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Recent advances in red-emissive carbon dots and
their biomedical applications

Weixia Qin,? Meiyan Wang,? Yan Li,® Longchuang Li,? Khurram Abbas,” Zijian Li,’
Antonio Claudio Tedesco (2 °¢ and Hong Bi () *?

Recently, there has been a lot of interest in the use of red-emissive carbon dots (R-CDs) due to their
low toxicity, solubility in water, and excellent optical properties. These properties make them perfect for
use in various biomedical applications. One of the main advantages of R-CDs is that they can penetrate
deep into biological tissue without any interference from the tissue's fluorescence. More and more
studies have been conducted to explore the potential applications of R-CDs in medicine, making them
an exciting area of research. However, one of the challenges is preparing R-CDs with a high
fluorescence quantum yield in the deep-red or near-infrared region, and this is still a significant hurdle.
Therefore, it is crucial to investigate the preparation approaches of R-CDs with high quantum yield,
narrow emission, and multi-functionality to overcome this challenge. This review aims to discuss the
synthetic strategies, optical properties, and potential biomedical applications of R-CDs. The focus will
mainly be on the research progress of their applications in biological imaging, tumor photodynamic/
photothermal therapy, and in the field of synergistic therapy. Additionally, we will also discuss the
challenge of achieving R-CDs with specific properties favorable for prospects in biomedical applications.

promising candidates for various applications. Due to their
distinctive optical properties, low toxicity, and the availability of

Carbon dots (CDs), which are zero-dimensional carbon-based  raw materials for creating them, they have received substantial
nanomaterials with ultrafine sizes of less than 10 nm, are ¢tention. The main forms include graphene quantum dots
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(GQDs), carbon quantum dots (CQDs), carbon nanodots
(CNDs), and carbonized polymer dots (CPDs)."™ GQDs are
highly crystalline graphene sheets with regular structures,
including single, double, and multi-layered structures. It
has been reported that GQDs can be prepared in 1-2 layers,
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which have good multi-colored emission, photostability, bio-
compatibility, chemical inertness, and other advantages. CQDs,
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however, contain a large amount of amorphous carbon and
have a spherical nanoparticle structure. GQDs and CQDs are
comprised of sp>-hybridized carbon nanocrystals and have rich
functional groups on their surface.>® The special functional
groups, such as the amino group, carboxyl group, and hydroxyl
group on the surface of the carbon core can regulate the optical
properties of CDs and their solubility in different solvents.” The
structure and properties of CDs are closely related to the
selection of reaction precursors and their molar ratios, disper-
sion solvents, heteroatom doping process, etc. Many studies
have shown that CDs’ structure, size, and surface functiona-
lized groups can be effectively regulated by controlling different
reaction conditions; thus, CDs with unique chemical and
physical properties can be prepared.®

In 2004, Xu et al. discovered CDs during the arc discharge
method preparation of single-walled CNTs (SWCNTs).® Due to
their excellent optical properties, resistance to photobleaching
and good biocompatibility, CDs have attracted significant
interest from researchers and since then the study of CDs has
developed rapidly (Fig. 1). In 2006, CDs were synthesized by
laser ablation and, for the first time, simple organics were
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attached to acid-treated carbon nanoparticles by surface passi-
vation to improve their surface properties for multi-colored
photoluminescence (PL).'® In 2007, Liu et al. reported for the
first time the preparation of small (<2 nm) multicolor fluor-
escent CDs from candle-burning soot and the use of purified
CDs for polyacrylamide gel electrophoresis.'" This was the first
attempt to prepare CDs using a bottom-up approach, laying the
foundation for efficiently preparing red-emissive carbon dots
(R-CDs). In 2009, CDs were successfully used for in vivo ima-
ging, and this work confirmed the promising application of
CDs in biomedical fields."?

In the early stage of CD research, most CDs exhibited blue or
green fluorescence. It was impossible to avoid interference
from the biological tissue’s fluorescence during bioimaging,
which could lead to poor tissue penetration.’® Moreover, high
levels of photon scattering and light absorption often limit the
depth of penetration. In contrast, R-CDs prepared by elaborate
design (e.g. selection of suitable precursor materials, disper-
sants, and advantageous synthesis conditions) can effectively
eliminate autofluorescence interference and improve the ima-
ging signal-to-noise ratio.'* In addition, researchers have also
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Fig. 1 Development timeline of fluorescent CD research. Reprinted with permission from ref. 9, 10, 12 and 22, Copyright 2004, 2006, 2009, and 2023,
American Chemical Society; ref. 11, 15, 18, 20, 21 and 23, Copyright 2007, 2013, 2015, 2020, 2022, and 2023 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim; ref. 19, Copyright 2018, Nature Publishing Group.

attempted to modulate the energy level of CDs through doping
and surface modification to promote the red-shift of their emis-
sion wavelengths, which has also significantly contributed to the
rapid development of R-CD research. In 2013, polymers were used
as precursors for the first time in the preparation of R-CDs, a
breakthrough in extending the range of synthetic precursors for R-
CDs from small molecules and inorganic carbon materials to
polymers, leaping from graphite and small molecules to cross-
linked polymeric materials.' In 2014, Hao et al. could regulate the
PL emission of CDs to 650 nm by adjusting the excitation
wavelength,'® Qu et al. reported R-CDs with three primary colors
luminescence and the longest emission up to 650 nm."” In 2015,
Jiang et al successfully produced R-CDs with an excitation-
independent emission at 604 nm using p-phenylenediamine (p-
PD) as precursors.'® In 2018, Fan and co-workers synthesized
triangular CQDs (T-CQDs) using a facile solvothermal method
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with resorcinol as the carbon source. They achieved multi-colored
luminescence from blue to red with very narrow emissions."® In
2020, Yang and co-workers reported the fabrication of red-
emissive carbonized polymer dots (CPDs) with a narrowest full
width at half maximum (FWHM) of 20 nm from the leaves of the
Redbud species using solvothermal synthesis, which not only
demonstrated the new polymeric properties of CPDs, but also
provided a new crimson-emitting nanomaterial for biomedical
applications and optoelectronic devices.>** With continuous
improvement in the structural design and synthetic routes of R-
CDs,?! they are gradually being widely used in bio-imaging,
organelle targeting, tumor phototherapy and drug delivery, pro-
moting the development of nanomaterials in the biomedical field,
as shown in Fig. 1.

In recent years, there has been a significant increase in research
on R-CDs. Because most R-CDs show excitation-dependent
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emissions and low fluorescence quantum yields, well designing
the structure is crucial by carefully selecting the precursors
and controlling R-CDs’ synthesis conditions. This review
briefly describes the recent progress in research on the synth-
esis and optical properties of R-CDs, highlighting new advances
in bioimaging and tumor therapy. The prospects and chal-
lenges for developing R-CDs in biomedical areas are also
discussed.

2. Synthetic strategies of R-CDs

Generally, preparation strategies for CDs consist of top-down
and bottom-up methods. In the top-down approach, the original
non-luminescent carbon materials (graphite, graphene oxide,
carbon black, activated carbon, carbon nanotubes, etc.) are mainly
used and subjected to relatively severe external conditions such as
electrochemical exfoliation, laser ablation, chemical oxidation,
and arc discharge to cut large carbon materials into small carbon
particles less than 10 nm in size.>*”” The top-down synthesis
strategy realizes the conversion of multi-dimensional carbon
materials to zero-dimension, further expanding the carbon
research field. However, the limited options of raw materials,
complicated preparation processes, and relatively low product
yields lead to the high cost of CD preparation through the top-
down method. Moreover, it usually requires an additional step for
surface functionalization or passivation of the CDs obtained in
this way if specific functionalities for biological applications are
demanded.

On the other hand, the bottom-up method mainly uses
small organic molecules or biomass containing organic mole-
cules as precursors, which can be carbonized by hydrothermal/
solvothermal processes, microwave-assisted heating, or high-
temperature pyrolysis. Once separated and purified, the fluor-
escent CDs will be obtained.”®?° A variety of precursor options
might be the most attractive advantage of the bottom-up
synthesis of CDs, which allows the designed functionalities or
surface passivation of CDs to be accomplished in a one-pot
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synthesis with relatively high yields.>® However, it is also faces
the problems of various by-products, tedious purification
processes, and non-negligible batch differences. Therefore,
realizing CDs’ large-scale and controlled synthesis is still a
great challenge in this emerging area.

2.1 Top-down

2.1.1 Laser ablation. Laser ablation is a method that uses
high-energy laser beams in the range of 193 nm to 1064 nm to
irradiate bulk carbon-containing material so that small carbon
fractions are removed from it to form CDs. However, the
operation of this method is too complex, as it requires laser
irradiation, oxidation, and a passivation process during the
whole process. As a result, the yield and purity of the prepared
CDs are usually behind some standard conditions, and the
particle size is not uniform.

