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Carbon dots (CDs) are an emerging class of zero-dimensional carbon nano optical materials that are as
promising candidates for various applications. Through the exploration of scientific researchers, the opti-
cal band gap of CDs has been continuously regulated and red-shifted from the initial blue-violet light to
longer wavelengths. In recent years, CDs with near-infrared (NIR) absorption/emission have been gradu-
ally reported. Because NIR light has deeper penetration and lower scattering and is invisible to the human
eye, it has great application prospects in the fields of biological imaging and treatment, information en-
cryption, optical communications, etc. Although there are a few reviews on deep red to NIR CDs, they
only focus on the single biomedical direction. There is still a lack of comprehensive reviews focusing on
NIR (>700nm) absorption and luminescent CDs and their multifunctional applications. Based on our re-
search group’s findings on NIR CDs, this review summarizes recent advancements in their preparation
strategies and applications, points out the current shortcomings and challenges, and anticipates future
development trajectories.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

When an incident beam irradiates biological tissue, a portion
is reflected while the rest enters the tissue. This penetrating light
scatters within the tissue, with some reaching deep enough to acti-
vate fluorescent materials, generating a fluorescence signal. As this
fluorescence travels back toward the tissue surface, it also scatters.
Simultaneously, the incident light, scattered light, and fluorescence
interact with the tissue, leading to autofluorescence. Scattering di-
minishes the desired fluorescence signal, while autofluorescence
elevates background noise, both hindering fluorescence imaging
(FLI) (Fig. Sla in Supporting information). To enhance imaging
quality, it is crucial to have light waves that deeply penetrate, scat-
ter minimally, and induce low autofluorescence upon tissue inter-
action [1]. The near-infrared (NIR) light band (700-1700nm) has
such advantages as deeper penetration, lower scattering, and aut-
ofluorescence when compared with the visible band, which can be
utilized in bioapplications (Figs. S1b-d in Supporting information)
[2,3].
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Up to now, NIR luminescent materials such as carbon nanotubes
(CNTs) [4], inorganic semiconductor quantum dots (QDs) [5], and
organic dyes [6,7] have been widely studied. However, these ma-
terials still have some shortcomings, such as the cumbersome syn-
thesis steps of NIR organic dyes, high prices, and poor resistance
to photobleaching. Inorganic semiconductor quantum dots bring
potential biosafety, and environmental pollution risks due to the
presence of precious metals. In contrast, carbon dots (CDs) mate-
rials, a novel type of emerging carbon nanomaterials following in
the footsteps of fullerene, CNTs, and graphene [8], have just been
developed in the past 10-20 years [9,10] and can overcome the
above shortcomings. They can be classified into various types such
as graphene quantum dots (GQDs), carbon nanodots (CNDs), car-
bon quantum dots (CQDs), and carbonized polymer dots (CPDs).
This zero-dimensional carbon nanomaterial with a size of <10nm
requires only one or two steps of simple synthesis or modifica-
tion following relatively easy purification [11]. The raw materials
are widely available, almost from all carbon-containing substances,
and are inexpensive. More importantly, the low cytotoxicity and
good biocompatibility of CDs make them ideal as biological appli-
cation reagents [12,13].

The synthesis methods of CDs generally include “top-down” and
“bottom-up” methods [8,14]. The former involves strong acid strip-
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ping, laser ablation, or electrochemical etching of bulk carbon ma-
terials (such as coal, graphite, graphene). Due to the extreme re-
action conditions and the small types of available raw bulk carbon
materials, the CDs obtained by this method mostly emit light in
the visible light band (blue-green light band) with a low photolu-
minescence quantum yield (PLQY). For example, in 2006, Sun et al.
generated carbon nanoparticles by laser ablating a carbon target
and obtained brightly fluorescent CDs (PLQY ~4%-10%) through
surface passivation with polyethylene glycol (PEG) [9]. In 2010, Pan
et al. obtained blue luminescent GQDs through hydrothermal cut-
ting of graphene sheets [15]. The latter “bottom-up” method, as the
name implies, utilizes small carbon-containing molecules as pre-
cursors to prepare CDs through hydrothermal method, solvother-
mal method, microwave-assisted synthesis method, solid-state py-
rolysis method [16-19], and so on. Because of the controllability of
the raw material types, reaction solvent types, reaction tempera-
ture, and time, it has become the mainstream method for boosting
the fabrication of multicolor emissive CDs. For example, Jiang et al.
synthesized green, blue, and red luminescent CDs for multicolor
cell imaging using o-phenylenediamine, m-phenylenediamine, and
p-phenylenediamine as single reactants via a hydrothermal method
[20]. In 2017, by controlling the protonation of the reaction sol-
vent, Qu’'s research group synthesized multi-color CDs with grad-
ually increasing sizes using citric acid and urea as raw materi-
als. These CDs were then used in the fabrication of white light-
emitting diodes (WLEDs) [21].

