
about 2-3 nm and their PL quantum yield was observed to be
8.9%. Moreover, in recent years, some researchers have used
ionic liquids (e.g., [bmim][BF,]) as an electrolyte to prepare CDs
with emission peaks from the UV to the visible region (400-
600 nm) by adjusting the ratio of the ionic liquid to water.
Unfortunately, their PL quantum yield was still low (2.8-5.2%).
In the course of many studies, it was found that alkaline
conditions, i.e., the presence of a large number of OH™ ions,
are an important requirement for the synthesis of CDs by
electrochemical oxidation. An advantage of the electrochemical
preparation of CDs is that the synthesis of nanoparticles can be
precisely controlled by adjusting the electrode potential and
current density. Moreover, the preparation process enables
easy operation and provides high yields. By this method, fluo-
rescent CDs can be obtained without surface modification.

2.2 Bottom-up approaches

Unlike top-down approaches, which usually reduce the size of
large particles, bottom-up methods for preparing CDs tend to
proceed from small to large sizes. The main bottom-up
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approaches for synthesizing CDs from molecular precursors
(e.g., citrate,® carbohydrates®?* and polymer-silica nano-
composites®®) include combustion methods,*>* template
methods,*****' pyrolytic processes,*”*® chemical oxidation
approaches,>**  microwave synthesis routes,”*" and
hydrothermal/solvothermal treatments.****>** These methods
are relatively simple, but the synthesised CDs generally have
amorphous structures and their quantum efficiency is low on
a large scale. However, the luminous efficiency of some CDs can
be comparable to that of traditional semiconductor QDs.

2.2.1 Combustion methods. Combustion is a very common
method of preparing CDs. The raw materials involved are
simple and include candle ash, natural gas ash, paraffin putty,
and so on. Liu et al.*® reported for the first time the successful
synthesis of CDs by burning candle ash. They collected ash from
the incomplete combustion of a candle with aluminum foil and
then placed it in 5 mol L " nitric acid solution to reflux. Finally,
light-emitting CDs with higher dispersibility were obtained
after centrifugation, transfer to a neutral medium, dialysis, etc.
These CDs were separated by electrophoresis on a poly-
acrylamide gel. Then, CDs of which the emission wavelength
underwent a gradual red shift on excitation at 315 nm with
a particle diameter of about 1 nm were obtained according to
the speed of electrophoresis. It is worth noting that the PL
quantum yield of CDs prepared by this method was only 0.8-
1.9%. Subsequently, Ray et al.*” adopted a simpler method to
obtain CDs of a graphite structure with high dispersibility in
water and ethanol but lower dispersibility in chloroform. The
synthesis of CDs by combustion usually requires oxidative acid
treatment, which has three important effects: (i) it fragments
aggregates of CDs to obtain small nanoparticles; (ii) it ensures
that CNPs can be dissolved in water; and (iii) it influences the
fluorescence properties of carbon particles. CDs synthesized by
this method can emit fluorescence without surface passivation,
but their PL quantum yield is low.

2.2.2 Template methods. A problem that researchers often
encounter when organically synthesising CDs at high temper-
atures is the agglomeration of CNPs. Fortunately, template
methods can effectively prevent particle agglomeration and
control the size of CDs. The synthesis process mainly involves
two steps: (i) synthesising CDs by calcination in a suitable
mesoporous template or silicon spheres and (ii) removing the
support and generating nanosized CDs via etching. Bourlinos
et al.* first synthesised CDs by a template method. They used
Nay zeolite as the template to make 2,4-diaminophenol dihy-
drochloride react with the zeolite surface by ion exchange, and
then heated it at 300 °C. Finally, CDs were formed on the zeolite
surface. The zeolite template was etched by hydrofluoric acid to
obtain CDs with a PL quantum yield of 0.1% and a particle size
of about 4-6 nm. Moreover, Liu et al.** synthesized spherical
polymer/F127/silica composites using soluble phenolic resin as
the carbon source and functionalized the silica gel spheres with
an amphoteric polymer. Amorphous water-soluble CDs with
a particle diameter of 1.5-2.5 nm were obtained, and their PL
quantum yield was 14.7%. Zong et al.** selected mesoporous
silica spheres as the reaction template and citric acid as the
carbon source. Silicon dioxide was immersed in citric acid

This journal is © The Royal Society of Chemistry 2017
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solution, followed by calcination, etching with NaOH and
dialysis to obtain CDs with particle diameters of 1.5-2.5 nm and
a PL quantum yield of 23%. The advantages of template
methods are as follows: (i) the operation is simple and the
equipment is easily available; (ii) the template is fixed during
synthesis, which can control the size of the CDs and reduce
their agglomeration; and (iii) the CDs have not only a uniform
particle size but also high purity, so that later surface modifi-
cation is convenient. The disadvantages are as follows: (i) it is
difficult to separate the CDs from the template, and the removal
of the template may affect the purity, particle size and lumi-
nescence properties of the CDs and (ii) the yield of the CDs is
low. It is thus not suitable for the large-scale preparation of CDs.

2.2.3 Pyrolysis processes. Pyrolysis processes are methods
of synthesizing CDs by carbonizing an organic substance at
a high temperature. These methods generally require a high
concentration of an alkali or strong acid to cleave carbon
precursors into nanoscale colloidal particles. Wang et al.*> used
a simple one-step approach to synthesize CDs. Typically,
a mixture of 15 mL octadecene (non-coordinating solvent) and
1.5 g 1-hexadecylamine (surface passivation agent) was loaded
into a three-neck flask and heated to 300 °C under an argon
flow. Then, 1 g citric acid was added to the solution under
vigorous stirring while keeping the temperature at 300 °C for
3 h. The final products were purified by precipitation with
acetone three times. The obtained CDs were highly soluble in
common non-polar organic solvents. The highest PL quantum
yield of oil-soluble CDs reached 53% and remained constant for
at least 2 months. In a similar process, by changing the reaction
solvent and capping agent to glycerin and PEGj5oon, Water-
soluble CDs were synthesized at a temperature of 270 °C for
3 h, and their PL quantum yield reached 17% when excited at
360 nm. Xie et al.** and Wang et al.** used organosilanes as
coupling agents and functionalizing agents and pyrolyzed
a mixture of an organosilane and an organic acid to obtain
silane-functionalized amorphous CDs in one step. Their
size was about 0.9 nm and their PL quantum yield reached 47%.
Pan et al.® and Liu et al.*® used pyrolytic precursors to prepare
CDs. These small-molecule precursors included ethyl-
enediaminetetraacetic acid sodium salt, phenolic resin and
hexaphenylbenzene. These methods have the advantages of
simplicity, practicability and repeatability, and the CDs ob-
tained have a high PL quantum yield. However, the formation of
CDs and the separation of small molecules of the raw materials
become more difficult.