Yang et al. used the pulsed laser ablation method to synthe-
size CNDs from a graphite target in ethanol. The obtained
CNDs were well-dispersed nanoparticles with a diameter size of
3-6 nm. The HRTEM image showed that the CNDs had clear
lattice fringes with a lattice spacing of 0.204 nm (Fig. 2a-d).*
The use of one-step pulsed laser ablation associated with the
choice of precursors could be described as a green technology to
obtain CDs. The method can be used directly without separation
or further purification from organic solvents. Dating back to
2006, Sun et al. used graphite powder as a carbon source, argon
and water vapor as protective gas, irradiation with a Nd:YAG
laser (1064 nm, 10 Hz), treatment with 2.6 mol L™" nitric acid
solution to obtain 3-12 nm carbon nanoparticles, and then
passivated these with polyethylene glycol (PEG) or PEI, to finally
obtain blue-, green-, and red-emissive CDs (Fig. 2d and e).*’

2.1.2  Electrochemical synthesis. During the electrochemi-
cal synthesis, conductive carbon materials are used as electro-
des to prepare CDs. In this method, controlled synthesis of CDs
can be achieved by controlling the voltage and current intensity
applied. Kang and co-workers proposed a simple electrochemi-
cal method for the large-scale synthesis of high-purity CDs in

Fig. 2 (a) PLA setup for the preparation of CNDs in ethanol. (b) TEM image of the CNDs. (c) Size distribution of the CNDs. (d) HRTEM image of a single
CND. Reprinted with permission from ref. 31, Copyright 2021, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) 400 nm excitation through the band-
pass filter at different wavelengths. (f) Excited at the displayed wavelength and photographed directly. Reprinted with permission from ref. 10, Copyright

2006, American Chemical Society.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

Mater. Chem. Front., 2024, 8, 930-955 | 933


https://doi.org/10.1039/d3qm00968h

Published on 07 December 2023. Downloaded on 8/23/2025 5:32:33 PM.

Materials Chemistry Frontiers

(a) NH,
NH, hydrothermal cell imaging (i

160 C,5h

Y-CDs

hydrothermal
160 C,5h

H,
+ HsPOs

Cytoplasm Nucleus \\\\\

474 nm

I)/\/""* 200 °C
— -

View Article Online

Review

Applied in LED

n540
P 5 \N \ ° 0 nm

°

) Xy

Carbon Dots Emission

Bioimaging

474 nm

BRH

Fig. 3 (a) Syntheses of Y-CDs and R-CDs and their applications in cell imaging and PDT of tumors. Reprinted with permission from ref. 34, Copyright
2019, The Royal Society of Chemistry. (b) Schematic illustration of the preparation and application of NIR-PCNDs. Reprinted with permission from ref. 35,
Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Syntheses of multifunctional R-CDs and label-free fluorescent nanoprobes based
on CDs for BRH and Cur detection. Reprinted with permission from ref. 36, Copyright 2021, Elsevier.

which only pure water was used as the electrolyte without any
other chemical reagents.*” The obtained CDs have high crystal-
linity, excellent water dispersion and remarkable PL properties.
Moreover, their PL emission wavelength can extend into the near-
infrared (NIR) range upon the excitation of 300-900 nm, which
will be promising for biomedical applications.*® This synthesis
method has the advantages of low cost, is easy to control and a
high product yield, but the fluorescence quantum yield of the as-
prepared CDs is not high. Therefore, this synthetic method needs
further refinement for research in the field of R-CDs.

2.2 Bottom-up

2.2.1 Hydrothermal method. The hydrothermal method
allows the preparation of CDs by heating specific precursor
compounds in an aqueous solution in an autoclave to produce
high temperatures and pressure inside the reactor. The process
is simple under a mild reaction. As a result, the product obtained
is uniform, generally with a high purity level, and the particle
size is easy to control. Furthermore, the luminescent properties
of the final product can be easily adjusted by changing the
experimental conditions, e.g., changing the molar feeding ratio
of precursors, solvents, heating time, and temperature.

Zhao et al. prepared N and P co-doped R-CDs using a
hydrothermal method with o-phenylenediamine (o-PD) and
phosphoric acid as raw materials, which were successfully
applied to in vitro cell imaging and photodynamic therapy
(PDT) studies (Fig. 3a).** Lu et al prepared two-photon

934 | Mater. Chem. Front., 2024, 8, 930-955

fluorescent near-infrared emitting polymer carbon nanodots
(NIR-PCNDs) using a hydrothermal method with dopamine and
o-phenylenediamine as raw materials. NIR-PCNDs exhibit
intense deep red and NIR luminescence in ethanol solution under
white light with non-excitation wavelength-dependent PL.** Under
710 nm excitation, the strongest emission of NIR-PCNDs in
ethanol solution is concentrated at 665 nm. NIR-PCNDs have
specific D-n-A structural domains with large conjugated rigid sp’
domains responsible for large two-photon absorption cross
sections, which can be used in vivo bioimaging and red LEDs
(Fig. 3b). Meng et al. used neutral red and ethylenediamine (EDA)
as raw materials to prepare R-CDs using a one-pot hydrothermal
method for label-free detection of berberine (BRH) and curcumin
(Cur) in a cell imaging process (Fig. 3c).>°

2.2.2 Solvothermal method. The solvothermal method was
developed based on hydrothermal synthesis.>” The solvent used
for the dispersed phase is organic rather than water. Under
liquid phase or supercritical conditions, the reactants dispersed
in the solution become more active, and the CD products form
slowly. The process is relatively simple and easy to control,
effectively preventing the volatilization of toxic substances and
preparing gas-sensitive precursors in a closed system. However,
this method has some disadvantages, such as possible by-
products, the low purity level of the final product, and a non-
uniform distribution range of size and morphology.

Wang et al. prepared R-CDs using the one-step solvothermal
method with lignin as a carbon source and p-PD as a nitrogen

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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source.’® Guan et al. prepared dual-emissive N, S co-doped R-
CDs using a solvothermal method with 0-PD and sulfonamide
as precursors.>® Ding et al. also used a solvothermal method to
produce NIR emission of CDs by heating a formamide solution
with lemon juice, which showed a fluorescence quantum yield
as high as 31%.*° The synthesis of R-CDs is closely related to
the chosen solvent, which is also beneficial to regulate the
optical properties of CDs.

2.2.3 Microwave-assisted method. One method for obtain-
ing CDs is a microwave-assisted method, which uses microwave
heating to carbonize organic matter.** The experimental con-
ditions for this method are relatively simple and require a
shorter time than the hydrothermal/solvothermal synthesis,
but the formation of CDs can’t be effectively controlled due to
the fast reaction rate. Lan et al. prepared R-CDs at room
temperature and atmospheric pressure by using a household
microwave oven-assisted heating of an ammonium citrate
tribasic, formamide, and glycerol blend reaction solvent
(Fig. 4a).*> R-CDs in ethanol solution showed an emission peak
at 622 nm with a PLQY of 37.4% and exhibited an excitation-
independent PL emission spectrum. Therefore, the microwave-
assisted method can also be used as a facile and cost-effective
synthetic way to modulate the optical properties of R-CDs by

View Article Online

Materials Chemistry Frontiers

optimizing the reaction solvent. In a recent study, Bi and co-
workers designed and synthesized new RNA targeting R-CDs
(named M-CDs) using the microwave-assisted method by select-
ing neutral red and levofloxacin as precursors (Fig. 4b).>* The
CDs not only have high RNA selectivity but also bright red
fluorescence and a high quantum yield (Anax = 642 nm, ®pp, =
22.83%). Therefore, the microwave-assisted method can also be
used as a simple and efficient synthesis method of R-CDs.
2.2.4 Pyrolysis. Pyrolysis is the process of thermal decom-
position of organic matter under high temperatures. CDs of
different sizes and crystallinities can be prepared by varying
pyrolysis conditions such as heating temperature, time and
surroundings with/without protecting gas. This pyrolysis
method has often been used to prepare fluorescent CDs using
natural products (e.g., konjac flour) as raw materials.*?
Although hydrothermal and solvothermal methods commonly
synthesize R-CDs, both require high temperature and pressure,
complicated post-treatment processes and have relatively low
product yields, making them unsuitable for large-scale R-CDs
production.** In addition, the role of solvents in the synthesis
of R-CDs is unclear, leading to ambiguity in the mechanism of
R-CD formation, further limiting their usage in the controlled
synthesis of CDs. In contrast, the preparation of R-CDs by the
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Fig. 4 (a) Synthesis of R-CDs and G-CDs. Reprinted with permission from ref. 42, Copyright 2020, IOP Publishing Ltd. (b) Schematic representation of
the M-CDs’ synthesis, structure, and RNA binding behaviors of the M-CDs. Schematic illustration of the cellular internalization pathway of M-CDs
(ribosomes to nucleolus) and their uses for cellular bulk RNA imaging. Reprinted with permission from ref. 23, Copyright 2023, Wiley-VCH Verlag GmbH
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pyrolysis method is solvent-free and requires only heating,
avoiding the dangers of high pressure or the inconvenience
of solvent post-processing; this allows for large-scale prepara-
tion and can be used for the industrial production of R-CDs.**
Moreover, R-CDs with a narrow emission (le;; = 615 nm,
FWHM = 29 nm) were synthesized recently using the pyrolysis
method with p-PD as a single precursor. This method based on
pyrolysis of a single precursor can effectively reduce the type of
luminescence centers and ultimately achieve narrow emission
of CDs.*®