With vigorous development in this field, the luminescence of
CDs has evolved from the early blue-green luminescence to the
current long-wavelength luminescent CDs (such as red and NIR
emitting CDs), which are increasingly being reported [22]. How-
ever, the research on NIR CDs is still in its early stages (Fig. S2 in
Supporting information), there are still blind spots in the lumines-
cence mechanism and synthetic design of NIR CDs. Although there
were some reported reviews about red to NIR CDs [23-26], they
only focused on the biomedical applications of CDs. Based on this,
this review mainly discusses CDs with absorption or luminescence
bands no less than 700 nm and systematically introduces common
preparation strategies and multi-functional application scenarios of
NIR CDs (Fig. 1) [8,27-31]. Finally, the current challenges in this
field and future development directions are also summarized and
outlooked.
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Fig. 1. Schematic diagram of the synthesis strategies and multi-functional applica-
tions of NIR CDs. Reproduced with permission [8,27-31]. Copyright 2022, Springer
Nature; Copyright 2018, 2019 & 2023, John Wiley and Sons; Copyright 2020, Else-
vier; Copyright 2022, The authors.
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2. Synthesis strategy of NIR CDs

According to the corresponding luminescence mechanism,
strategies for regulating NIR absorption/luminescence can be for-
mulated. Current research reveals that the luminescence mecha-
nism of CDs can be summarized as follows. The first is core-state
luminescence [21]. By increasing the size of the conjugated do-
main of the carbon core, its luminescence band gap can be effec-
tively narrowed, so that it produces NIR luminescence [31]. The
second is surface and interface-state luminescence [32]. Electron-
withdrawing groups can be artificially introduced on their surface
to obtain NIR CDs. Another method is to form supra-CDs through
the assembly of the surface and interface to achieve NIR lumi-
nescence. The third is molecular-state luminescence, which is the
light emitted due to the covalent connection of the molecular flu-
orophore skeleton to the surface or core of the CDs [33]. It can be
considered to use organic dyes or polymers with NIR luminescence
as precursors to prepare NIR CDs. The fourth is defect-induced lu-
minescence [29]. Constructing oxidation defects on the core of the
CDs can effectively achieve defect-state NIR luminescence. In ad-
dition, the emission of CDs can be red shifted by element doping.
The synergistic effect of element doping and other strategies is one
of the effective methods for obtaining NIR CDs [27].

2.1. Enlargement of the conjugated domain

The redshift of the luminescence of CDs as their conjugated size
increases has been supported by numerous literature reports and
theoretical calculations (Fig. 2a) [21,27,34,35]. The choice of a pro-
tic/aprotic solvent can influence the extent of carbonization and
conjugation of the carbon core during the formation of CDs [36].
Qu’s group placed citric acid and urea in three solvents (water,
glycerol, N,N-dimethylformamide) with gradually decreasing pro-
tonity for a hydrothermal/solvothermal reaction and obtained three
types of CDs with gradually increasing sizes, their luminescence
also shifted from blue to green and red (Fig. 2b) [21]. Xiong et al.
utilized various organic solvents, both individually or in a mixture,
and sulfuric acid aqueous solutions of different concentrations to
control the dehydration and carbonization process of the precursor,
achieve controllable growth of the size of the conjugated domain
of CDs (Fig. 2c), and produce luminescent CDs of different sizes
with red-shifted emission from blue light to NIR (745 nm) [27].

Theoretical calculations show that the optical band gap of con-
jugated CDs with a particle size of about 2nm can reach the NIR
band, while most of the CDs reported so far exceed this size, in-
dicating that the size of CDs observed by transmission electron
microscopy cannot fully reflect the size of the carbon core conju-
gated domain. CDs prepared from non-conjugated small molecule
raw materials (such as citric acid and ethylenediamine) mostly
emit light in the visible light region. However, using phenylene-
diamine with a benzene ring as a raw material, CDs from red
to NIR light can be easily obtained. For example, Lu et al. uti-
lized o-phenylenediamine and dopamine as raw materials to syn-
thesize NIR luminescent CDs with an emission peak at 710 nm.
Dopamine and o-phenylenediamine were chosen because their
molecular structures result in larger conjugated sp? domains [37].

Furthermore, Qu’s group proposed the idea of using molecules
with larger conjugated domains as precursors to synthesize CDs
with a higher conjugation degree. Raw materials with five ben-
zene ring conjugated structures, such as perylene and its deriva-
tives, have been utilized in the development of NIR luminescent
CDs. They screened perylenetetracarboxylic dianhydride (PTCDA)
with five benzene rings as conjugated raw materials and combined
them with urea molecules under solvothermal conditions to pro-
duce CDs with a dominant NIR emission peak at 751 nm in water
(Fig. 2d) [31].
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Fig. 2. (a) Theoretically calculated band gaps and emission peaks of GQDs with different diameters. Reproduced with permission [34]. Copyright 2014, Royal Society of
Chemistry. (b) CDs of different sizes prepared in different solvents. Reproduced with permission [21]. Copyright 2017, John Wiley and Sons. (c) CDs of different sizes were
obtained using o-phenylenediamine as a precursor under different solvent conditions. Reproduced with permission [27]. Copyright 2018, John Wiley and Sons. (d) NIR CDs
obtained under solvothermal conditions using the large conjugated molecule PTCDA as a precursor. Reproduced with permission [31]. Copyright 2017, The authors.

2.2. Surface and interface engineering

2.2.1. Surface state regulation

The luminescence originating from the functional groups on
the surface of CDs is called surface state luminescence. Modify-
ing and regulating the surface state of CDs is one of the effec-
tive ways to narrow the band gap of CDs. Based on the orange-
emitting CDs they prepared from the solvothermal reaction of cit-
ric acid and urea in DMF [38], Qu’s group further modified the CDs
with molecules or polymers rich in sulfoxide/carbonyl (S=0/C=0)
groups (Fig. 3a), like dimethyl sulfoxide (DMSO). These electron-
withdrawing groups (S=0/C=0) can interact with the outer layers
and edges of CDs, inducing increased surface oxidation and caus-
ing the outer layers of CDs to bend. This surface treatment induces
the appearance of NIR absorption bands (715-724nm) and efficient
NIR emission (750-760 nm) with PLQY up to 10% in these CDs [32].