2.2.4 Chemical oxidation approaches. Chemical oxidation
approaches have been commonly employed to prepare CDs.
CDs are easily obtained on a large scale upon the oxidation of
carbon precursors by a strong oxidant. Peng et al® demon-
strated the facile synthesis of CDs on a large scale by the acid
exfoliation and etching of pitch carbon fibers, which are rich in
distributed graphitic domains in their original frameworks. The
size of the as-prepared CDs varied with the reaction tempera-
ture, and their emission color and band gap could be controlled
accordingly. They also showed the low cytotoxicity and excellent
biocompatibility of these CDs, which can thus be used as an
eco-friendly material in biolabeling and bioimaging. Sun et al.*’

This journal is © The Royal Society of Chemistry 2017
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developed a simple method for the synthesis of S-N-CDs on
a large scale via the carbonization and etching of hair fibers by
sulfuric acid. It was confirmed that the S content of the as-
prepared S-N-CDs increased with the reaction temperature,
whereas the N content remained almost unchanged. This
control of the atomic composition enabled the downconversion
and upconversion PL properties of the S-N-CDs to be changed.
The obtained S-N-CDs also exhibited high luminescence
stability, nanosecond lifetimes, low toxicity, good biocompati-
bility, and high solubility in water and other polar organic
solvents. Chemical oxidation approaches have the advantages
of simple operation, the use of low-cost carbon raw materials,
and the large-scale preparation of CDs with a narrow particle
size distribution.

2.2.5 Microwave synthesis routes. Microwave synthesis
routes are methods of synthesizing CDs by carbonizing small
organic molecules in a short time via microwave heating.
Zhu et al.® used a microwave method to obtain amorphous
products with different sizes and different luminescence prop-
erties by changing the microwave processing time. Liu et al.*®
used glycerol as the carbon source and 4,7,10-trioxo-1,13-
tridecylenediamine as a surface passivation agent to prepare
fluorescent CDs via microwave heating. The particle size was
2-7 nm and the PL quantum yield was 12%. It was found that
the incorporation of N atoms into CDs was very important for
improving their fluorescence properties, but the yield of CDs
was low. Subsequently, Liu et al.>* prepared amino-rich CDs
using branched polyethyleneimine (M,, = 25 000, PEI 25 kDa) as
a surface passivator, and the PL quantum yield was increased to
15-20%. In comparison with other approaches, the carbon
precursors are heated more conveniently and rapidly, which
simplifies the synthesis process. CDs are therefore readily ob-
tained within a few minutes with an improved yield. These
methods are novel, green and efficient, and their employment
in the synthesis of nanomaterials has aroused widespread
attention among researchers. However, the particle size distri-
bution is not uniform and separation and purification are
difficult.

2.2.6 Hydrothermal/solvothermal treatments. Hydrothermal/
solvothermal treatments are low-cost, environmentally friendly,
and non-toxic routes for producing novel carbon-based materials
from various precursors. Typically, a solution of an organic
precursor is sealed in a hydrothermal reactor and reacted at high
temperature and high pressure. Zhang et al.** reported for the first
time that CDs were obtained by a one-step hydrothermal treat-
ment. In the experiment, ascorbic acid was dissolved in deionized
water, and then an ethanol solution was added. The reaction
proceeded in an autoclave at 180 °C for 4 h, followed by extraction
with methylene chloride and dialysis through a cellulose dialysis
membrane. Finally, CDs with a diameter of about 2 nm with
a combination of graphitic and amorphous structures were ob-
tained. The prepared CDs did not require treatment with a strong
acid or surface modification, but their PL quantum yield was only
6.79%. On this basis, Li et al.** prepared nanofluids with Ag/SiO,/
CDs, of which the fluorescence intensity increased with the
thickness of the SiO, layer. Moreover, Mohapatra et al.>* prepared
highly photoluminescent CDs with a PL quantum yield of 26% in

RSC Adv., 2017, 7, 40973-40989 | 40977
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Fig. 2 Synthesis scheme and TEM image of CDs. (Reprinted with
permission from ref. 56. Copyright 2017, American Chemical Society.)

one step by the hydrothermal treatment of orange juice followed
by centrifugation. Yang et al.,*® Sha et al.,”® and Liu et al.** used
chitosan, tobacco and grasses as carbon sources to prepare fluo-
rescent CDs in an autoclave. As shown in Fig. 2, Li et al.*® prepared
blue luminescent CDs with a high PL quantum yield (48.3 & 5.3%)
by the one-pot hydrothermal reaction of citric acid with poly-
ethyleneimine. Moreover, the as-prepared CDs displayed high
dispersibility in water, resistance to photobleaching, salt tolerance,
dispersibility in common solvents and complex media, and other
useful properties, including upconverted and pH-dependent PL.
An advantage of these methods is that CDs with a high PL
quantum yield can be obtained in one step in a reactor without
further oxidation or passivation, which is favorable for mass
production. Further advantages include simple operation, reliable
controllability, and reaction in a closed reaction kettle, to avoid the
volatilization of toxic substances. However, the size of the prepared
CDs is not uniform, and the product often contains many
impurities.

2.3 Other methods

In addition to the methods described above, methods for
synthesizing CDs also include ultrasound and reverse micelle
methods, etc. Li et al.™ prepared monodisperse water-soluble
CDs by the ultrasonic activation of a mixed solution of carbon
and hydrogen peroxide. The synthesized CDs emitted fluores-
cence that covered the visible and infrared regions and exhibi-
ted upconversion properties. Kwon et al.>” reported the facile
synthesis of highly luminescent CDs employing reverse micelles
as nanoreactors. The CDs were synthesized via hydrolytic poly-
merization, the subsequent carbonization of glucose and in situ
passivation. The diameter of the prepared CDs was tuned from
1.8 nm to 4.1 nm by varying the water-surfactant ratio within the
micelles.

3. Tunable optical properties of CDs
3.1 Absorption

CDs typically exhibit their main optical absorption in the UV
region, mostly in the range of 250-320 nm, with a tail extending
to the visible region. The positions of the UV absorption peaks
of CDs prepared by different methods are quite different. The
absorption wavelength of modified CDs will increase
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correspondingly, or the absorption peak will be enhanced.
Some of the absorption peaks can extend to the visible light
region, or there can even be no significant absorption peak.

3.2 Phosphorescence

CDs show potential in lighting and displays. However, their
fluorescence had not been observed until Deng et al.*® reported
the observation of phosphorescence from CDs in a polyvinyl
alcohol (PVA) matrix. This phosphorescence was attributed to
C=0 bonds on the surface of CDs and had a very long lifetime
(~380 ms). They had obtained a pure organic RTP material
based on a CD-PVA composite film. The phosphorescence
emission peak was located at 500 nm with an average lifetime of
380 ms under excitation at 325 nm. It was suggested that the
phosphorescence originated from aromatic carbonyl groups in
the CDs, and the PVA matrix effectively protected their triplet
states from being quenched by intramolecular motions and
oxygen. The pure organic, water-soluble and biocompatible
room-temperature phosphorescent (RTP) material can be
readily used in novel anti-counterfeiting applications, in
particular for food and drugs. Its potential applications include
chemical and biological sensing and time-resolved imaging.