At present, the bottom-up method is mainly used to synthe-
size R-CDs, and its main synthetic mechanism is to make these
small molecules dehydrated and carbonized, cross-linked and
aggregated to form stable carbon nuclei at high temperatures
by using organic small molecules as precursors (e.g., aromatic
compounds), and through the reaction conditions of hydro-
thermal, solvent thermal, and microwave-assisted heating, or
further surface modification or passivation, and ultimately
obtaining CDs with fluorescent properties.”” In addition,
Xue et al. have classified the process of CD formation into
three main categories based on the types of precursors of
aromatic compounds: amines, phenols, and plastics. Most
amines polymerize themselves to form dimers, which then
further polymerize.*® As oxidation deepens, a small fraction
of the amine undergoes carbonylation at the amine site, form-
ing the CD structure. For phenolic compounds, most reactions
begin with the oxidation of a hydroxyl group to a semiquinone
or quinone. Furthermore, unique three-molecule rings are
formed through interactions between neighboring molecular
groups, such as dehydration. For polycyclic aromatic com-
pounds, the reaction process is more complex, with each
reaction precursor having a different formation process.

The main advantage of the bottom-up method for synthesiz-
ing of CDs is that it enables the modulation and functionaliza-
tion of the structure of the CDs, giving them more potential for
diverse applications. At the same time, this method can also
use sustainable and environmentally friendly raw materials and
optimize the synthesis process to achieve the goal of sustain-
able development. However, this synthetic approach still faces
several challenges, such as improving synthetic efficiency,
product yield and purity, and further understanding and opti-
mizing the synthetic process.

3. Optical properties

R-CDs have many outstanding optical properties, such as
long wavelength absorbance/luminescence, large Stokes’ shift,
low photobleaching, multi-photon fluorescence and delayed
fluorescence.”” These special properties make R-CDs promising
for in vivo bioimaging, sensing, photothermal and photody-
namic therapy applications.*®

3.1 Absorbance

R-CDs have three energy absorption processes in the UV-Vis
spectrum: the m-m* transition, the n-n* transition, and the

936 | Mater. Chem. Front., 2024, 8, 930-955
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surface functional group absorption.”® Among them, the absorp-
tion peaks in the range of 200-280 nm are generally due to the n—-
n* transitions of the aromatic C—C core. The absorption peaks
at 280 nm and above mainly correspond to the n-n* transitions
caused by the abundant functional groups possessed by R-CDs,
such as C=0, C-N/C=N, or C-S groups.’" Yang and co-workers
synthesized deep-red emissive CDs with a narrow FWHM of
20 nm from biomass precursor taxus leaves (Fig. 5a and c), which
exhibited NIR absorption at 600-700 nm and deep-red solid
fluorescence under UV excitation (Fig. 5b and d).*° Furthermore,
with the formation of aggregates, the position of the absorption
peaks of R-CDs will be shifted, indicating the CDs’ n-n stacking
effect. With the enhancement of the peak intensity, new absorp-
tion bands may appear in the longer wavelength region.>> The
optical properties of R-CDs can be effectively controlled by
varying particle size, surface state, and heteroatom doping, of
which the choice of reaction solvent and precursor are the two
most important factors, and the excitation/emission of the NIR
region can be expanded when polycyclic aromatic hydrocarbon
and organic dyes are selected as precursors.

3.2 Photoluminescence mechanism

CDs are zero-dimensional carbon nanomaterials with mainly
sp>-C and minorly sp®>-C as the carbon backbone and abun-
dant functional groups/polymer chains on the surface. In
recent years, the luminescence mechanism of R-CDs has been
a research hotspot, but there are still many controversies due to
the diversity of carbon sources, the complicated structure of
CDs, and the different synthesis and purification methods.>* At
present, four possible luminescence mechanisms have been
applied to R-CDs: carbon core state, surface state, quantum
confinement effect, and crosslink enhanced emission effect, as
shown in Fig. 6.>> In most cases, several mechanisms work
together to control CD luminescence.

Carbon core luminescence mainly refers to the n-n* transi-
tion of sp® in the conjugated domain. The precursor has a
conjugate structure or can form a conjugate structure during the
reaction, and the increase in the sp>-conjugated domain will lead
to a red-shifted emission of CDs. Yang et al. used citric acid (CA)
as a precursor to synthesize CDs and conducted control experi-
ments using CA-like precursors (tartaric acid, aconitic acid,
aspartic acid, malic acid, and maleic acid) to explore the
luminescence mechanism of R-CDs.>® It was demonstrated that
the red emission mechanism of CA-like precursors is to adjust
the cyclization pattern through the length of carbon chains to
form different conjugated rings in the carbon core, with the
most prominent emission red-shift of the six-membered ring
(244 nm), which also provides a method for the synthesis of
high-performance R-CDs from non-aromatic precursors.

On the other hand, most R-CDs have oxygen-containing
functional groups such as epoxy, hydroxyl, and carboxyl groups
on their surfaces, which introduce defects at the edge of the
conjugated structure of CDs, thereby inducing surface state
luminescence.”” Tariq et al. rapidly synthesized biomass R-CDs
from fresh figs using a microwave-assisted method.>® The excita-
tion dependent PL of R-CDs shows a slight blue shift of R-CD as

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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from ref. 20, Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA.

the excitation wavelength is continuously increased. Varshney
et al. used the guava leaf-derived to synthesize biomass R-CDs
under microwave irradiation.>® The renewable resources such as
biomass are composed of a variety of organic compounds and
are rich in a variety of functional groups. The surface state is
determined by the connections between the chemical groups
and the surface of the carbon skeleton.®® Theoretical calcula-
tions and experimental results have shown that intrinsic
(bandgap-related) transitions strongly depend on the conjugated
sp®> domains and effective conjugation length, which are related
to the particle size. The quantum confinement effect is respon-
sible for confining charge carriers within the CDs, leading to
discrete energy levels that contribute to photoluminescence. The
particle size is varied by adjusting the reaction temperature,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

reaction time, molarity ratio of the precursor, solvent and
heteroatom doping, etc.

Therefore, CDs can obtain different sizes of conjugated sp*
domain and HOMO-LUMO energy levels, resulting in tunable
emission. The degree of surface oxidation and the type and number
of surface functional groups of CDs are closely related to their
surface state fluorescence emission. Regulating the degree of oxida-
tion on the surface of CDs affects the energy levels of their surface
states, which leads to the modulation of luminescence emission. In
addition, the groups on the surface of CDs can effectively passivate
the surface defects of the carbon core, thus forming the surface
energy levels and achieving tunable surface state luminescence.®!

Regarding the bottom-up synthesis of CPDs, Prof. Yang Bai
proposed a widely recognized PL mechanism of crosslink
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enhanced emission effect (CEE) in as early as 2014, whereby
several fluorescent motifs or potential chromophores that do
not emit light in the standalone state enhance luminescence by
suppressing the vibration and rotation of luminescent centers
or forming a new energy hierarchy in response to extensive
crosslinking interactions.®” In 2015, Zhu et al. also proposed
that the PL of non-conjugated sub-fluorophores such as C=0,
C=N, and N=O0 could be enhanced by chemical crosslinking
or physical immobilization of polymer chains.®® Since then,
based on the studies from CDs to CPDs,> Yang’s group has
demonstrated it in polyacrylic acid with an ethylenediamine
system®"® and the polyacrylamide system®® that the impor-
tance of the CEE effect on the luminescence of CPDs. The CEE
effect was further classified into covalent-bond CEE and non-
covalent-bond CEE (supramolecular CEE, ionic bond CEE and
confined-domain CEE) according to the crosslinking mode.®”
In 2022, Yang and co-workers systematically investigated the
confined-domain CEE effect on PL using a well-designed model
of CPDs.®® This series of studies for CEE will contribute to
understanding the PL mechanism of CPDs and inspire new
ideas for designing synthetic methods to obtain CPDs with
many special properties.