2.2.2. Self-assembly and stripping

In 2016, Qu’s group constructed supra-CDs with strong visible-
NIR absorption bands centered at 700nm by assembling UV-
absorbing CDs with spatially separated surface energy levels [39].
In 2021, Qu’s group utilized microwave-assisted exfoliation to sep-
arate multi-layer CDs into few-layer CDs. The NIR absorption peak
has enhanced from the shoulder peak to the main peak [28]. The
surface area of the exfoliated oligolayer CDs increases, and more
electron-withdrawing groups are attached to the surface or edges,
resulting in the main NIR absorption band reaching a peak at
724nm and it also exhibits up-conversion NIR luminescence (Figs.
3b and c).

2.2.3. Hybridization and heterojunction
By mixing with other materials to form hybrid materials or
heterojunctions, the NIR absorption or emission of CDs compos-

ites can be effectively enhanced. Geng et al. synthesized CDs
from 1,3,6-trinitropyrene and branched polyethyleneimine (BPEI)
by microwave-assisted hydrothermal method [40], and then com-
pounded them with different materials to form hybrid materi-
als. Utilizing a similar strategy, Geng and colleagues systemati-
cally studied the compounding of the above CDs with materials
with high photothermal conversion efficiency (PCE) such as black
phosphorus [41], TiCN nanosheet [42], Nb,C nanosheet [43], WS,
nanosheet (Fig. 3d) [30]. The absorption of these composites from
visible light to NIR is significantly enhanced with high PCE for tu-
mor PTT.

2.3. Defect state regulation

Defect-induced NIR luminescence has been widely reported in
materials such as CNTs [44], metallic nanoclusters [45], and inor-
ganic nanocrystals [46], but there are only a few reports in CDs
[29].

Recently, Qu's group reported a simple method to induce
oxygen-related defects in CDs through post-oxidation with 2-
iodoxybenzoic acid. Some nitrogen atoms in CDs are replaced by
oxygen atoms, and the unpaired electrons in these oxygen-related
defects rearrange the electronic structure of oxidized CDs (0x-CDs),
leading to the emergence of new NIR absorption bands at 720 nm
and emission bands at 760 nm. These defects not only contribute to
enhanced NIR bandgap emission but also serve as capture agents
for photoexcited electrons, promoting efficient charge separation at
the surface. This process generates hydroxyl radicals upon visible
light irradiation. Utilizing the Janus optical properties of ox-CDs,
we achieved in vivo NIR FLI of sentinel lymph nodes around tumors
and effective photothermal-enhanced tumor photocatalytic therapy
(PCT) [29].
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2.4. Molecule state regulation

The principle of using the molecular luminescence mechanism
of CDs to regulate their luminescence is to retain the optical prop-
erties of the raw material molecules. Usually, NIR dye molecules or
polymers are used as precursors, and the CDs obtained by reacting
them alone or with other raw materials will inherit their NIR op-
tical properties. Among them, cyanine dyes are the most widely
used [33,47-53]. Although the synthesis of cyanine (Cy) dyes is
complex, and Cy dyes are expensive with poor water solubility, Cy
dyes-derived CDs can inherit NIR absorption/emission properties.
Additionally, they can exhibit enhanced photothermal conversion
effects and increased anti-photobleaching ability.

As early as 2016, Xie et al. obtained water-soluble NIR CDs
(CyCD) by hydrothermal reaction of hydrophobic Cy dye CyOH and
water-soluble polyethylene glycol (PEG800) (Fig. 4a). Its emission
peak is at 805nm, the absorption peak is at 770 nm, and it inher-
its the photothermal properties of CyOH, with a PCE of 38.7% [33].
Fan et al. utilized cyanine dye Cy-COOH and Cy7-CH3 as raw ma-
terials to synthesize NIR CDs with emission peaks at 710 nm [51]
and 1160 nm [47], respectively. Jiang et al. used the cyanine dye in-
docyanine green (ICG) as the sole raw material to synthesize NIR
CDs (ICG-CDs) with significantly improved photothermal efficiency
[53]. Cyanine dyes have two indole structures on both sides and a
methylene bridge in the middle. Zhu et al. imitated the structure of
cyanine dyes, used aldehyde-containing conjugated CPDs as conju-
gated bridges, and covalently linked them with a group of indole

derivatives through the Knoevenagel reaction to obtain a series of
NIR CPDs, which emit light in the NIR I and NIR II regions (Fig. 4b)
[54].

Polymers such as polythiophene and its derivatives can also be
used as raw materials to produce NIR CDs [55-58]. For example,
Ge et al. utilized single positively charged CDs as building blocks
and negatively charged amphiphilic sodium dodecyl benzene sul-
fonate (SDBS) molecules as cross-linking agents to synthesize CDs
through a straightforward non-covalent method based on cooper-
ative charge interaction. The nanospheres (CDNS) exhibit a new
NIR emission peak at 730nm [58]. Zhang et al. utilized polythio-
phene quaternary ammonium salt derivatives (PT2) and diphenyl
diselenide as raw materials to synthesize NIR CDs with emission
peaks at 731 nm and 820 nm (Fig. 4c) [56].