3.3 Photoluminescence (PL)

PL is one of the most fascinating features of CDs. The mecha-
nism of their tunable PL has not been fully investigated.
Whether this occurs because of optical selection of nano-
particles of different sizes (quantum effect) and different
emissive traps on the surface of CDs or another mechanism is
currently unresolved. This is mainly due to the heterogeneity of
the individual particles obtained by the same preparation
process and the inconsistency of experimental observations,
which occurs because the properties of CDs prepared by
different routes are distinct and cannot be precisely defined.
One unique property of the PL of CDs is the clear dependence
on the value of A, of the emission wavelength and intensity.
Sun et al.* used an organosilane as a coordinating solvent to
synthesize highly luminescent (quantum yield = 47%) amor-
phous CDs. When CDs with an average size of 1.54 nm were
excited at 380 nm, 460 nm and 540 nm, emissions with peaks at
460 nm, 540 nm and 620 nm, respectively, were obtained. In the
emission spectra of the CDs, the emission maximum was
closely dependent on the excitation wavelength. The PL prop-
erties of CDs can be tuned via modification and the transfer of
electrons or energy.*®

3.4 Chemiluminescence (CL)

At present, work on CDs mainly focuses on their fluorescence
properties and applications. Research into the use of CDs in CL
analysis is still at the initial stage. Lin et al.** first studied the CL
properties of CDs when CQDs were in the presence of oxidants,
such as KMnO, and cerium(wv). Electron paramagnetic reso-
nance revealed that oxidants, such as KMnO, and cerium(wv),
can inject holes into CDs. This process increases the population
of holes in the CDs and accelerates electron-hole annihilation,
which results in energy release in the form of CL emissions.
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Moreover, the CL intensity was dependent on the concentration
of the CDs within a certain range. It was also found that an
increase in temperature had a positive effect on the CL, because
the electron distribution in the CDs was in thermal equilibrium,
as shown in Fig. 3. The CL of CDs is thought to be due to the
generation of positively charged and negatively charged CDs in
the system. These then recombine to form CDs in the excited
state, which emit CL upon returning to the ground state.

3.5 Electrochemical luminescence (ECL)

ECL is the result of the combination of electrochemistry and
chemiluminescence®* and has many advantages with respect
to fluorescence and chemiluminescence. Chi et al.** reported
CDs that exhibited ECL behavior. The results showed that
oxidized CDs prepared via the oxidation by nitric acid of acti-
vated carbon could be oxidized or reduced at a certain potential
(—1.5 V to 1.8 V). The corresponding electrochemical lumines-
cence process took place via an annihilation reaction. The
prepared CDs could also generate strong ECL with $,04>” ions
as a co-reactant.

3.6 Upconversion luminescence

The most widely studied materials with upconversion lumi-
nescence properties are rare earth elements doped with inor-
ganic crystals, such as NaYF,:Yb** Er*” (ref. 65) and NaGdF,:Yb/
Er,* etc. Moreover, CDs were also found to have fascinating
upconversion optical properties. The upconversion lumines-
cence properties of CDs can be attributed to a multi-photon
activation process, in which the simultaneous absorption of
two or more photons leads to the emission of light at a shorter
wavelength than the excitation wavelength (anti-Stokes-type
emission). The upconversion luminescence properties of CDs
open up new opportunities for cell imaging by two-photon
luminescence microscopy, as well as the design of highly effi-
cient catalysts for applications in bioscience and energy tech-
nology.®” Yin et al.® employed fresh pepper as a precursor to
synthesize high-quality CDs with down- and upconversion
fluorescence by low-temperature carbonization. From the fluo-
rescence emission spectra of the CDs (Fig. 4a), interesting

650 nm

Fig. 3 Schematic illustration of the mechanisms of FL and CL in the
CDs-KMnO4 and CDs—cerium(iv) systems. CL1 and CL2 represent two
CL pathways in the system. (Reprinted with permission from ref. 61.
Copyright 2012, Royal Society of Chemistry.)
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Fig. 4 (a) UV-vis absorption and emission spectra of CDs dispersed in
water at excitation wavelengths progressively increasing from 320 nm
to 420 nm. Inset: a photograph of a dispersion of CDs under UV light
(365 nm). (b) Upconversion FL properties of CDs. FL emission spectra
of CDs dispersed in water at excitation wavelengths from 740 nm to
900 nm. (Reprinted with permission from ref. 68. Copyright 2013,
Royal Society of Chemistry.)

fluorescence properties such as down- and upconversion fluo-
rescence were simultaneously observed in the experiments. The
maximum emission band was shifted to longer wavelengths
(from 430 nm to 500 nm) with an increase in the excitation
wavelength. Very strong upconversion fluorescence could also
be observed with strong fluorescence emissions in the range of
400-600 nm at excitation wavelengths from 780 nm to 900 nm
(Fig. 4b). This two-photon behaviour of CDs provides new
evidence and suggests conditions for the widespread use of
CDs.

3.7 Tunable emission wavelengths

The emission wavelength of most CDs is dependent on the
excitation wavelength. With an increase in the excitation
wavelength, the emission wavelength of CDs will be red-shifted
and the fluorescence intensity will change accordingly. In
general, it will first increase to a maximum and then decline.
The emission wavelength of CDs is similar to the excitation
wavelength, and the wavelength range is very large. Many
prepared CDs can emit from the visible region to the near
infrared region. The optical properties compensate for the
shortcomings of traditional organic dyes in the near infrared
region. Possible reasons for the tunability of the emission
wavelengths are as follows:* the particle sizes and particle size
distributions of CDs are different, and the emission sites on the
surface of each CD are different. At present, there are many
uncertainties regarding the specific mechanism of the emission
CDs, and knowledge is still at a speculative stage. Researchers
therefore need to continue in-depth research and discussions in
this area in the future.

3.8 Other optical properties

CDs also have many excellent fluorescence properties, such as
broad and continuous excitation spectra, stable fluorescence
and resistance to bleaching.* Traditional organic dyes generally
have a narrow excitation spectrum, and the excitation wave-
lengths of organic dyes differ. The excitation wavelength range
of CDs is generally wide, and they can be excited from the
ultraviolet region to the visible region. Therefore, synchronous
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detection procedures are more convenient.” The fluorescence
of traditional organic dyes will undergo fairly rapid decay
during a long period of continuous exposure to excitation
radiation, which indicates that these organic dyes have poor
resistance to photobleaching. Such optical properties are
detrimental for long-term biomarking and the detection of
biomarkers, and the practical applications of the dyes will be
substantially limited. However, the intensity and stability of
fluorescence do not decrease significantly when CDs are irra-
diated by excitation radiation for a long time. More importantly,
the intensity remains unchanged and photobleaching
phenomena do not occur.?>”*

4. Analytical applications of
fluorescent CDs
4.1 Biosensing and bioimaging

4.1.1 Biosensing. As versatile fluorescent nanomaterials,
CDs have excellent properties, such as high solubility in water,
flexible surface modification, non-toxicity, excitation-
dependent multicolor emissions, excellent biocompatibility,
high cell permeability, and high photostability. CDs have
therefore been utilized as biosensor carriers for detecting
glucose,””® phosphate,” pH,”” metal ions™’*7® and deoxy-
ribonucleic acid (DNA) in cells, proteins, enzymes and even
pathogenic bacteria.