In addition, molecular fluorescence and synergistic lumines-
cence also exist. Molecular fluorescence is based on luminescence
induced by molecular fluorophores or polymers in CDs. For
instance, the luminescent properties of 5,14-dihydroquino-
xaline[2,3-b] phenazine (DHQP) were investigated and com-
pared with that of CDs to demonstrate that the luminescent
center of CDs is a fluorophore in the molecular state.®® For
multi-colored emission of CDs, the fluorescence is usually
derived from the synergistic effect of multiple luminescence
mechanisms, e.g., the synergistic luminescence of surface and
carbon core states can be obtained by controlling the pyrolysis
temperature and molar ratio of the reactants. Miao et al
synthesized multi-color emissive CDs by controlling the molar
ratio of CA to urea in the range of 0-1.0 and the reaction
temperature from 140 to 200 °C. The results demonstrated
that the enlarged size of sp® domains and the increase in
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surface functional groups changed the PL emission of CDs
from green to red.””

Solvent and environmental effects are also important con-
siderations that influence the photoluminescent properties of
carbon dots. The solvation effect is important for the optical
properties of carbon dots. The precursors have better dispersi-
bility in non-polar solvents and are more dehydrated and
carbonized, which makes it easier to synthesize R-CDs. Tian
et al. respectively synthesized fluorescent carbon dots with
emission wavelengths ranging from 448-638 nm in water,
glycerol, and DMF using citric acid and urea as precursors.””
CDs synthesized in DMF were the most carbonized and had the
longest fluorescence emission wavelength. In addition to the
effect of solvent polarity on the emission red-shift of carbon
dots, the presence of heterogeneous elements such as N, S and
O in the solvent also affects the emission peak red shift. A series
of CDs with tunable fluorescence emission were prepared
by changing the solvent (Fig. 7a and b).*”> With the red-shift
of CD emission, the N content in the CDs increases and the
O content decreases. In addition to organic solvents, acids
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Fig. 7 Solvent effect on carbon spot photoluminescence. (a) Polychro-
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Fig. 8 Energy absorption mechanism of (a) single-photon excitation
(blue line), (b) two-photon excitation (red line) and fluorescence emission
(green line). Reprinted with permission from ref. 73, Copyright 2021,
Springer Nature.

play an important role in achieving the long-wavelength
emission of CDs.

Understanding the photoluminescence mechanisms of
R-CDs is crucial for controlling their synthesis and encouraging
their application with adjustable PL emissions. However, discre-
pancies in particle configurations have hindered the achievement
of a unified process, and the underlying PL emission mechanism
is still unknown. Therefore, it is important to advance the devel-
opment and uses of R-CDs by disclosing their structure and PL
mechanism.

3.3 Nonlinear optical properties

In single photon fluorescence, a fluorescent molecule absorbs a
photon when irradiated by excited light and is excited from the
ground state (S,) to the excited state (S,). After internal conver-
sion (IC), it returns from the excited state to the ground
state and releases energy in the form of fluorescence
emission.”® Multi-photon fluorescence could be described as

View Article Online
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a photophysical process observed by some CD structures
that absorbs multiple photons simultaneously under laser
irradiation from the ground state (S,) to the singlet excited
state (S;). Unlike single-photon absorption, two-photon absorp-
tion involves the simultaneous absorption of two low-energy
photons by one electron. The energy of each photon is approxi-
mately half of the bandgap, and the wavelength is twice that of
the bandgap, causing the valence electrons to be excited to the
excited state (Fig. 8).”

Compared to single-photon fluorescence imaging, a multi-
photon fluorescence profile can improve bio-imaging capabil-
ities and the imaging of complex biological tissues. Particularly,
the two-photon fluorescence performance of R-CDs allows for
higher resolution bio-imaging of live cells and deep tissue
imaging analysis. Liu et al. synthesized the R-CDs with a strong
NIR absorption/emission using perylene tetracarboxylic dianhy-
dride and urea as precursors through the solvothermal method.
After PEI surface modification of the R-CDs, the obtained PEI-
CDs exhibited the best two-photon fluorescence performance
under the excitation by a 1300 nm femtosecond pulse laser.”*
Fan et al. synthesized a new type of nonlinear R-CDs. At 580,
630, 650 and 1064 nm, the nonlinear absorption coefficients of
RCDs were 0.65, —3.09, —4.02 and 0.14 cm G W™, respectively
(Fig. 9a-d).”* Furthermore, the nonlinear absorption changes
from saturated absorption to two-photon absorption in the NIR
region. Li et al. used a 1400 nm femtosecond laser to excite CDs
in dimethyl sulfoxide, which produces both two-photon
induced NIR emission and three-photon induced red emission
from CDs (Fig. 9e-h).”®

Nitrogen-doped two-photon R-CDs synthesized by Yi et al
showed two-photon absorption ranging from 680 to 1000 nm,
with a red emission at 605 nm.”® The quantum yields of the
R-CDs under single-photon excitation (546 nm) and two-photon
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Fig. 9 The R-CDs were characterized by broadband nonlinear optics with excitation at (a) 580 nm, (b) 630 nm, (c) 650 nm, and (d) 1064 nm. Inset:
Normalized transmittance as a function of excitation intensity. Reprinted with permission from ref. 74, Copyright 2022 Elsevier. Fluorescence spectra
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Fig. 10 (a) 2-, (d) 3-, and (g) 4-photo emission PL spectra of N-CDs-F with different laser powers of 1060, 1600, and 2000 nm fs-laser, respectively.
Quadratic relationship of N-CDs-F between the integrated fluorescence area and the excitation laser power at (b) 1060 nm, (e) 1600 nm, and
(h) 2000 nm, respectively (inset: photograph showing excitation at 1060, 1600, and 2000 nm). (c) 2PA, (f) 3PA, and (i) 4PA action cross sections of CDs
and N-CDs-F in DMF. Reprinted with permission from ref. 77, Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA.

excitation (700 nm) are 15.1% and 18.2%, respectively. The two-
photon excitation property of these R-CDs offers potential
applications for bioimaging of living cells and deep tissues.
In addition, Jiang et al. designed and synthesized fluorine and
nitrogen co-doped CDs (N-CDs-F) with a unique electron
donor-n-acceptor (D-n-A) configuration, showing excellent
two-photon (1ex = 1060 nm), three-photon (lex = 1600 nm),
four-photon (Aex = 2000 nm) and up-conversion fluorescence,
while also exhibiting a full range of UV-visible-NIR responses,
and it exhibited good fluorescence bio-imaging effects both
in vitro and in vivo (Fig. 10).””

3.4 Phosphorescence

Phosphorescence is a photophysical emission process from a
triplet excited state (T;) to the ground state (So). This T, excited
state was generated by an intersystem crossing process (ISC) of
excited electrons from S; to T; as shown in the Jablonski
Diagram.”® CDs, as a room-temperature phosphorescence
(RTP) material, have short lifetimes in the S; state after light
absorption and low phosphorescence efficiency, which can be
enhanced by doping with heteroatoms (F, N, B, P, etc.) to
effectively reduce RTP quenching because of the formation of

940 | Mater. Chem. Front., 2024, 8, 930-955

intramolecular and intermolecular hydrogen bonding.”"®! The
energy gap between the singlet and triplet states can be greatly
reduced by introducing electron-withdrawing heteroatoms into
the CDs.?” The formed glassy state can effectively protect the
excited triplet state of CDs from non-radiative inactivation to
achieve long-life and multi-colored (blue, green, green-yellow
and orange) RTP (Fig. 11).%

Some CDs can also be embedded in rigid substrates
to extend their phosphorescence lifetime and efficiency.®*
Currently, phosphorescent CDs have been widely used in anti-
counterfeiting and information encryption,®>®” but their
application in bio-imaging and tumor therapeutic approaches
is rare, although red phosphorescent CDs have a lower biolo-
gical background interference than multi-photon fluorescent
imaging. Geng et al. combine sonodynamics therapy (SDT) with
phosphorescent imaging by designing the structure of CDs
cleverly exploiting the p-n junction and narrowing the band
gap of CDs to enhance SDT.®®

3.5 Delayed fluorescence

In the field of light-emitting materials, there are several types of
delayed fluorescence (DF) mechanisms that are used, including

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 11 (a) Photographs of different doped phosphorescence carbon spots before and after turning off 365 nm UV light. (b) Afterglow emission spectra
of carbon dot-based RTP materials doped with different heteroatoms excited at 350 nm and (c) afterglow decay curves and lifetimes. Reprinted with
permission from ref. 83, Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.

thermally activated delayed fluorescence (TADF), triplet-triplet
annihilation (TTA), “hot excitons” intersystem crossing
(Hot ISC), and defect-induced delayed fluorescence (DIDF). DF
materials can convert triplet excitons (T;) into singlet excitons (S;)
through reverse intersystem crossing (RISC), which is facilitated
by a reduction in the spatial overlap between the HOMO and
LUMO energy levels (Fig. 12).%° These materials offer the potential
to combine the low cost of fluorescent materials with the high
efficiency of RTP materials. However, due to luminescence
quenching, generating red DF by combining CDs with TADF
materials directly can be difficult.