2.5. Heteroatom doping

Heteroatom doping has proven to be a feasible strategy for nar-
rowing the band gap of CDs. To obtain NIR absorbing/emitting CDs,
metal elements such as Mn, Fe, Co, Ni, Cu, and rare earth ele-
ments are often used as dopants for CDs [50,59-62], and B, N,
F, P, S, Se, etc. are often used as non-metallic element dopants
[56,63-67].

2.5.1. Metal element doping
It has been widely reported that CDs have new NIR absorp-
tion peaks or emission peaks due to metal element doping [68,69].
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Among them, rare earth elements have intrinsic NIR emission, and
when they are doped into CDs, CDs often inherit NIR emission [70-
74). For example, Wu et al. reported the synthesis of lanthanide
hybrid carbon quantum dots (Ln-CQDs) through a simple one-pot
hydrothermal method using citric acid as the carbon precursor and
Yb3+ or Nd3+ as the doping ions. NIR emission peaks of Ln-CQDs
are concentrated at about 998 nm and 1068 nm, respectively [71].
Naumov et al. reported that Nd- and Tm-doped CDs (Nd-GQDs/Tm-
GQDs) have maximum emission at 1060 and 925 nm, respectively
(Fig. S3a in Supporting information) [72].

Doping with other metal elements can also play a role. Yang et
al. reported Ni and N co-doped CDs (Ni-CDs) for imaging-guided
PTT in the NIR-II window (Fig. S3b in Supporting information).
Ni-CDs exhibit significant absorption in the NIR-II region, with a
PCE as high as 76.1% (1064 nm excitation) [61]. Wang et al. devel-
oped iron-doped CDs (Fe-CDs), which have an absorption peak at
830 nm and an emission peak at ~1000 nm in acidic solutions with
a PLQY ~1.27%, can be used as an effective probe for in vivo NIR-II
bioimaging [62]. Ge et al. used manganese phthalocyanine (II) as
the raw material to synthesize Mn-doped CDs (Mn-CDs). Its NIR
emission peak is located at 745 nm [50].

2.5.2. Non-metal element doping

Since most raw materials contain nitrogen sources, N is the
most widely used dopant. Xiong et al. reported that as the nitro-
gen content and size of graphite gradually increase, the lumines-
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cence of CDs shifts gradually from blue to NIR [27]. Wang et al. re-
ported that B, N co-doped CDs have a weak absorption broad peak
at ~780nm and an emission peak around 1000 nm under excita-
tion by an 808 nm laser. The PLQY in the NIR region is about 1.0%
(Fig. S3c in Supporting information) [66]. Jiang et al. reported that
ammonium fluoride (NH4F) was added as a dopant to the citric
acid and urea system to obtain N, F co-doped CDs (N-CDs-F), which
exhibited a NIR emission band at 777 nm with a PLQY of 9.8% in
DMF [63]. Qu's group reported that nitrogen-doped NIR CDs were
prepared by reacting large conjugated raw materials with urea. Af-
ter surface passivation, the PLQY in the aqueous solution reached
8.3%, while in DMF it was as high as 18.8% [31].

It is worth noting that the above luminescence mechanisms do
not always act alone, but more often act synergistically to lead
to the NIR emission of CDs. The absorption peaks, NIR emission
peaks, PLQY, and tested solvents of NIR CDs are summarized in Ta-
ble S1 (Supporting information).

3. Applications of NIR CDs

NIR CDs have the advantages of low cytotoxicity, high biocom-
patibility, easy modification, deep penetration, little tissue damage,
and low autofluorescence. Their applications are mainly concen-
trated in the biomedical field, such as NIR imaging, photoacoustic
imaging, photothermal therapy (PTT), photodynamic therapy (PDT),
PCT, and drug delivery. There are also some examples of NIR CDs
applied in lasers, LEDs, and afterglow encryption.

3.1. Application of NIR CDs in bioimaging

3.1.1. NIR FLI and afterglow imaging

Biological fluids are aqueous environments, and CDs with effi-
cient NIR fluorescence or afterglow in aqueous solutions are ideal
reagents for biological imaging [29,31,33,37,56,62,66,75-78]. Qu’s
group developed large conjugated molecules of derived NIR lu-
minescent CDs with a dominant absorption peak at 726 nm and
dominant emission peak at 751 nm in aqueous solution and high
PLQY (8.3% in aqueous solution, 18.8% in DMF), which was suc-
cessfully used in NIR imaging of mouse intestinal and two-photon
NIR imaging of mouse ear blood vessels (Figs. 5a and b) [31]. Ci
et al. reported Fe-doped CDs (Fe-CDs) whose fluorescence emis-
sion showed a good linear relationship with pH in the wave-
length range of 900-1200nm and had a quantum yield of 1.27%.
The Fe-CDs probe non-invasively monitors gastric pH changes dur-
ing digestion in mice, suggesting its potential application in as-
sisting imaging-guided diagnosis or therapeutic delivery of gastric
diseases [62].