Shen et al.” presented a novel strategy for fabricating fluo-
rescent boronic acid-modified CDs for non-enzymatic blood
glucose sensing applications. The functionalized CDs were ob-
tained by one-step hydrothermal carbonization using phenyl-
boronic acid as the sole precursor (Fig. 5a). As shown in Fig. 5b,
the addition of glucose led to the selective assembly of the CDs
via covalent bonding between cis-diol groups of glucose and
boronic acid groups on the surface of the CDs, which resulted in

HO_ /OH
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@ : quenched C-dot 9 :glucose

Fig. 5 Schematic showing (a) the formation of boronic acid-func-
tionalised CDs and (b) the working principle for the sensing of glucose.
(Reprinted with permission from ref. 73. Copyright 2014, American
Chemical Society.)
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linear fluorescence quenching in the range of 9-900 pM with
a detection limit of 1.5 uM. The proposed sensing system has
been successfully used for the assay of glucose in human serum.
Yu et al.” successfully prepared amino-modified fluorescent
CDs, and a naphthalimide azide probe compound was attached
to the surface of the CDs by covalent bonding. A sensor based
on the principle of fluorescence resonance energy transfer was
used to detect H,S in water samples, serum and living cells. Du
et al.®* demonstrated a multifunctional fluorescent nanoprobe
for detecting H,0, in mitochondria. The nanoprobe was
prepared by covalently linking a mitochondria-targeting ligand
(triphenylphosphonium, TPP) and an H,0, recognition element
(PF]) to CDs. In this nanoprobe, the CDs serve as a carrier and
a fluorescence resonance energy transfer donor. In the presence
of H,0,, PFl moieties on CDs undergo structural and spectral
conversion, which enables the nanoplatform to act as a FRET-
based ratiometric probe for H,O,. The nanoprobe displays
excellent water dispersibility, high sensitivity and selectivity,
satisfactory cell permeability, and very low cytotoxicity. After
uptake into a living cell, this nanoprobe can specifically target
and stain the mitochondria, and it can detect exogenous H,0,
in L929 cells, as well as mitochondrial H,O, endogenously
produced in RAW 264.7 cells upon stimulation by PMA.

4.1.2 Bioimaging. Bioimaging includes in vitro bioimaging
and in vivo bioimaging. As previously discussed, CDs have
multiple advantages, including comparable optical properties
and good chemical and photochemical stability. Most impor-
tantly, carbon is largely non-toxic and biocompatible. These
traits make CDs very desirable as alternatives to semiconductor
QDs and organic dyes for visualising biological systems both in
vitro and in vivo.

Cao et al® first reported the use of CDs in cell imaging,
followed by a large number of studies of CDs in this area.
They synthesized CDs by laser ablation using poly-
(propionylethyleneimine-co-ethyleneimine) (PPEL-EI, with an EI
fraction of ~20%) as a surface passivation agent. The CDs were
modified to increase their water solubility, which was followed by
in vitro bioimaging studies. The CDs were found to be strongly
emissive in the visible region upon excitation by either an argon
ion laser (458 nm) or a femtosecond pulsed laser for two-photon
excitation in the near infrared region (800 nm). As compared in
Fig. 6, one- and two-photon luminescence images of the same
scanned area match well, and the CDs were able to label both the
cell membrane and the cytoplasm of MCF-7 cells without reaching
the nucleus to a significant extent (Fig. 6d). Although endocytosis
is likely, an understanding of the internalization mechanism still
requires more investigation. Because of their higher water solu-
bility and biocompatibility, functionalized CDs can be employed
as nanoprobes in disease diagnosis and drug targeting applica-
tions. The transferrin receptor is a transmembrane glycoprotein
and is expressed at low levels in normal somatic cells. Owing to
their rapid growth, the demand for iron of tumor cells increases
dramatically, and transferrin receptors exhibit high levels of
expression in many tumor cells. On this principle, Li et al*
functionalized prepared CDs with the glycoprotein transferrin as
a modifying agent. Owing to the specific binding of the ligand and
the receptor, transferrin enhanced the targeting of CDs to tumor
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Fig. 6 Luminescence images (all scale bars 20 um) of CDs upon
excitation by (a) an argon ion laser at 458 nm and (b) a femtosecond
pulsed laser at 800 nm; (c) overlay image of (a) and (b); (d) represen-
tative two-photon luminescence images (excitation at 800 nm) of
MCF-7 human breast cancer cells with internalized CDs. (Reprinted
with permission from ref. 6. Copyright 2007, American Chemical
Society.)

cells. The results of electron microscopy revealed that CDs
modified with transferrin combined well with a HeLa human
cervical cell line and entered HeLa cells in large numbers. The
fluorescence imaging effect of transferrin-functionalized CDs was
obviously better than that of unmodified CDs.

In vitro imaging outside the organism can only provide
limited information. For the complex disciplines of the life
sciences, simple in vitro observations of cells are insufficient;
many complex problems need to be resolved via in vivo research.
The particle sizes, surface charge, low cytotoxicity and sufficient
cellular uptake of nanomaterials are important parameters for
invivo imaging and targeted therapy. Yang et al. were the first to
investigate the viability of CDs as contrast agents in live mice.**
They obtained CDs and ZnS-doped CDs via chemical processing
of raw nanomaterials by laser ablation. After modification with
PEG;500n, they were used for in vivo optical imaging of mice.
CDs passivated by PEG;s50on Were injected subcutaneously into
mice and bright fluorescence emissions were observed, which
only decayed 24 h after the injection. If CDs were injected
intravenously, emissions were only observed in the bladder
region, which thereby suggested that excretion in urine is the
main excretion route for intravenously introduced CDs. Because
the particles displayed high biocompatibility and low toxicity,
they might constitute an important contrast agent.