TADF is a process that enables a material to harness and
utilize triplet excitons, which are crucial for improving the
efficiency of organic light-emitting diodes (OLEDs). The combi-
nation of R-CDs and TADF properties can be used in organic
optoelectronics, particularly in OLEDs.”® R-CDs can efficiently
generate and harvest triplet excitons under electrical excitation,
allowing them to undergo a TADF process, converting them
into singlet excitons, and emitting red light with a delayed
fluorescence.’’ These TADF materials can be incorporated into
OLEDs, leading to lower power consumption and longer device
lifetimes, making them more energy-efficient and durable. One

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

recent study by Lou et al. synthesized R-CDs using cucumber
skin as a precursor through solvothermal synthesis and incor-
porated them into a rigid matrix.”> The RTP-assisted electron
transfer strategy was used to form high-efficiency TADF in the
R-CDs. The rigid crystal grid enhances the RISC between the S;
and the T; state by enhancing the spin-orbit coupling while
effectively suppressing the non-radiative transition efficiency
and promoting the generation of TADF phenomenon.

4. Biomedical applications

R-CDs are widely used in biomedical applications due to their
excellent water solubility, extremely low toxicity, extended
wavelength absorption/emission, deep tissue penetration and
excellent biocompatibility. R-CDs have excellent optical proper-
ties and produce high contrast in vivo, which can be used for
in vivo imaging. By interacting with biological tissues, R-CDs
can provide high-resolution images that help to observe and
diagnose a patients’ biological tissue status. Moreover, R-CDs
have a high efficiency of photothermal conversion when irra-
diated using an infrared laser, and the quickly increasing

Mater. Chem. Front.,, 2024, 8, 930-955 | 941
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Fig. 12 (a) Left: TADF mechanism with small AEsy, moderate kgisc and slow kp, and kq. Right: The proposed mechanism for achieving TADF with a long
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synthesis of the uCDs@SiO,/NaOH. RT is room temperature; HT is high temperature. Reprinted with permission from ref. 89, Copyright 2023, Wiley-VCH

Verlag GmbH & Co. KGaA.

temperature can be used to kill cancer cells or treat other
diseases to achieve therapeutic effects.”?

4.1 Biomedical imaging

The materials currently used for bioimaging are mainly organic
dyes and conventional quantum dots. Compared to these
two materials, CDs have distinct advantages when applied to
bioimaging, and their excellent photostability and good bio-
compatibility greatly enhance their potential for biomedical
applications.”® CDs with red/NIR emission properties can be
used for bioimaging with excellent fluorescence tunability,
good biocompatibility and deep tissue penetration to achieve
good light penetration depth and minimize photodamage and
autofluorescence interference to biological tissues. They can be
widely used in the biomedical field through an image-guided
approach.*

942 | Mater. Chem. Front., 2024, 8, 930-955

R-CDs are a type of carbon-based nanoparticle that exhibit
unique optical properties. They can give off fluorescence in the
red or NIR spectral range, which makes them particularly
useful in different imaging applications like Super Resolution
Microscopy (SRM).”> R-CDs as a fluorescent probe can be
functionalized with fluorescent labels to identify specific
biological structures or molecules, thus improving imaging
contrast and reducing background noise. They can also
be engineered to emit light at different wavelengths, enabling
multi-color imaging for a more comprehensive understanding
of complex biological systems.’® Compared to traditional
organic dyes, R-CDs offer improved photostability and reduced
phototoxicity, allowing for longer imaging durations without
affecting cell viability.”” Precise localization of individual fluor-
escent labels is essential for achieving super-resolution in SRM
techniques, and R-CDs can provide nanometer-scale spatial

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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information for improved resolution. Biocompatibility is also a
critical consideration for biological imaging applications, and
researchers are working on developing R-CDs that are compa-
tible with living cells and biological tissues, which is crucial for
SRM studies under physiological conditions.

4.1.1 Organelle-targeted imaging. Organelle-targeted
imaging is a technique that enables quantitative imaging of
organelles using special fluorescent probes or markers. These
probes or markers can selectively bind to different organelles
and emit fluorescence or absorb specific wavelengths of light
that can be observed with a microscope during imaging. This
technique allows further study of cell structure and function
and the distribution and interaction of specific molecules in
different organelles.

R-CDs can be surface-modified to enable targeted imaging
of organelles. Targeting molecules (e.g., drugs, antibodies, etc.)
to specific organelles can also be covalently bound to R-CDs’
surface to enable targeted imaging of specific organelles. In
addition, it is also possible to selectively bind to different
organelles using the positively/negatively charged or hydrophilic/
hydrophobic properties of the R-CDs surface. Lipid droplets (LDs)
are dynamic organelles that play a crucial role in regulating neutral
lipid storage and energy homeostasis. Jing et al. synthesized R-CDs
by solvothermal treatment of 3-dimethylaminophenol, and the as-
synthesized R-CDs showed deep-red emission with strong LDs

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

targeting (Fig. 13a) and excellent imaging tracer properties.”® In
addition, the nucleus is the control center of the cell, involved in
many important physiological activities and is an ideal target
for assessing the state of the cell or organism. Wu’s group
added various metal ions during the hydrothermal treatment of
p-PD,”® forming fluorescent CDs with emission wavelengths up to
700 nm. p-PD and nickel ions (Ni**) were used as raw materials to
prepare Ni-p-PCDs with high fluorescence quantum yields, which
benefit from their polarity-sensitive and selective RNA-responsive
fluorescence properties. Ni-p-PCDs can exhibit highly enhanced
fluorescence emission upon entering the hydrophobic intracellu-
lar environment, especially in the nucleolus. Thus Ni-p-PCDs can
successfully stain living mammalian cells. Afterward, Wu and
co-workers synthesized bright R-CDs with polarity-dependent
fluorescence emission (termed CPCDs) using a one-step hydro-
thermal method with Congo Red and p-PD as precursors
(Fig. 13b)."° The CPCDs enabled wash-free, realtime, long-
term, high-quality nucleolus imaging of live cells in vivo in two
common models: zebrafish and Caenorhabditis elegans. The
strategy used by CPCDs to visualize the structure and dynamic
behavior of live zebrafish and Caenorhabditis elegans demon-
strates the important role of R-CDs in nucleus-targeted imaging.

Lysosomes are spherical, single-membrane organelles in
eukaryotic cells that contain a variety of hydrolytic enzymes
and are the cell’s waste disposal sites, responsible for breaking
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down a variety of endogenous and exogenous macromolecules,
as well as other cellular organelles.'® They are essential for a
variety of physiological processes including protein degrada-
tion, autophagy and endocytosis. Lysosomal dysfunction has
been associated with cancer, neurodegenerative diseases and
cardiovascular diseases. Selective imaging of lysosomes by
R-CDs can be achieved by surface modification of molecules
or compounds targeting lysosomes."°*> For example, antibodies
or small molecules that find lysosomes can be modified on the
R-CDs’ surface to enable lysosome imaging using immuno-
fluorescent staining (Fig. 13c).'® In addition, targeted imaging
of lysosomes can also be achieved by surface modification of
peptides or proteins with lysosomal location sequences, allow-
ing the R-CDs to bind to the lysosomal membrane. Deng et al.
synthesized lysosomal targeting probes of boron (B) and nitro-
gen (N) co-doped CQDs (B/N-CQDs) through a novel and green
solid-state reaction, which exhibited a red emission at 618 nm,
high quantum yield (28%) and excellent photostability.>*> The
boron dopant in the structure of these B/N-CQDs achieves
lysosome-specific targeting through borate esterification of
the boronic acid moiety in the sample with diol structures in
glycoproteins. This can be applied as a powerful tool for
tracking apoptosis or necrosis. In the future, further optimiza-
tion of surface modification and synthesis methods of R-CDs
will further promote their wide applications in targeted ima-
ging of lysosomes and other cellular organelles.

Moreover, targeting mitochondria with R-CDs can be
achieved by rational surface modification. For example, a pep-
tide or antibody targeting mitochondria can be covalently bound
through CD surface modification to enable targeted imaging of
mitochondria.'®® Alternatively, mitochondria-targeted imaging
can also be achieved by attaching R-CDs with small molecules
or compounds that selectively bind to the membrane surface of
mitochondria through electrostatic or hydrophilic/hydrophobic
properties of the CDs.'®>'% This method has excellent selectivity
and sensitivity and can be used to study cellular mitochondrial
function and dysfunction processes.