NIR afterglow bioimaging has the advantage of no background
signal because the luminescence signal is collected only after the
excitation light source stops [79]. Recently, Shan et al. developed
a photooxidation-induced strategy to construct NIR afterglow lu-
minescent CDs (afterglow peaks at 670 and 720nm). The after-
glow luminescence lifetime can reach 5.9h, which is compara-
ble to rare earth or organic long afterglow luminescent materials.
At the same time, the CDs have a high imaging signal-to-noise
ratio, good biosafety, and tumor-specific targeting ability. Based
on this, the afterglow navigation technology was successfully ap-
plied to the precise resection of mouse tumor tissue, demonstrat-
ing its potential clinical application value (Fig. 5¢). This work pro-
vides new research ideas for the development of afterglow lu-
minescent materials suitable for the field of biological imaging
[78].
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Fig. 5. (a) NIR CDs for single-photon NIR imaging of mouse intestine (Ex. 690 nm) and (b) two-photon angiography of mouse ear vessels (EX. 1300 nm femtosecond pulse
laser). Reproduced with permission [31]. Copyright 2022, The Authors. (c) Afterglow imaging in mouse tumor models. Reproduced with permission [78]. Copyright 2024, The
Authors. (d) PA MAP images and B-scan PA images of the tumor. Reproduced with permission [81]. Copyright 2017, The Authors.

3.1.2. Photoacoustic imaging (PAI)

PAIl is an emerging technology that has higher in vivo spatial
resolution than FLI. Because tissue scatters acoustic signals much
less than optical signals, PAI also has a deeper tissue penetration
level for in vivo imaging. In PAI, contrast agents must possess a
high molar extinction coefficient, absorb light within the NIR band,
exhibit exceptional photothermal conversion efficiency, maintain
high photostability, and demonstrate minimal toxicity levels [80].
CDs with efficient NIR light absorption and photothermal con-
version properties are often excellent photoacoustic reagents. Un-
der the irradiation of NIR light, the tissue where CDs are en-
riched is heated, and the thermoelastic expansion of biomolecules
can generate acoustic waves that can be detected by PA
imaging [81].

Qu’s group reported the development of a new type of S, N-
doped CDs from citric acid and urea via the solvothermal method
in DMSO, which has a NIR emission peak at 720nm and high
photothermal conversion efficiency (59.2%) in aqueous CDs solu-
tion. After intravenous injection, CDs accumulated in tumor tis-
sue and showed strong NIR fluorescence and PA signals in vivo
(Fig. 5d). The maximum amplitude projection images and B-scan
images of 4T1 tumors obtained at different time intervals post-
injection vividly illustrated the homogeneous accumulation of CDs

within the tumor tissue. These CDs emitted notably contrasted PA
signals through blood circulation, with peak intensity observed at
the 3-h mark post-injection [81].

3.2. Application of NIR CDs in diagnosis and therapy

321 PIT

Photoluminescence and photothermal conversion are compet-
ing processes. The former originates from the release of photons
by radiative transitions of excited states, while the latter is a non-
radiative transition, usually released in the form of thermal energy.
NIR CDs with photothermal conversion effects often have very low
PLQY of NIR luminescence or do not emit NIR luminescence. PTT is
a treatment method that uses photothermal conversion materials
to convert absorbed light energy into local heat to kill tumor cells.
It has the advantages of accurate positioning, non-invasiveness,
strong selectivity, minimal invasiveness, and good controllability,
and can be combined with other treatment methods, making it
a potentially important application prospect in tumor treatment
[61,82]. NIR CDs with photothermal conversion effects are ideal
reagents for PTT [33,39,40,56,61,66,31,83,84].

In 2017, Lan et al. reported that S and Se co-doped NIR emit-
ting CDs have a PCE of 58.2% under 635 nm laser and can be used
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for the PTT of tumor cells in vitro or in vivo [56]. In 2018, Qu’s
group reported that metal-free doped CDs simultaneously achieved
NIR emission with a peak at 720nm and high PCE (59.19%) un-
der 655nm laser irradiation. The CDs accumulated in tumor tis-
sues after intravenous injection, and the tumors of mice treated
with PTT were eradicated and the mice survived for more than
three months without tumor recurrence [81]. The Ni-doped CDs
(Ni-CDs) reported by Tian et al. have a high PCE of 76.1% un-
der NIR second region (1064 nm) irradiation and can be effectively
concentrated in the tumor site after tail vein injection. Even at
a lower power density (0.5W/cm?), Ni-CDs exhibited satisfactory
photothermal anti-tumor efficacy under 1064 nm laser irradiation
(Figs. 6a-c) [61].

Geng et al. used 1,3,6-trinitropyrene and BPEI as raw materi-
als and prepared NIR-absorbing CDs with controllable graphite N
content by changing the precursor mass ratio. They found that
the absorbance at 808 nm and 1064nm was proportional to the
graphite N content and the PEC increased significantly with the
increase of graphite N content. Under 1064 nm laser irradiation,
NIR-II-CDs had an ultra-high PCE of 81.3% [40]. Using NIR-II-CDs
or their mixed liposome formulations as single PTT or image-
guided PCT agents, the tumor was ablation without recurrence
under 1064nm NIR-II laser irradiation (Figs. 6d and e). Subse-
quently, Geng et al. formed hybrid materials or heterojunctions
(HJs) with various materials with high PCEs using the CDs pre-
pared by this method and obtained relatively high PCEs (56%—77%)
[30,42,43], as detailed in Section 1.2.3 and Table S2 (Supporting
information).