4.2 Environmental monitoring

In comparison with traditional semiconductor QDs and organic
dyes, CDs are non-toxic carbon materials. In addition, they have
the advantages of high biocompatibility, an adjustable lumi-
nous range, a large two-photon absorption cross-section,
exceptional photostability, simple functionalization, afford-
ability and convenient mass production. Therefore, they have
great value for applications. By monitoring changes in their
fluorescence intensity under external physical or chemical
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stimuli, CDs were used to detect substances such as Hg** 5%
Cu2+,90—94 Fe3+,95—98 Ag+799,1oo Pb2+’101 Sn2+,1°2 CI'(VI),ms and so on.
4.2.1 Cation detection. Divalent mercury ions, which are
a type of heavy metal ion, are highly toxic and are recognized as
one of the most dangerous and ubiquitous pollutants. They can
easily penetrate human skin or enter the human body via the
respiratory and digestive tracts and damage the human central
nervous system and endocrine system, which poses a serious
threat to human health. One of the first attempts to utilise CDs
in chemical sensing was in the selective detection of Hg”*
ions.**® Zhou et al.® for the first time reported a fluorescence
sensor based on unmodified CDs for the label-free detection of
Hg>" ions and biothiols with high sensitivity and selectivity.
They obtained CDs with an average particle size of 3.8 nm and
a fluorescence quantum yield of 11.0% by pyrolysis of ethyl-
enediaminetetraacetate. There was a linear relationship
between fluorescence quenching and the concentration of
mercury ions between 0 pM and 3 uM, and the detection limit
was 4.2 nM. Guo et al.®* developed a simple one-step hydro-
thermal method for the synthesis of highly fluorescent CNPs
with a high quantum yield (68%) and high photostability. This
method required a shorter reaction time and a lower reaction
temperature in comparison with previously reported methods.
The as-prepared CNPs exhibited excellent emission properties
and high stability, as well as excitation-independent emission
behavior. Moreover, it was encouraging that the CNPs could be
used as an effective fluorescent probe for the detection of
mercury ions with high selectivity and sensitivity in an aqueous
solution. Lu et al® reported for the first time a simple,
economic, and green preparation strategy for water-soluble
fluorescent CNPs with a quantum yield of approximately
6.9% by a hydrothermal process using low-cost pomelo peel
waste as a carbon source. They further investigated the use of
such CNPs as probes for the fluorescence detection of Hg*"
ions, which was based on fluorescence quenching of CNPs
induced by Hg”" ions. This sensing system exhibited excellent
sensitivity and selectivity toward Hg®" ions, and a detection
limit of as low as 0.23 nM was achieved. The practical use of
this system for the determination of Hg”* ions in lake water
samples was also demonstrated successfully. Our group®® re-
ported a new turn-on fluorescence nanosensor for the selective
determination of Hg>" ions based on CDs functionalized with
bis(dithiocarbamato)copper(n) (CuDTC,-CDs). A CuDTC,
complex was conjugated to prepared amine-coated CDs by the
condensation of carbon disulfide with nitrogen atoms in
surface amine groups, followed by the coordination of cop-
per(n) to the resulting dithiocarbamate (DTC) groups and
finally the additional coordination of ammonium N-(dithio-
carboxy)sarcosine (DTCS) to finally form the CuDTC,-CDs
complex. As shown in Fig. 7, the CuDTC, complex on the
surface strongly quenched the bright blue fluorescence of the
CDs by a combination of electron transfer and energy transfer
mechanisms. Hg>* ions could immediately switch on the
fluorescence of the CuDTC,-CDs by promptly displacing Cu**
ions in the CuDTC, complex and thus shutting down the
energy transfer pathway, by which a detection limit for Hg”"
ions of as low as 4 ppb was reached.
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Fig. 7 (a) Schematic illustration of turn-on fluorescence nanosensor
used to detect Hg?* ions by the Hg?*-induced displacement of Cu®*
ions in a surface-bound CuDTC, complex. (b) Fluorescence
enhancement of a solution of the CuDTC,-CDs probe (10 pg mL™)
upon the addition of Hg?* ions. (c) Plot of fluorescence enhancement
as a function of the ng+ concentration. o and | represent the fluo-
rescence intensity of the solution of the CuDTC,-CDs probe in the
absence and presence of Hg?" ions, respectively. (d) Fluorescence
responses of the solution of the CuDTC,-CDs probe (10 ung mL™) in
the presence of various metal ions. The concentrations of all metal
ions were 150 nM. (e) Fluorescence enhancement (/o) of the
CuDTC,-CDs probe after the addition of metal ions at concentrations
of 250 nM and 600 nM, respectively. Io and | represent the fluores-
cence intensity of the solution of the CuDTC,-CDs probe in the
absence and presence of metal ions, respectively. (Reprinted with
permission from ref. 86. Copyright 2013, American Chemical Society.)

Copper, as a heavy metal ion and an essential trace element
for many living organisms,'**'*® plays an important role in some
physiological and pathological processes, such as bone forma-
tion and cellular respiration, as well as serving as a significant
catalytic cofactor for the synthesis of hemoglobin, elastin and
collagen.' A deficiency of copper can lead to many diseases
such as anemia, pancytopenia and bone abnormalities.””
Nevertheless, excessive Cu®" concentrations may not only
become toxic to living organisms and induce damage to the
liver, kidneys and central nervous system (such as Wilson's
disease and Alzheimer's disease) but can also lead to severe
contamination of the environment by copper as a result of the
widespread use of copper in agriculture and industry.'**'*® Liu
et al.*® developed for the first time a simple, low-cost, and green
preparation strategy for water-soluble nitrogen-doped carbon-
rich photoluminescent polymer nanodots (PPNDs) by hydro-
thermal treatment of grass. It was suggested that an increase in
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the reaction temperature led to a decline in the size and an
increase in the quantum yield of PPNDs. Most importantly, they
further demonstrated a proof of concept that such PPNDs can
serve as a very effective fluorescence sensing platform for the
label-free sensitive and selective detection of Cu*" ions with
a detection limit of as low as 1 nM. The application of this
method to detect Cu®>" ions in real water samples was also
demonstrated successfully. Dong et al.®* designed a novel
sensing system for the detection of Cu®* ions based on the
quenching of the fluorescence (FL) signal of CDs functionalized
with branched poly(ethyleneimine) (BPEI). Cu®" ions can be
captured by amino groups on BPEI-CDs to form an adsorbed
complex on the surface of CDs, which results in strong
quenching of the FL of the CDs via an inner filter effect. They
demonstrated that this facile methodology can enable the
rapid, reliable, and selective detection of Cu®>" ions with
a detection limit of as low as 6 nM and a dynamic range from
10 nM to 1100 nM. Lin et al.**> synthesized novel highly fluo-
rescent metal-organic frameworks (MOFs) by encapsulating
CDs capped by branched poly(ethyleneimine) (BPEI-CDs) with
a high FL quantum yield into zeolitic imidazolate framework
materials (ZIF-8). The as-synthesized fluorescent functionalized
MOFs not only maintained excellent FL activity and sensing
selectivity derived from BPEI-CDs but also strongly and selec-
tively accumulated target analytes owing to the adsorption
property of MOFs. The selective accumulation effect of MOFs
can greatly amplify the sensing signal and specificity of nano-
sized FL probes. The obtained BPEI-CDs/ZIF-8 composites were
used to develop an ultrasensitive and highly selective sensor for
Cu”" ions with a wide response range (2-1000 nM) and a very
low detection limit (80 pM) and were successfully employed in
the detection of Cu”* ions in environmental water samples.

Other applications of CDs in cation sensing include the
detection of Fe3* 9598 Ag™ 99100 pp>* 101 gn* 102 ad Cr(vi) ions, *
and so on. Qu et al.*® proposed a facile, economic and green
one-step hydrothermal synthesis route to photoluminescent
CNPs using dopamine as a carbon source. The as-prepared
CNPs had an average size of about 3.8 nm. They further
demonstrated that such wholly new CNPs can serve as a very
effective fluorescence sensing platform for the label-free sensi-
tive and selective detection of Fe’" ions and dopamine with
detection limits of as low as 0.32 uM and 68 nM, respectively.
This new “mix-and-detect” strategy is simple and green and
exhibits high sensitivity and selectivity. The method was also
successfully employed for the determination of Fe** ions in real
water samples and dopamine in human urine and serum
samples. Li et al.*® demonstrated the first use of CNPs obtained
from carbon soot produced by lighting a candle as a cheap,
effective fluorescence sensing platform for the detection of Ag"
ions with a detection limit of as low as 500 pM and high
selectivity. Wee et al.'** reported a simple and novel method for
the synthesis of CDs via direct acid hydrolysis of bovine serum
albumin in a one-pot approach. The fluorescence of the CDs
was significantly quenched, in particular by Pb®*" ions, in
a selective manner. The sensing probe had a dynamic linear
range extending to 6.0 mM with a Stern-Volmer constant of
605.99 M ' and a limit of detection of 5.05 pM.
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4.2.2 Anion detection. Lin et al.**” first employed CDs for
the detection of nitrite ions. In their work, the CL properties of
CDs in the presence of peroxynitrous acid were studied. Perox-
ynitrous acid is formed by the online mixing of nitrite ions and
acidified hydrogen peroxide. The CL intensity increased linearly
with the NO,~ concentration in the range from 1.0 x 10~’ M to
1.0 x 10~° M, and the detection limit was 5.3 x 10™® M.