In addition to targeting the above organelles for imaging, R-
CDs can target other organelles such as the endoplasmic reticu-
lum and Golgi apparatus through surface modifications
(Table 1). In these imaging applications, the surface modifica-
tion of R-CDs is a crucial optimization factor, allowing for the
targeted imaging of different organelles by selectively binding
specific molecules or compounds.'™> Designing and synthesizing

Table 1 Summary of R-CD applications in different biological imaging
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organelle-targeted R-CDs that excite independent fluorescence
emission could further enable high-resolution cell imaging
and in vivo tracking. By continuously optimizing CDs and
selecting appropriate targeting ligands, multifunctional CDs
can be designed and synthesized, ultimately achieving higher
imaging accuracy and sensitivity.® Overall, R-CD targeted ima-
ging has great potential in the biomedical field. Despite the
potential of R-CD-targeted molecular imaging, its practical
application still has huge challenges and difficulties. For exam-
ple, there is a need to optimize the surface modification of R-CDs
further to improve their targeting specificity and imaging accu-
racy and to improve their stability in reducing their harmful side
effects in living organisms.

4.1.2 Dynamic imaging. Dynamic imaging is a technique
used to observe and record the activity of cells or tissues. It
typically involves using a microscope and fluorescent dyes to
label different structures or molecules within cells and captur-
ing a series of images to record the changes that occur over a
specific period. Dynamic imaging of cells provides valuable
insights into the details and mechanisms of cellular behavior
and has found a wide range of applications in biology, medi-
cine, and bioengineering.'"> CDs, as highly efficient photosen-
sitizers with nanoscale dimensions, can not only enter cells but
also label organelles or intracellular substances, delivering
excellent cell imaging results. R-CD dynamic imaging uses
the unique fluorescence properties of R-CDs to enable real-
time monitoring and imaging of cells or tissues in dynamic
processes under appropriate conditions. More importantly,
because of their photostability and biocompatibility, R-CDs
can be imaged for long periods in living organisms without
significant toxicity or harm to the organisms.

Wang et al. developed far-red to NIR-emissive CDs with
intrinsic LD targeting capabilities by carefully substituting p-
PD with 4-piperidinylaniline to increase the hydrophobicity of
the precursor."’" The obtained PA-CDs can be selectively
enriched in LDs due to their lipophilic properties. As shown
in Fig. 14a, the nucleus, mitochondria and LDs are visualized in
the blue, green and red channels, respectively. Most of the LDs
show no contact with the mitochondria. As investigated, the
ability of PA-CDs to sense LDs dynamics in real-time by pseudo-
color was assigned to LDs at 0, 30, 60 and 90 s, and merged
images of two adjacent times showed the movement of LDs
relative to the previous time point (Fig. 14b). The dynamic
behavior of LDs in the observed region (dissociation, migration

Modes of imaging

Names of CDs Synthesis methods Sizes (nm)

Cell models Specific targeting sites Pearson’s coefficients Ref.

Organelle-targeted imaging Red CDs Hydrothermal 2.60 + 0.68 HeLa Endoplasmic reticulum 0.9 107
PPh-CDs Solvothermal 3.2 HeLa Lysosome 0.87 103
CDs Solvothermal 6 HepG2 Lipid droplet 0.9 98
RCDs Solvothermal 4 4T1 Mitochondrion 0.96 108
GTCDs Solvothermal 3.36 + 0.98 HelLa Golgi apparatus 0.92 109
CPCDs Hydrothermal 5.6 £4.2  A549 Nucleolus 0.91 100

Targeted molecular imaging M-CDs Microwave-assisted 1.6 HepG2 RNA 0.92 23
C-dots Microwave-assisted 2.8 +£ 0.8 Hela DNA >0.85 110

Dynamic tracking imaging PA CDs Solvothermal 1.2-3.0 HeLa Lipid droplet 0.91 111
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Fig. 14 (a) Confocal imaging of Hela cells stained with Hoechst 33342 (1 pL) for the nucleus, Mito Tracker Deep Red FM (500 nM) for mitochondria, and
PA-CDs (10 pg mL™ for LDs. (b) Real-time tracking of LDs movement by PA-CDs: the movement of LDs at 0, 30, 60, and 90 s is illustrated by four
different pseudo-colors and the merged image of all the images. (c) The enlarged image comes from the square area marked in (b). Scale bar: 20 um.
Reprinted with permission from ref. 111 Copyright 2021, American Chemical Society.

and fusion) was visible within 30 s (Fig. 14c). This highly
dynamic behavior accelerated the metabolism of LDs for cell
proliferation, and repeated laser irradiation during imaging did
not significantly affect the brightness of the CDs. Thus, the
R-CDs can be used for real-time and long-term imaging of LDs’
dynamic behavior and spatial distribution, as well as investi-
gating the interaction between LDs and mitochondria.

When cells are exposed to stress conditions, high concen-
trations of RNA and proteins will aggregate together to form
membrane-less organelles called stress granules (SGs). Inspired
by the ability to label large amounts of RNA in living cells, Jiang
et al. designed and synthesized M-CDs that can specifically
target RNA (Fig. 15) and rapidly internalize into cells.*® Live
HepG2 cells were stained with the M-CDs and then treated
with sodium arsenite (SA, NaAsO,, a common stress-inducing
compound). As shown in Fig. 10a, the M-CDs staining pattern
showed time-dependent recombination with RNA being able to
repolymerize after SA treatment. Meanwhile, live cell work-
station monitoring by several cancer cell lines (Fig. 15b)
revealed that the localization of nucleolar RNA changed over
time and the fluorescence in the nucleolus gradually faded,
suggesting that RNA synthesis and processing are affected by
oxidative stress and that M-CDs have the versatility to assemble
SGs when imaged intracellularly.

4.1.3 Multimodal imaging. R-CDs are widely used in multi-
modal imaging because of their excellent chemical stability,
biocompatibility, photostability and deep tissue penetration. In
particular, it is preferrable for R-CDs to be used in fluorescence
imaging and photoacoustic imaging (PA) by combining fluores-
cence detection with ultrasound detection based on photo-
acoustic effects to enable imaging beyond the light diffusion
limit, providing deeper tissue imaging penetration and higher
spatial resolution. Ge et al. used a polythiophene derivative
(PT2) as a carbon source to prepare CDs with a broad

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

absorption band at 400-800 nm and a red emission at 640
nm.""* It is the first time that R-CDs have been used for cancer
diagnosis using PA and cancer treatment using thermal therapy
in living mice. When transition metal-doped CDs such as Fe,
Ni, Co, Mn, and Gd are used, non-invasive imaging of tissue
structure or metabolic features can be achieved by magnetic
resonance (MR) imaging. Recently, Jiao et al. synthesized Gd-
doped CDs (Gd-CDs) using a one-step solvothermal method for
fluorescence/MR  imaging-guided  photothermal cancer
therapy."'®> The aptamer AS1411 was used to form AS1411-Gd-
CDs by coupling on the surface of the synthesized Gd-CDs to
improve tumor targeting. Tumor-specific fluorescence/MR
dual-modality imaging was successfully achieved with AS1411-
Gd-CDs under both in vivo and in vitro conditions. In addition,
AS1411-Gd-CDs exhibited significant tumor inhibition under
fluorescence/MR imaging guidance with apparent photother-
mal effects.

The liposomal CDs nanohybrid system (PEG-RLS/Fe@CDs)
prepared by Luo et al. consists of iron-doped carbon dots
(Fe@CDs) derived from iron(u) phthalocyanine and an amphi-
philic lipopeptide assembly (DSPE-mPEG2000/RLS) (Fig. 16)."'°
Due to its excellent photothermal conversion (g = 63.4%), the
gene transfection efficiency was increased by 3.5-fold in 4T1
tumor cells and by 2-fold in animal models. Fe@CDs in
nanohybrids can be used as a four-modal contrast agent for
fluorescence/PA/photothermal and MR imaging, showing up to
three orders of magnitude enhancement of the photoacoustic
signal. These reveal CDs as a promising candidate platform for
improved gene therapy through transfection enhancement,
real-time tracking and tumor synergistic destruction for further
widespread biomedical applications.

Furthermore, Tian et al. prepared nickel and nitrogen co-
doped CDs (Ni-CDs) using a simple one-pot hydrothermal
method for imaging-guided phototherapy (PTT) in the NIR-II
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Fig. 15 (a) Confocal images of HepG2 cells, sySy cells and Hela cells exposed to M-CDs, M-CDs + NaAsO, + 10 min and M-CDs + NaAsO, + 40 min
(Zex = 561 nm). (b) Time-lapse imaging stress granule assembly and early dynamics in HepG2 cells when adding M-CDs during NaAsO, stress using a 63x
objective (lex = 561 nm). Reprinted with permission from ref. 23 Copyright 2023, Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 16 Schematic representation of iron-doped CDs as a therapeutic agent for PTT, enabling gene delivery and multimodal (MR/PA/PT/FI) imaging-
guided PTT/chemo-kinetic therapy. Reprinted with permission from ref. 116. Copyright 2021 Elsevier.

window.""” Ni-CDs exhibit significant absorption in the NIR-II

region, have a remarkable photothermal conversion efficiency
of up to 76.1% (1064 nm), and have excellent photostability
and biocompatibility. In addition, Ni-CDs can be used as
photothermal, PA and MR imaging contrast agents due to their
outstanding photothermal effect and innate paramagnetic

946 | Mater. Chem. Front., 2024, 8, 930-955

properties. Ni-CDs can be cleared from the body via the renal
filtration pathway, thus minimizing their long-term biotoxicity,
and this work provides a simple and feasible approach for the
development of photothermal agents with significant photo-
thermal conversion efficiency in the NIR-II region, providing
good biosafety for multimodal imaging-guided tumor PTT.
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Multiple imaging techniques coupled with relevant thera-
peutic means, R-CDs are expected to develop into a multi-
functional nano-platform for multi-modal diagnostic and ther-
apeutic integration that can realize comprehensive and multi-
dimensional imaging of biological samples, thus providing a
more comprehensive understanding of the internal structure
and function of biological samples.