3.2.2. PDT/PCT

PDT is a non-invasive method for cancer treatment. Appropri-
ate light activates photosensitizers (PS) to produce toxic reactive
oxygen species (ROS) to oxidatively damage cancer cells [85,86].
An ideal PS should have the advantages of tumor targeting, low
dark field toxicity, NIR light activation, and efficient ROS genera-
tion. Under NIR light irradiation, PS can undergo type I (electron
transfer) reactions to produce toxic free radicals (peroxides, su-
peroxide anions, hydroxyl radicals, etc.) or type Il (energy trans-
fer) photochemical reactions to produce singlet oxygen (10,). Most
PS reported so far are based on O,-dependent type Il pathways,
where energy is transferred from the excited triplet state (T;) of
PS to O, by producing '0,. Compared with type II PDT, the excited
type I PSs transfer electrons to the surrounding substrate or O, to
produce *0,~, H,0,, and hydroxyl radicals (‘OH), etc., showing low
0,-dependent properties [87].

To obtain a NIR responsive PS, Ge et al. assembled CDs syn-
thesized from polythiophene derivatives into nanospheres, which
show a red-shifted absorption band and a NIR emission peak at
731nm and can be excited by a 671 nm laser to produce 10,, the
yield is about 0.45 (Table S3 in Supporting information). These
CDs nanospheres can accumulate at the tumor site through en-
hanced permeability and retention effects, and completely inhibit
the growth of tumors through PDT [58]. However, the hypoxia ex-
hibited in larger tumors significantly weakens the anticancer effect.
To overcome the hypoxic tumor microenvironment and prevent the
rapid consumption of oxygen in PDT, the research group further
synthesized Mn-doped CDs and assembled them with the help of
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liposomes, which can produce 10, with a QY of 0.4. The Mn-CDs
assembly can highly catalyze the production of oxygen from H,0,
and successfully improve tumor hypoxia, thereby improving PDT
efficiency [50].

‘OH has the highest oxidizing ability than other ROS and can
cause more significant lipid peroxidation and oxidative DNA dam-
age. Compared with PDT, the advantage of PCT is that it directly
oxidizes water molecules to generate ‘OH with strong oxidizing
ability, and does not depend on the concentration of dissolved oxy-
gen or hydrogen peroxide in the tumor microenvironment [88].
Qu’s group reported that NIR emitting CDs (ox-CDs) prepared by
a post-oxidation process to construct oxygen-related defects strat-
egy can catalyze the production of -OH under the irradiation of
730 nm and white light LEDs, and are applied to the PTT-promoted
PDT/PCT (Figs. 7a-c) [29]. The tumors in the combined white light
LED flashlight and 730 nm laser irradiation group (G5) disappeared
completely, and there was no recurrence after 90 days. A recent
systematic review on the application of photo-responsive CDs in
PDT/PCT is available for reference [89].

3.2.3. Sonodynamic therapy (SDT)

SDT is an innovative non-invasive treatment method that uti-
lizes ultrasound technology. Ultrasound can penetrate tissues safely
without significant attenuation, activating sonosensitizers to gen-
erate reactive oxygen species capable of killing tumor cells. Com-
pared to PDT, SDT effectively addresses the challenge of light pen-
etration in deep tumors. Recent studies have identified NIR CDs as
promising sonosensitizers for SDT. Shen et al. developed NIR phos-
phorescent CDs using NIR dye ICG in combination with branched
polyethyleneimine as raw materials, endowing them with effective
SDT properties. When these CDs are loaded with cancer cell mem-

branes, they can precisely target tumors, enhancing the efficacy of
tumor-specific SDT [52]. Furthermore, when NIR CDs are covalently
combined with gelatin methacrylamide (GelMA) to form hydrogels,
the resulting NIR-CD/GelMA composite shows potential for bone
repair in a mouse model of bone defect infection [90].

3.2.4. Synergy therapy

Compared with single-mode therapy, synergistic therapy can
greatly improve the therapeutic effect of tumors. CDs can achieve
synergistic therapy when used as imaging agents and photosensi-
tizers or in combination with other photosensitizers, immune acti-
vators, and anticancer drugs. Zhou et al. synthesized NIR emitting
CDs (emission peaks at 700nm) of simulated amino acids with
multiple pairs of edge «-carboxyl and amino-functionalized sur-
faces. The CDs with high tumor specificity in vivo can perform NIR
FLI and PAl-guided delivery of chemotherapeutics to tumors in a
targeted manner. CDs are loaded with the aromatic chemotherapy
drug topotecan hydrochloride (TPTC) through w-m stacking inter-
actions, which can even penetrate the blood-brain barrier and de-
liver TPTC to brain tumors [77].

Lin et al. reported heterojunction materials (CSCS@PEG) pre-
pared from CDs and CogSg, which had a PCE of 51.5% under
1064 nm excitation and led to the generation of ROS. CSCs@PEG
exhibited GOx-like activity, which could not only reduce the en-
ergy supply in cells but also increase the H,0, content. In addition,
they also exhibited peroxidase, catalase, and GSH oxidase mimetic
activities. Tandem multi-nanozyme activity can introduce starva-
tion therapy and enhance chemotherapy (CDT) and PDT. Synergis-
tic therapy (PTT/PDT/CDT) can also effectively stimulate the im-
mune response, thereby achieving the goal of anti-cancer (Fig. 8)
[60]. Shan et al. developed carbon nanogels (CNG) that possess



Y. Liu, H. Wang and S. Qu Chinese Chemical Letters 36 (2025) 110618

e w35 -
us&\( i N/
l Hydrothermal N gy Co?* ‘ SH-PEG-SH X
©
¥4 % L
3-Mercaptopropionic acid S-C C0,S¢/S-CDs C0,S,/S-CDs@PEG

(s
oY Cell death 0
o su?
2
—_—
g OH D //
H0, 1 PHI Starvation 4
Glucose| ATP| py oS Antigens

Immune activation

[. TNF-a :‘\‘ | - ,j 0 N
5 IFN+y :
L T cell activation mDC DC

Fig. 8. Schematic diagram of CSCs@PEG material used as multifunctional anticancer synergistic therapy. Reproduced with permission [60]. Copyright 2022, Elsevier.