Zhao et al.” used CDs functionalized with carboxyl groups to
detect PO,>~ ions. The working principle is that the coordination
of Eu®" ions with carboxyl groups on the surface of the CDs leads
to fluorescence quenching. The ability of PO,*~ ions to form
a complex with Eu®* ions is stronger than that of carbon, and the
CDs are separated from the Eu*" ions to restore their fluorescence.

Liu et al.**® designed a novel fluorescent probe (Zr(CDs-
COO),EDTA) for the detection of F~ content based on compet-
itive ligand reactions that occurred between carboxylate groups
(-COOH) on the surface of the luminescent CDs and F~ ions
coordinated to Zr(H,O),EDTA. The strong and stable fluores-
cence signal that was generated was quenched upon the addi-
tion of F~ ions as a result of the formation of the non-
fluorescent complex Zr(F),EDTA, because the affinity of F~
ions for Zr(iv) ions was stronger than that of COOH groups in
the CDs. The change in fluorescence (AF) in this process dis-
played a linear correlation with the F~ content in the range from
0.10 mM to 10 mM.

Hou et al.'™ first applied the electrochemical luminescence
properties of CDs in the detection of S>~ ions. They reported
a fluorescence sensor based on CDs, which displayed excellent
water solubility, low cytotoxicity and a short response time. The
sensor was based on a ligand/Cu®" approach so as to achieve
rapid sensing of sulfide anions. The CDs serve as the fluo-
rophore as well as an anchoring site for ligands that bound to
copper ions. In this CDs-based system, as copper ions bind to
ligands that are present on the surface of the CDs, the para-
magnetic copper ions efficiently quench the fluorescence of the
CDs, which enables the system to act as a turn-off sensor for
copper ions. More importantly, the subsequent addition of
sulfide anions, which can extract Cu,C from the system to form
very stable CuS, results in fluorescence enhancement and
enables the system to act as a turn-on sensor for sulfide anions.
This rapidly responding and selective sensor can operate in an
entirely aqueous solution or in a physiological medium with
a low detection limit of 0.78 uM.

Other applications of CDs in anion sensing include the
detection of I","> C,0,>7,""* CN " (ref. 114) and O,"~ ions,'** and
SO on.

Barman et al.'** synthesized graphitic carbon nitride QDs
(g-CNQDs) with strong blue fluorescence by a simple
microwave-mediated method from formamide (HCONH,).
These QDs are highly sensitive and selective fluorescent probes
for Hg?" ions in aqueous media owing to the “superquenching”
of fluorescence. The addition of I~ ions abstracts bound Hg”"
ions to form Hgl, and restores the fluorescence characteristics
of g-CNQDs. Thus, g-CNQDs can play a dual role in the selective
and sensitive detection of Hg>" ions, as well as I™ ions, in
aqueous media via an ON-OFF-ON fluorescence response.

This journal is © The Royal Society of Chemistry 2017
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Gao et al.'*® developed a ratiometric fluorescence biosensor
for O, ions by employing CDs as a reference fluorophore and
hydroethidine (HE) as an organic molecule that is specific for
O, ions, which plays the role of both a specific recognition
element and a response signal. As shown in Fig. 8, CDs were
first conjugated to the organic dye HE, which is specific for O, ™
ions, to form an inorganic-organic ratiometric fluorescence
sensor for the detection of O, ions with high selectivity and
accuracy. The inorganic-organic fluorescence sensor exhibited
high sensitivity, a broad dynamic linear range of ~5 x 10°’ M
to 1.4 x 10~* M, and a low detection limit of as low as 100 nM.

4.3 Food quality control

“Hunger breeds discontentment, food safety goes first”. Since
ancient times, food has been the basis of human survival and
development, whereas food safety must be guaranteed for the
promotion of human health. In recent years, there have been
many food safety issues, so that increasing attention has been
paid to food safety. In order to protect human health, more
rigorous and accurate methods for detecting harmful, toxic and
banned substances in food need to be developed.

Tartrazine, also known as lemon yellow, is a water-soluble
synthetic pigment widely used as a coloring in ice cream,
jelly, yogurt, beverages, canned foods, candy coatings and so on.
However, some studies have revealed that tartrazine may cause
adverse health effects such as changes in hepatic and renal
parameters and reproductive toxicity, as well as neuro-
behavioral toxicity when consumed in excess."'*"” Therefore,
the food industry must strictly control and regulate the content
of tartrazine in foods, which necessitates an interest in the
development of measurement techniques for determining tar-
trazine in foods that are efficient in terms of rapidity, simplicity,
and sensitivity. Xu et al."*® found that tartrazine could result in
strong quenching of the fluorescence of CDs that were synthe-
sized from aloe via a hydrothermal process (Fig. 9a). The linear
range was 0.25-32.50 pM, and the detection limit was 73 nM
(Fig. 9b). Moreover, as shown in Fig. 9c, various different
substances were added to the test solution at an initial amount
of 100 times that of tartrazine, and the ratio was gradually
reduced when interference was present. It is worth noting that
this method, when used to test steamed bread, honey, and rock
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Fig. 8 Working principle of CD-HE ratiometric fluorescence
biosensor for O, ions. (Reprinted with permission from ref. 115.
Copyright 2014, American Chemical Society.)
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Fig. 9 (a) Scheme of the synthetic strategy of CDs and the working
principle of tartrazine sensing. (b) Fluorescence emission spectra of
CDs in the presence of different concentrations of tartrazine in 30 mM
PB (pH 6.0). From (a) to (1) 0.00, 0.25, 0.75, 2.50, 3.75, 5.00, 7.50, 12.50,
17.50, 22.50, 27.50, and 32.50 uM, respectively; CDs, 450 pL. (Insets)
Photographic images of the corresponding solutions under UV light
and the curve for the relationship between Fo/F and the concentration
of tartrazine. (c) Effects of potentially interfering substances: (0) no
interference; (1) glucose, 500 uM; (2) lactose, 500 uM; (3) starch, 500
uM; (4) citric acid, 500 uM; (5) tartaric acid, 500 uM; (6) ascorbic acid,
500 uM; (7) glutamic acid, 250 puM; (8) phenylalanine, 250 uM; (9)
NO,™, 500 puM; (10) HCO3™, 500 uM; (11) Ca®*, 500 pM; (12) Zn?*, 500
uM; (13) K¥, 500 puM; (14) Fe3*, 25 uM:; (15) sunset yellow, 5.0 puM; (16)
erioglaucine disodium salt, 25 pM; (17) amaranth, 5.0 uM. Conditions:
CDs, 450 uL; PB, 30 mM, pH 6.0, tartrazine, 5.0 uM. (Reprinted with
permission from ref. 118. Copyright 2015, American Chemical Society.)

sugar, gave higher recoveries (24 h 88.6-103.4%, 48 h 87.3-
106.6%), which indicates that the method could be widely
employed for the detection of tartrazine in foods.