4.2 Photodynamic therapy

PDT is a new method for treating tumors with photosensitizing
drugs and laser activation. PDT refers to the oxidative action
against cancer cells or tissues through controlled production of
reactive oxygen species (ROS) by photosensitizer molecules
under appropriate photoexcitation. The advantage of PDT over
conventional therapies is that it can precisely and effectively
treat tumors and be used as a coadjutant therapy with minimal
side effects. In addition, because NIR fluorescent CDs have good
water solubility and high biocompatibility, they can penetrate
deep into the target tissues for further light activation and work
as a photosensitizer used in tumor treatment by PDT.>®

CDs as a photosensitizer work by the two classic photosen-
sitization mechanisms defined as types I and II. Type I refers to
the photon-induced generation of electron-hole pairs in the
excited state of the molecules. Regarding CDs, the type I
photosensitization process refers to the generation of elec-
tron-hole pairs in the excited state of the CDs under laser
irradiation, and electron-hole pairs produce oxygen radicals
through electron transfer with surrounding oxygen molecules
present in a biological medium, such as hydroxyl radicals (*OH)
and superoxide anion radicals (*0,~)."*® The Type II reaction,
also known as the singlet oxygen ('0,) mechanism, where the
photosensitizer CDs could, after photoactivation, produce a
triplet excited state (T1) can simultaneously transfer energy to
the triplet oxygen molecules leading to the production of the
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excited '0,, which immediately reacts with neighboring bio-
molecules to cause cell destruction and damage, through a
classical cell death mechanism such as necrosis, apoptosis or
autophagy.”” An ideal photosensitizer should have low toxicity,
high generation of 'O, or other ROS, and a strong absorption in
the longer wavelengths range (such as 600-1000 nm).'*’

Using lysine, 0-PD and sulfuric acid as raw materials, Zhao’s
group prepared S and N co-doped CDs (S, N-CDs) with long
wavelength absorption through a classical hydrothermal
synthesis."?® The S, N-CDs showed a therapeutic efficiency
higher than that observed by N-doped CDs and the CDs without
doping. Electron spin resonance (ESR) experiments with 1,3-
diphenylisobenzofuran (DPBF), a well-known 'O, rapping,
showed that CDs could efficiently produce 0, in cells under
a 660 nm laser irradiation. The CDs synthesized by Li et al.
exhibit tunable enzyme mimic activity under NIR emission and
have an excellent surface-enhanced Raman scattering (SERS)
performance.®* The CDs were used to monitor NIR emission-
induced peroxidase-like catalytic processes in tumors by using
the SERS strategy. In addition, glutathione depletion occurred
through cascade catalytic reactions, thereby increasing intratu-
mor oxidative stress based on NIR photo-induced enhanced
peroxidase and glutathione oxidase-like activity, amplifying
ROS damage. These NIR-absorptive CDs are potentially bene-
ficial to be used in fast PDT treatment promoted by photo-
thermal activity within 3 minutes of treatment, leading to the
apoptosis of cancer cells. More recently, Bi and co-workers
found that a certain kind of RNA-targeting R-CDs showed a
superior 'O, generation yield (54.33%) in response to intracel-
lular RNA binding under visible LED light irradiation, which
could be developed as a new type of photosensitizer for achiev-
ing pyroptotic cancer cell death in PDT."??

To allow readers to understand more about the advantages
of R-CDs used for PDT, we have summarized the related

Table 2 Summary of R-CD parameters used for tumor photodynamic therapy

Name Excitation  Emission Light Light Types ROS

of CDs  wavelength wavelength QY wavelength power of ROS QY PDT effect Ref.

R-CDs 560 nm 622 nm 15% 532 nm 100 mW cm 2 10, — A549 cell viability decreased to 18% after 34
treatment

p-RCDs 488 nm 680 nm — 635 nm 100 mW cm™> 0,7, '0, 42%  4T1 cell viability decreased to 48% after 108
treatment

MMCDs 520-560 nm 642 nm 7.11% 400-500 nm 100 mW cm™ > '0,, NO — HepGz2 cell viability decreased to 20% after 122
treatment and the tumor growth was signifi-
cantly inhibited

C-dots 552 nm 560-590 nm 42.7% 400-700 nm 150 mW cm > ROS 4.8%  The 4T1 cell tumor volume decreased signifi- 118
cantly after treatment

S,N-CDs 600 nm 630 nm 12.4% 660 nm 0.6 Wem 2 10, 27%  Hela cell viability was less than 10% after 120
treatment

CDs-10 540 nm 630 nm 26.06% 400-500 nm 15 mW cm > 'O, 38.85% HepG2 cell viability decreased to 10% after 123
treatment

Cu,N-CDs — 726 nm 6.0% 808 nm 1Wem 2 10, — B16 cell viability decreased to 20% after 124
treatment

OCDs 900 nm 580 nm 10.3% white light 10 mW cm™> *OH — The 4T1 cell tumor volume decreased signifi- 125
cantly after treatment

RCNDs 485 nm 500-800 nm 0.4% 660 nm 100 mW cm 2 '0, 52%  HelLa cell viability decreased to 30% after treatment 126

N,S-CDs — 625 nm 2.5%  white light 14 mW cm™> '0, 8% HelLa cell viability decreased to 15% after treatment 127

irradiation
GQDs 488 nm 680 nm 1.3%  400-800 nm 80 mW cm > 'O, 75%  HelLa cell viability decreased to 20% after treatment 128
TP-CDs 546 nm 605 nm 15.1% 638 nm 1Wem™? 0, — HelLa cell viability decreased to 22% after treatment 76
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parameters such as the species of R-CDs, their excitation/
emission wavelengths, the generated ROS types and their
respective generation yields, the wavelength and power of the
light that used for PDT as well as the PDT effect on tumor cells
or tumors, as shown in Table 2. It is noteworthy that a higher
PDT effect on tumors can be obtained by choosing an appro-
priate incident wavelength and the power of the light to
irradiate the R-CDs.

4.3 Photothermal therapy

PTT is the conversion of light energy into heat by photosensiti-
zers, which uses excessive heat to cause irreversible damage to
cancer cells and destroys them.'* Traditional chemotherapeutic
drugs can be systemically toxic to the body while treating
tumors. In contrast to PDT, PTT does not require the involve-
ment of oxygen and is therefore not limited by the lack of oxygen
in the tumor. PTT can perform the treatment at the tumor site by
controlling the laser irradiation area, thus achieving tumor-
specific treatment and avoiding damage to normal tissues, and
CDs with PTT effects have broad application prospects in tumor
treatment."*® In addition, CDs with specific and targeted ther-
apeutic functions toward tumors and their microenvironment
are also attracting attention as research progresses.

Qu’s group prepared CDs with a photothermal conversion
efficiency of up to 59% using the solvothermal method, and
an emission profile with a NIR fluorescence peak at 720 nm
(Aex = 655 nm)."*! The excellent photothermal properties of
CDs indicate that they are effective photothermal agents for
PA imaging as well as PTT applications.** In the literature, the
photothermal conversion efficiency of R-CDs was at the highest
level among carbon-based nanomaterials and comparable to
other inorganic nanoparticles that have been studied.'**™'%*
Zhao et al. prepared CDs showing emission in the NIR-I region
and an extended absorption peak in the NIR-II region using
solvent-free carbonation of CA and formamide."*® The
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emission and absorption in the NIR-I/II region gives these
CDs excellent photothermal treatment capabilities. The NIR
photons absorbed by CDs were converted into thermal energy
under excitation at 808 nm (NIR-I) or 1064 nm (NIR-II). After CD
injection, under laser irradiation at 808 nm or 1064 nm, the
temperature of the tumor area rapidly rose to 52 °C, which is
enough to cause irreversible damage to tumor tissue (Fig. 17a).
The PTT efficacy of CDs was further assessed by monitoring the
tumor growth rate and the tumor volume increased rapidly in
the group treated with physiological saline and in the group
treated with CDs without laser irradiation. In contrast, tumor
growth was significantly slower under the 808 and 1064 nm
laser irradiation (Fig. 17b-d). It could be observed that the
tumor growth was inhibited, indicating that CDs can also be
used as tumoricidal photothermal agents. Kim et al. prepared
bio-excited CDs with strong NIR absorption from camellias
flowers using a typical hydrothermal method."””” It was
observed that the low-dose of CDs (45 pg mL™') worked
successfully and achieved an efficient PTT performance with
a very high photothermal conversion efficiency (55.4%) at a
medium laser power (808 nm, 1.1 W cm™?) for safe and effective
cancer treatment.