LA A A AR KB |& & DT IA

b > c _
) Con. Con. pH A B Y=AAB Signal
N Signal 03 603 0 0 [ o
e D——b

) ., 03 404 o 1 [ o
] 603 404 248
. cadm =

0.5 6.03 1 0
2a-. 0.5 4.04 1 1 sl 1
PEE g & -

d Con. pH A B Y=AVB Signal e Con. A Y=A —) Y=A Signal

%
_

Con. (mgmL)

0

655nm

0 03 0 plmmcontmlem 1

0.3 6.03 0 0

1.2
0.3 248 0

pH B Y=B Y=B  Signal

1 | | —
6.03 o (jmem(BlmdDm|— 1

1 248 1 | =603 J' | 0

1.2 6.03 1 0

1.2 248 1 1

111
Y
s
QE
]

),

Fig. 9. (a) Speckle-free full-color laser imaging and colorful holographic displays based on CD lasers. Reproduced with permission [92]. Copyright 2023, John Wiley and Sons.
(b) Schematic of the laser logic gate. Truth table for operation of logic gates including (c) AND, (d) OR, and (e) NOT operations. Reproduced with permission [93]. Copyright
2024, Elsevier.



Y. Liu, H. Wang and S. Qu

I: PL Mode

UV Light
(365 nm)

Coding Process

0 0-CDs
@ C-CDs@CA
" 0-CDs@CA

z
H
H
H

E

°
H
N

®
E
E
S

2

500 600 700
Wavelength (nm)

UVioff

CPDs

{.

s
&1}

no filter with filter

Chinese Chemical Letters 36 (2025) 110618

11 : Afterglow Mode
Il : NIR-RTP Mode
=

Optical Filter
- utof=600 nM)

Ex 425 nm

Joueyjaw BuiAeids

EX 425 nm

600 nm filter

Fig. 10. (a) Schematic illustration of the encryption and decryption procedure using the o-CDs@CA in information security applications. Reproduced with permission [97].
Copyright 2021, The authors. (b) Phosphorescence spectra of visible to NIR phosphorescent CDs and their encryption applications. Reproduced with permission [98]. Copyright
2023, Elsevier. (c) Schematic illustration of the anti-counterfeiting of CPDs and photographs of patterns taken under different conditions. Reproduced with permission [100].

Copyright 2024, John Wiley and Sons.

dual functions for ROS imaging and performing PDT, utilizing self-
assembled chemiluminescent (CL) conjugated CPDs. This innova-
tive platform can be employed for in vitro and in vivo ROS bioimag-
ing in animal inflammation models and demonstrates outstanding
efficacy in the treatment of xenograft tumors [91].

3.3. Application of NIR CDs in luminescence

3.3.1. Lasers

NIR lasers have broad application prospects in space opti-
cal communications, lidar, etc., and the development of high-
performance NIR CDs-based lasers is of great significance. How-
ever, there are a few examples of the report and application of
NIR CDs in lasers. In 2023, Lu’s research group reported bright
blue to NIR fluorescence (714nm) of CDs and placed them in
the quartz cuvette respectively to achieve laser emission ranging
from 467.3nm to 705.1 nm, spanning 238 nm. Finally, using these
CDs-based lasers as light sources, they successfully achieved color
speckle-free laser imaging and dynamic high-quality holographic
display (Fig. 9a) [92]. Recently, they achieved reversibly switch-
able dual-wavelength laser emission in the red and NIR using CDs
derived from o-phenylenediamine [93]. The NIR-CDs can be fine-
tuned by concentration or pH adjustment. At low concentrations
or weak acid conditions, the main emission peak wavelength is
655 nm, while at high concentrations or strong acid conditions, it
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shifts to 710 nm. Simultaneous emission at 655 nm and 710 nm can
be achieved by selecting moderate concentrations or moderate acid
conditions. By leveraging the adaptable dual-wavelength laser ca-
pabilities of NIR-CDs, they successfully performed logic gate oper-
ations such as AND, OR, and NOT (Figs. 9b-e).