Cysteine (Cys) is the only thiol-containing amino acid among
the amino acids that constitute proteins in the body. It is
unstable and easily oxidized and can be converted into cystine.
It can be used for detoxification, the prevention and treatment
of radiation injury, and the inhibition of cancer cells and
bacterial growth. Therefore, Cys has important physiological
functions and is widely used in the medical, food and other
industries. The early diagnosis of certain diseases can be ach-
ieved by monitoring the concentration of Cys in the organism.
In addition, it can be used in food products (such as health
products, etc.) and human serum samples for the determination
of Cys. Wu et al.”® synthesized CDs co-doped with nitrogen and
sulfur via a facile hydrothermal method using citric acid and
cysteine as precursors. The N,S-CDs acted as a highly sensitive
and selective “turn-off-on” probe for the determination of Fe**
ions or Cys. Upon the addition of Cys to the N,S-CDs/Fe**
system, the quenched FL intensity was recovered. The limits of
detection were 14 nM for Fe** and 0.54 uM for Cys.

Glucose is the most widely distributed and most
important monosaccharide in nature, and is a type of poly-
hydroxyaldehyde. Glucose has an important position in biology
as the energy source of living cells and metabolic intermediates;
that is, it provides the main energy supply for biological
substances. Plants can produce glucose by photosynthesis. It
has a wide range of applications in candy manufacturing and
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pharmaceuticals. Shan et al."*® found that the fluorescence of
boron-doped CDs can be quenched by hydrogen peroxide. As
a result, they achieved the rapid and highly sensitive detection
of glucose based on the oxidation of glucose catalyzed by
glucose oxidase to produce gluconate and hydrogen peroxide.
When glucose oxidase and glucose were present, the degree of
quenching of the fluorescence of CDs was linearly related to the
glucose concentration. The linear range was 8.0-80.0 uM, and
the detection limit was 8.0 uM.

Phytic acid is the main form of phosphorus in plant tissues
(cereals, fruits and vegetables) and is mainly present in the
seeds, roots and stems of plants. In the food industry, phytic
acid can be used as a food additive; in the wine industry it can
be used as a metal-removing agent. Gao et al'*® reported
a facile, one-step pyrolytic synthesis of photoluminescent CDs
using citric acid as the carbon source and lysine as a surface
passivation agent. The fluorescence of the CDs was found to be
effectively quenched by ferric (Fe’") ions with high selectivity via
a photoinduced electron transfer (PET) process. Upon the
addition of phytic acid (PA) to a dispersion of the CDs/Fe*
complex, the fluorescence of the CDs was significantly recov-
ered as a result of the release of Fe*" ions from the CDs/Fe**
complex, because PA has a higher affinity for Fe** ions in
comparison with CDs. This analytical method is simple, low-
cost and sensitive (linear range 0.68-18.69 uM, detection limit
0.36 pM) with high selectivity, stability and recovery ratios for
standard and actual samples.

Vitamins are essential to the maintenance of good health.
Such substances are neither raw materials that constitute body
tissues, nor sources of energy, but a class of regulatory
substances that play an important role in the metabolism of
substances in the body. Vitamins are a class of trace organic
substance that humans and animals must obtain from food in
order to maintain normal physiological functions. They play
important roles in the body in growth, metabolism, and devel-
opment. Wang et al.*** reported a novel fluorescence resonance
energy transfer sensor based on thermally reduced CDs for the
determination of vitamin B12 (VB12) in aqueous solutions. When
the concentration of VB12 was increased, the fluorescence
intensity of the CDs decreased. The CDs were used to detect VB12
at concentrations ranging from 1 mg mL " to 12 mg mL ", and
the limit of detection was as low as 0.1 mg mL ™. Furthermore,
highly sensitive detection of VB2 and VB9 was also
achieved."*"*?

4.4 Explosives screening

In recent years, there has been much international concern over
the reliable and accurate detection of explosives.’***** In addi-
tion, the detection of explosives for preventing terrorist crimes,
safeguarding people's lives and property, maintaining national
security and protecting the environment and health is of great
significance.””*"*® Owing to the wide variety of explosives,
together with the fact that the vapor pressure of most explosives
is very low, the detection of explosives has always been a chal-
lenging problem." Nitroaromatic explosives are major envi-
ronmental pollutants with high toxicity and are difficult to