4.4 Synergistic therapy

Phototherapy, including PDT and PTT, has great potential for
tumor diagnosis and treatment by inducing ROS or heat into
the tumor. However, PDT or PTT has some limitations; for
example, PTT requires prolonged and high-efficiency laser
irradiation to generate sufficient heat. On the other hand, the
hypoxic microenvironment of tumors and the limited diffusion
distance of ROS hinder the efficacy of oxygen-dependent PDT.
Since R-CD can induce the production of ROS from oxygen,
water, etc., under light irradiation and simultaneously convert
absorbed light energy into heat, they can be used as both
photosensitizers and photothermal agents in phototherapy.'*®
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Fig. 17 (a) Treatment schedule on 4T1 tumor-bearing mice. (b) Relative tumor growth curves after CD treatment in mice. (c) Images of tumors in mice
on the 10th day after treatment in different treatment groups. (d) Tumor inhibition rates of different treatment groups. Reprinted with permission from ref.

135 Copyright 2023, Elsevier.
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Guo et al. used EDTA-2Na and CuCl, as raw materials, and
then synthesized a new type of NIR-absorptive Cu, N-doped CDs
(Cu, N-CDs) in a one-step hydrothermal method.*** Cu®*" was
located in the inner of Cu, N-CDs via N-Cu-N complexation,
resulting in NIR absorption for producing heat and ROS. Cu,
N-CDs significantly inhibited cancer via synergistic PTT/PDT.
However, the presence of short wavelength absorption and
emission, low ROS generation efficiency, and low photothermal
conversion efficiency of most CDs have seriously hindered their
application in the synergistic treatment of PDT and PTT for
tumors. Therefore, there is still a need to put more effort into
the preparation and modulation of photophysical and photo-
chemical properties of the R-CDs. In recent years, researchers
have gradually applied fluorescent CDs as intelligent materials
for multimodal synergistic anticancer therapy. Zhang et al
obtained OCDs through one-step synthesis using citric acid
and (1R,2S)-2-amino-1,2-diphenylethan-1-ol as substrates.
OCDs exhibit excellent optical properties, typical AIE proper-
ties, and two-photon fluorescence imaging.'*® In addition,
obsessive-compulsive disorder exhibits an excellent ability to
produce type I ROS (*OH) with white light and good photo-
thermal conversion ability under 808 nm irradiation. The
generation of type I PDT (*OH) can trigger the transformation
of protumoral M2 macrophages into antitumoral M1 macro-
phages, which exhibited an immunotherapy ability. The func-
tions of AIE, two-photon imaging, PDT, and PTT enable
OCDs to be used for multimodal combined therapy of tumors.
Therefore, it can be seen that longer emission wavelengths and
multimodal efficient treatment of tumors will become future
research hotspots for further use in the in vivo system.

In addition to using PDT in combination with PTT, a
combination of chemo-dynamic therapy (CDT) and PTT can
also be used to treat cancer. Bai et al. developed NIR R-CDs
using glutathione (GSH) as a precursor.’*® After R-CDs@MIL-
100 entered the tumor microenvironment (TME), high concen-
trations of GSH reduced Fe®*' to Fe*' and excreted GSH,
triggering the release of the R-CDs and Fe®', at which point
R-CD fluorescence was restored and turned ’on’ to illuminate
the tumor cells, thus enabling cancer imaging. The released
Fe®* reacted with the H,0, in the TME to form highly reactive
*OH via the Fenton reaction, allowing CDT of tumors. Thus,
efficient synergistic CDT/PTT bimodal treatment was achieved,
guided by fluorescence imaging of the TME reaction. Bi’s group
also prepared Fe@EDTA-CDs with a core-shell structure by
introducing Fe*" for coordination with ethylenediamine tetra-
acetic acid (EDTA)-derived CDs, thus constructing a novel
modular nanoplatform with both imaging and catalytic
functions.'® The spatial arrangement of the light-trapping
chromophores and the catalytic sites in the Fe@EDTA-CDs
can be resolved by discrete core-shell compartments, which
gives rise to an interesting interaction and mutual reinforce-
ment between each function. The synergistic shielding and
stiffening effects induced by Fe coordinated core-shell struc-
ture increased the red-emission quantum yield, while the
visible-light-promoted charge-transfer process could signifi-
cantly enhance its catalytic activity. Thus, Fe@EDTA-CD
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showed a high ROS generation rate and light-enhanced anti-
cancer efficiency, demonstrating the broad applications of CDs
in CDT and PDT.

5. Conclusion & outlook

R-CDs are gaining popularity mainly due to their ability to show
long wavelength emissions in the deep-red or NIR region. Scien-
tists have discovered several ways to synthesize CDs containing
predominantly red-emissive centers, which is expected to improve
red emission of CDs with a low quantum yield in the long
wavelength spectrum. Furthermore, surface engineering or post-
modification treatments can be carried out to modulate PL
emission of CDs, which can change the band gap of CQDs and
convert their blue-emission into red-emission or enhance the
quantum yield of R-CDs by reducing their surface defects.
However, cost-effective approaches for large-scale production of
blue- and green-emissive CDs can be achieved with high qualities
such as high quantum yield, narrow emission and relatively
low cost, but it’s not as easy for the production of such high-
quality R-CDs.

The review shows that R-CDs have been thoroughly exam-
ined regarding their synthetic methods, optical properties, and
applications. In the specific preparation process, the simple
and controllable synthesis methods for R-CDs mainly include:
(a) adjusting the reaction conditions for the synthesis of CDs,
including the feeding ratio of precursors, temperature, reaction
time, solvent, and pH value of solution. (b) Heteroatom doping
can effectively regulate the absorption and emission properties
of R-CDs. The commonly used doping atoms are N, B, S, P and
F, etc. (c) The optical properties of R-CD can also be regulated
by surface passivation, self-assembly strategies and other
chemical or physical methods. For example, CDs can self-
assemble into ‘“supra-CNDs” through electrostatic interactions
or hydrogen bonds between CDs, and the supra-CNDs exhibited
a new and strong absorption band at 700 nm.'*" (d) Above all,
using advanced instruments, equipment, and technology to
gain a clearer understanding of the synthesis mechanism and
thus the generated structure of CDs. Many in situ monitoring
techniques can effectively observe the formation process of
CDs, providing strong support for the regulation of the optical
properties of CDs, which is conducive to the efficient synthesis
of R-CDs. However, some crucial issues still need to be
addressed. The foremost challenge is controlling the R-CDs’
structure, which determines their properties. Additionally,
the PL emission mechanism of R-CDs is not yet clear, and
it is necessary to conduct a systematic study by employing
more advanced characterization techniques and theoretical
simulations to determine the impact of parameters such as
precursors, solvents, synthetic conditions, and doping ele-
ments on the luminescent properties of R-CDs. Moreover,
exploring additional optical properties of R-CDs like up-
conversion PL, long-reserved PL, or room-temperature phos-
phorescence is necessary to open new avenues for versatile
applications.
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In terms of prospects, the potential for the development
of R-CDs in biological applications is enormous. Based on
extensive studies of the structural properties of R-CDs, the
design and synthesis of red/NIR-emitting CDs with excellent
absorption in the long-wavelength region, physicochemical and
biological properties are expected to further enable red/NIR-
excited PDT of tumors in the clinic. Furthermore, photoimmu-
notherapy is a novel tumor treatment method that combines
photodynamic therapy with immunotherapy. In this method,
the patient is injected with a photosensitive drug that can
combine with tumor cells, and the chemical reaction occurs
under the red/near-infrared laser irradiation. These responses
will destroy the structure of tumor cells and release a large
amount of pro-inflammatory cytokines, thereby activating the
cellular immune system to achieve efficient treatment of
tumors. As above-mentioned, RNA-targeting R-CDs showed a
prominent PDT effect against tumors cells through pyroptotic
cell death,"”® which may provide a new approach to tumor
photoimmunotherapy. As bio-imaging and drug-controlled
release technologies continue to develop, R-CDs are expected
to become an important nanomedicine or bionanomaterial
contributing to early diagnosis, treating disease and improving
human healthcare."** At the same time, with the development
of new technologies and skills, the applications of R-CDs in
biological fields will become more and more widespread.
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