3.3.2. Light-emitting diodes

Plants need to absorb blue, red, and NIR light for photosynthe-
sis. NIR high-efficiency luminescent CDs can be used with blue LED
chips to prepare plant growth lighting LEDs. Also, NIR luminescent
CDs can be used with luminescent materials in other bands of vis-
ible light to prepare white LEDs. Xiong et al. prepared full-color
luminescent CDs, using blue CDs (B-CDs), green CDs (G-CDs), and
NIR CDs (R-CDs, emission peak at 715nm). When mixed and dis-
persed in the polyvinyl alcohol (PVA) matrix, a pure white light-
emitting CDs/PVA composite film with CIE color coordinates (0.33,
0.33) is obtained, and the PLQY is as high as 39% [27]. Recently,
Wang et al. prepared solid-state fluorescent emitting CDs from the
visible to NIR region (540-720nm). Using these CDs as conver-
sion phosphors, white LEDs with tunable correlated color temper-
atures of 1882-5019K can be manufactured. Plant-growth LED de-
vices were prepared using blue LED chips and deep red/NIR emit-
ting CDs. Compared with sunlight and white light LEDs, peanuts
illuminated by plant growth LEDs show higher growth efficiency
in biomass [35].
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In addition to photoluminescent LEDs, electroluminescent LEDs
represent another significant luminescent application. Yuan et al.
utilized natural green plants as carbon sources to synthesize CDs
exhibiting deep red to NIR narrow bandwidth emission through a
solvothermal method, with emission peaks at 673 nm and 720 nm.
The resulting electroluminescent device demonstrated deep red to
NIR emission, with International Commission on Illumination (CIE)
coordinates of (0.692, 0.307). The maximum brightness (Lmnax) of
the CD-LED surpassed 500 cd/m?, paving the way for low-cost, en-
vironmentally friendly CDs suitable for high-color purity displays
and specialized lighting applications [94]. A recent review on the
electroluminescence of CDs is available for reference [95].

3.3.3. Afterglow encryption

CDs confined in external matrices such as boric acid (BA), poly-
mers, zeolite, or CDs with self-confined structures can emit phos-
phorescence [96]. This is because the rigid structure restricts the
non-radiative dissipation of CDs such as vibration and rotation,
promoting the occurrence of intersystem crossing (ISC) and the
generation of triplet excitons. CDs showing afterglow properties
show unique talents in information encryption/anti-counterfeiting
[97-99]. Wang et al. reported a simple method to achieve green
thermally activated delayed fluorescence (TADF) and NIR room
temperature phosphorescence (RTP) in the composites of 0-CDs
and cyanuric acid (Fig. 10a) [97]. Qu’s group increased the content
of CDs in BA during the heat treatment process, and the degree of
aggregation of CDs gradually increased, causing a large number of
electron interactions, which in turn led to energy splitting and the
formation of low-energy aggregation states, which led to phospho-
rescence from 530nm to 750 nm. The solvent-triggered evolution-
ary discoloration properties of CDs were further developed and ap-
plied in advanced anti-counterfeiting and information encryption
(Fig. 10b) [98]. Recently, Yang’'s group developed self-protective
CPDs with NIR RTP (710nm). The RTP emission is promoted by
the generation of triplet excitons protected by the cross-linked net-
work inside the nanoparticles [100]. The CPDs with NIR RTP emis-
sion exhibit great potential in multi-mode information encryption,
and multi-mode anti-counterfeiting (Fig. 10c).

4. Summary and outlook

This review systematically reviews the development of CDs
with absorption and emission in the NIR band (>700 nm) and sum-
marizes in detail the reported preparation strategies of NIR CDs
and their applications in NIR bioimaging, NIR light responsive pho-
totherapy (PTT, PDT, PCT, synergy therapy), as well as their appli-
cation in NIR luminescence (lasers, LEDs and afterglow information
encryption). Overall, the research on NIR absorbing/luminescent
CDs is still in its early stages, and there is a lot of room for fu-
ture development.

Although the research on NIR CDs has made some progress,
there are still the following problems to be solved:

(1) The controllable synthesis mechanism of NIR CDs is still un-
clear. The current reports on NIR CDs are mostly a few suc-
cessful examples obtained through a large number of experi-
ments, and the general synthesis strategies are still relatively
vague. The purification standards of NIR CDs are not uniform
and there are still problems with repeatability.

(2) The wavelength region of the incident light inevitably affects
the penetration depth and resolution of PAIL At the same time,
the PCE of the photoacoustic contrast agent will affect the tem-
perature of the target tissue and the intensity of the generated
sound waves. Therefore, it is necessary to further develop CDs
with NIR long-wavelength absorption, high photothermal con-
version efficiency, and tumor tissue targeting to achieve effi-
cient PAI and PTT synergistic treatment.
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(3) At present, the emission wavelength of NIR CDs is generally
short, and there is a lack of reports on CDs with emission in
the NIR-II region (1000-1700nm). Photons in the NIR-II win-
dow have longer wavelengths, are less scattered in biological
tissues, and have a longer attenuation length when propagat-
ing in biological tissues, which is beneficial for deep biological
detection.

(4) Biological fluids are in a water environment, and there are
few examples of high PLQY and stability in aqueous solutions,
which limits the biological application of NIR CDs.

(5) There are only a few examples of CDs that emit NIR afterglow
in aqueous solution. Phosphorescent bioimaging has great po-
tential due to its lack of background noise, and it is imperative
to develop more aqueous NIR phosphorescent CDs.

(6) Developing more NIR-induced PDT/PCT CDs that can generate
type I reactive oxygen species can broaden their application in
tumor treatment.

(7) The development of NIR afterglow CDs is essential for advanced
information encryption applications. While utilizing external
solid-state substrates presents a feasible solution, it can hin-
der applications in paper printing. Therefore, the future trend is
to focus on the development of CDs with self-protective struc-
tures.

The above summary provides unique but limited insights into
the formation mechanism, optical characteristics, applications, etc.
of NIR CDs. It is believed that with further in-depth research,
the synthesis strategy and luminescence mechanism of NIR CDs
will become increasingly clear, their application scope will become
wider and wider, and will make extraordinary contributions to
solving current challenges.
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