This journal is © The Royal Society of Chemistry 2017
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degrade. They pose a serious threat to the ecological balance,
social stability and national security."*® Nitroaromatic explo-
sives in the environment are mainly derived from the industrial
production of explosives, wastewater generated during the
processing of bombs, and military activities.'** At present, most
explosives that are used contain nitroaromatic compounds such
as 2,4,6-trinitrotoluene (TNT), dinitrotoluene (DNT) and 2,4,6-
trinitrophenol (PA, picric acid), etc. Technology for the ultra-
trace detection of explosives is mainly used to detect vapor
from explosives, which adheres to the surface of any object that
has been exposed to explosives. Currently, methods for the
detection of trace explosives include gas chromatography-mass
spectrometry,”** gas chromatography-electron capture mass
spectrometry,'* surface-enhanced Raman spectroscopy,'** X-ray
imaging,'”® thermal neutron analysis,** electrochemical ion
mobility spectroscopy,"” “explosive dogs”,"*® and so on. The
abovementioned detection methods can achieve the sensitive
detection of nitroaromatic hydrocarbon explosives. Unfortu-
nately, most of these methods require costly equipment or other
cumbersome accessories that are not suitable for the on-site
environmental analysis and detection of explosives. Therefore,
it is essential to develop new detection techniques to enable the
on-site environmental analysis of nitroaromatic explosives.
Fluorescence methods are considered to be among the most
appropriate techniques because of their high sensitivity,
acquisition of multiple parameters, and relatively mature
instrument designs. The fluorescence detection of explosives
has therefore aroused widespread interest in recent years and
has developed rapidly. One of the most notable experts in this
field is Professor Swager of the Massachusetts Institute of
Technology (MIT), who achieved breakthroughs in the detection
of explosives by utilizing conjugated organic polymer
films."***** However, the syntheses of such conjugated organic
polymer materials are time-consuming and costly, and prob-
lems arise such as the photobleaching and chemical degrada-
tion of fluorescent organic materials. Therefore, the
development of new fluorescent materials with high resistance
to photobleaching and degradation ability has become the
focus of research on fluorescence detection of nitroaromatic
explosives. QDs, which are a new kind of fluorescent nanop-
robe, have high quantum yields, long-term stability, and strong
resistance to photobleaching. The fluorescence intensity and
stability of QDs are 20 times and 100 times higher than those of
fluorescent organic materials, respectively.**> Moreover, QDs
also have excellent fluorescence characteristics such as wide
excitation spectra, narrow emission spectra, precisely
controlled emission wavelengths, etc., which possess obvious
advantages in the detection of nitroaromatic explosives, in
particular the rapid screening of explosives."**'** However, QDs
have the disadvantage of the inherent toxicity of heavy metals,
and the use of noble metal clusters involves high costs.
Recently, CDs have attracted extensive attention owing to their
unique properties, such as green synthesis, excellent solubility,
easy functionalization, and high biocompatibility, etc. As
a green substitute for QDs, CDs have found further promising
applications in the trace detection of explosives.
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During the World Wars, huge amounts of TNT were released
into the soil, lakes, and rivers. As an environmental contami-
nant, the explosive nitroaromatic compound TNT has aroused
social concern. Currently, TNT continues to be a major
component of ordnance used by the military and terrorists,
which causes environmental damage and threatens public
security."*™*" Therefore, the development of practicable
analytical platforms for monitoring ultra-trace levels of TNT is
urgently necessary. Zhang et al.**® successfully synthesized N-
rich CDs via a microwave-assisted pyrolysis method and
employed them in both the fluorescence and the electro-
chemical determination of TNT. The fluorescence sensing
platform was based on the strong interaction between TNT and
amino groups, which can quench the PL of CDs via charge
transfer. The resulting linear detection range extended from
10 nM to 1.5 pM, with a short response time of 30 s. A glassy
carbon electrode modified with CDs exhibited high ability for
the reduction of TNT, with a linear detection range extending
from 5 nM to 30 uM, which was greater than that obtained by
the fluorescence method. Fig. 10a compares differential pulse
voltammograms (DPVs) corresponding to 5 uM TNT recorded at
the bare glassy carbon (GC) electrode and the CDs/GC electrode.
The DPV responses to different concentrations of TNT are
shown in Fig. 10b. At low concentrations, only the first wave
could be observed. With an increase in the TNT concentration,
the other two waves appeared sequentially, and the peak
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Fig. 10 (a) Differential pulse voltammograms (DPVs) recorded at
a bare glassy carbon (GC) electrode (a, b) and a CDs/GC electrode (c,
d) in 0.1 M N;-saturated PBS (containing 0.2 M KCl) at a pH of 7.0 with
(b, d) and without (a, c) 5 uM TNT. (b) DPVs recorded corresponding to
different concentrations of TNT at a CDs/GC electrode (inset: magnifi-
cation of the low-concentration region) (a—t: blank, 1 nM, 5 nM, 10 nM,
20 nM, 30 nM, 80 nM, 130 nM, 230 nM, 330 nM, 830 nM, 1.33 uM,
2.33 uM, 3.33 uM, 4.33 uM, 9.33 uM, 14.33 uM, 19.33 uM, 29.33 uM, and
39.33 uM). (c) The PL intensity responding to different concentrations of
TNT and the corresponding calibration plot (c—a—c—j: blank, 1 nM,
10 nM, 50 nM, 150 nM, 250 nM, 500 nM, 1 uM, 1.5 uM, and 2.5 uM). (d) PL
changes corresponding to concentrations of 5 uM of different inter-
fering substances, as well as 0.5 uM TNT. (Reprinted with permission
from ref. 148. Copyright 2015, American Chemical Society.)
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currents of the three waves increased in proportion to the TNT
concentration. Fig. 10c shows the dependence on the TNT
concentration of the changes in the fluorescence of CDs. It was
found that the fluorescence gradually decreased in intensity
with the continuous addition of TNT owing to the continuous
formation of a TNT-amine complex. As shown in Fig. 10d, the
quenching ratio for a concentration of 5 uM of various
analogues was much lower than that for 0.5 uM TNT, which
suggested that interference with the real sample analysis was
negligible. Moreover, the minimum concentration that
produced a distinguishable response in these two methods was
as low as the nanomolar level with high specificity, which was
not only attributed to the high intrinsic activity and large
surface area of CDs but also benefited from the cumulative
effect of functionalization with amino groups. In comparison
with fluorescence determination, the electrochemical method
does not require expensive instruments. It is thus more
practical and powerful in the field of chemical analysis.

Xu et al.** developed a facile strategy for preparing a fluo-
rescence sensor based on CDs capped by molecularly imprinted
polymers with mesoporous structures (M-MIPs@CDs) for the
highly sensitive and selective determination of TNT. The
strategy, which used amino-CDs directly as a “functional
monomer” for imprinting, simplified the imprinting process
and provided highly accessible recognition sites. The as-
prepared M-MIPs@CDs sensor, which used periodic meso-
porous silica as the imprinting matrix and amino-CDs directly
as a “functional monomer”, exhibited excellent selectivity and
sensitivity toward TNT, with a detection limit of 17 nM. The
detection process could be repeated 10 times with no obvious
decrease in efficiency. The feasibility of the developed method
for real sample analysis was successfully demonstrated by the
analysis of TNT in soil and water samples, with satisfactory
recoveries of 88.6-95.7%.

TNP, also known as picric acid, which is a nitroaromatic
explosive with higher explosive power and thermal expansion
than other nitroaromatic compounds such as TNT, has been
widely used in the preparation of matches and fireworks******
and has become a great threat to the environment, homeland
security and public safety. With regard to the significance of
TNP, it is highly desirable to develop simple analytical
methods, in particular an effective and selective sensor, for
detecting trace amounts of TNP. Chen et al.*** first prepared
CDs doped with rare earths with multifunctional properties by
simply keeping a mixture of terbium(im) nitrate pentahydrate
and citric acid at 190 °C for 30 min. The as-prepared terbium-
doped CDs (Tb-CDs), which were synthesized via a rapid and
simple direct carbonization route, had a size of about 3 nm.
They exhibited blue fluorescence emissions that depended on
the excitation wavelength, were stable, and were employed for
the selective colorimetric detection of TNP in the range of
500 nM to 100 uM with a limit of detection of 200 nM. Liu
et al.*>® developed a selective and sensitive method for the
detection of TNP with a limit of detection of 28 nM using
amorphous photoluminescent CDs, which were prepared via
a simple hydrothermal route using spermine and m-phenyl-
enediamine as precursors. The as-prepared CDs were found to
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exhibit blue-green photoluminescence that was independent
of the excitation wavelength and excellent chemical and
optical stability.

5. Conclusions

This review has highlighted recent progress in the field of CDs
in terms of their rational synthesis, tunable optical properties
and analytical applications. Currently, although various facile
synthetic methods have been used for the preparation of CDs,
well-defined and atom-precise structures have not yet been re-
ported, which is important for studies of the relationships
between structure and properties and the investigation of new
methods and applications. In addition, the mechanisms
underlying their tunable PL properties are still a highly
controversial issue. This is mainly due to inconsistent experi-
mental observations caused by the great heterogeneity of
samples of CDs, even when produced by the same synthetic
method, as well as the diverse, obscure and poorly defined
properties of CDs obtained by different preparation processes.
In comparison with traditional semiconducting quantum dots,
fluorescent CDs have comparable fluorescence characteristics
and also have low toxicity, excellent biocompatibility and
environment-friendliness because they essentially comprise
carbon. Although there are many methods for the synthesis of
CDs, which tend to be simple and give high yields, there is still
a large difference in fluorescence quantum yield between CDs
and semiconductor quantum dots, and their low quantum
yields greatly limit their applications. Therefore, it is still a great
challenge to achieve high fluorescence quantum yields with
large-scale preparation methods and precise control of the
structure and size of CDs. Moreover, it is necessary to improve
the sensitivity and resistance to interference of CDs and further
optimize their synthesis and modification methods. Further-
more, to improve both the synthesis process of CDs and the
understanding of their PL properties, it is necessary to advance
research into their PL mechanism. Finally, it is anticipated by
researchers that increasing effort will be devoted to research
into CDs, and much more progress with CDs will be made in
other fields (e.g., electrocatalysis, photocatalysis, cancer
therapy, etc.). It seems clear that the future of CDs remains
promising.
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