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Abstract: Carbon quantum dots (CQDs) are an emerging class of quasi-zero-dimensional 
photoluminescent nanomaterials with particle sizes less than 10 nm. Owing to their favour-
able water dispersion, strong chemical inertia, stable optical performance, and good biocom-
patibility, CQDs have become prominent in biomedical fields. CQDs can be fabricated by 
“top-down” and “bottom-up” methods, both of which involve oxidation, carbonization, 
pyrolysis and polymerization. The functions of CQDs include biological imaging, biosen-
sing, drug delivery, gene carrying, antimicrobial performance, photothermal ablation and so 
on, which enable them to be utilized in antitumour applications. The purpose of this review is 
to summarize the research progress of CQDs in antitumour applications from preparation and 
characterization to application prospects. Furthermore, the challenges and opportunities of 
CQDs are discussed along with future perspectives for precise individual therapy of 
tumours. 
Keywords: CQDs, antitumour, drug delivery, phototherapy

Introduction
At present, tumours are still one of the main culprits threatening human health. Due to the 
heterogeneity and metastatic nature of tumours, their diagnosis, treatment and control are 
not easy. Depending on the different sites and nature of the tumour, a comprehensive 
analysis of the clinical manifestations and signs of the patient, combined with laboratory 
examination and imaging and cytopathological examination, usually leads to a definitive 
diagnosis.1 However, there is still a lack of ideal and specific methods for early diagnosis, 
especially for deep tumours. There are many kinds of malignant tumours, which have 
different properties, involve different tissues and organs, occur during different stages of 
diseases, and have different responses to various treatments, so most patients need 
comprehensive treatment.2 Surgery is a good way to remove tumours, but it can only 
eradicate early or earlier solid tumours.3 Drug therapy is chemotherapy that can kill 
tumours. Since tumour cells differ most from normal cells in their rapid cell division and 
growth, antitumour drugs usually work by disrupting the mechanisms of cell division, 
such as DNA replication or chromosomal separation.4,5 Nevertheless, most chemother-
apeutic drugs are not specific, so they simultaneously kill normal tissue cells that divide, 
often harming healthy tissues that need to divide to function properly. Radiotherapy uses 
radiation to kill tumour cells, thereby shrinking the tumours.6–8 Radiation can control the 
growth of tumour cells by damaging their genetic material, thus preventing them from 
growing or dividing.9,10 The disadvantage of radiotherapy is that it is limited to areas of 
radiation exposure, and it kills tumour cells while affecting normal cells.11 Therefore, the 
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early detection and diagnosis of tumours and the specific 
elimination of tumour cells have become the direction of 
antitumour research.

Located in the second period of the IVA group on the 
periodic table, carbon is a simple, stable and common element 
that is widely present in nature.12 Since the last century, carbon 
has played an important role in the development of 
nanomaterials.13 Although these nanomaterials are mainly 
composed of the same element, carbon, they have different 
functions and sizes due to their different structures, which 
ensures that they have different but extraordinary properties. 
Carbon nanomaterials have been widely reported and include 
carbon nanotubes (CNTs),14 carbon fibres (CFs)15 and carbon 
quantum dots (CQDs).16 CNTs, also known as bucky tubes, 
are one-dimensional quantum materials with a unique struc-
ture of coaxial circular tubes.17 Research on the nucleation 
thermodynamics of CNTs is ongoing and has made great 
progress.18 CF is a unique fibre with more than 90% carbon 
content, and it has great application potential in the develop-
ment of advanced technology.19 CQDs are carbon-based zero- 
dimensional nanoparticles with particle sizes less than 10 nm 
that are composed of dispersed spherical carbon particles.20 

Their nuclei are generally formed by sp2 hybridization, and 
they have two kinds of structures: lattices and nonlattices.21 In 
2004, Professor Xiaoyou Xu of the University of South 
Carolina et al reported for the first time that during the electro-
phoretic purification of single-walled carbon nanotubes, 
CQDs that can emit bright fluorescence were found in the 
products,22 thus introducing CQDs and opening the door for 
scientific researchers to further explore them. In 2007, Cao 
et al reported that the two-photon absorption cross sections of 
prepared CQDs were comparable to the two-photon absorp-
tion cross sections of the best semiconductor quantum dots or 
core shell nanoparticles reported in previous literature and 
demonstrated that the CQDs could enter breast cancer 
cells.23 In 2012, Lin et al mixed CQDs with oxidants such as 
KMnO4 and Ce4+ to stimulate their chemiluminescence, 
which is the production of light through a chemical 
reaction.24 In 2017, Yuan et al first fabricated CQDs that had 
the ability to emit fluorescence from red to blue light species 
by controlling the fusion and carbonization of citric acid and 
diaminonaphthalene, which provided a new clue for the devel-
opment of light-emitting diodes.25 In 2019, Guo et al 
embedded CQDs into alginate gel beads to form composite 
materials that could absorb rare earth elements, which could be 
applied as a rare earth element adsorbent for environmental 
protection.26 In 2021, Tao et al developed CQDs that emitted 
blue light in water and redshifted in the solid state and reported 

that these CQDs could be utilized as fluorescent ink for anti- 
counterfeiting and for printing high-quality fluorescent 
images.27 Figure 1 shows the development history of CQDs 
since their discovery.

With the in-depth exploration of CQDs, researchers have 
gradually obtained a thorough understanding of them. 
Generally, the following commonalities can be listed. Due to 
the influence of precursors, the surface of CQDs is covered 
with hydrophilic functional groups such as -COOH and -OH, 
and the particle sizes are small, which endows them with the 
potential for good biocompatibility.33–35 Besides, the hydro-
philic groups on the surface of CQDs promote the interaction 
with proteins in vivo, resulting in the formation of protein 
corona, which changes the original properties of CQDs.36,37 

Therefore, how to change the surface properties of CQDs to 
realize the controllable load of proteins and how to regulate the 
interaction between the two has become one of the hot topics 
that many scientists compete to study. CQDs also have excel-
lent fluorescence properties, which gives them considerable 
application prospects in the field of bioluminescence imaging 
and sensors.38 Due to their small structure, CQDs can be 
trapped in tumour sites by an enhanced permeability and 
retention effect (EPR).39,40 In normal tissues, the microvascu-
lar endothelial space is dense and intact, and CQDs are diffi-
cult to penetrate the vascular wall, while in solid tumor tissues, 
blood vessels are abundant, and the wide vascular wall space, 
poor structural integrity and missing lymphatic return result in 
high selective permeability and retention of large CQDs.41,42 

Therefore, EPR effect promotes the selective distribution of 
CQDs in tumor tissues, which can increase antitumour effi-
cacy and reduce systemic side effects. Moreover, the addi-
tional functions of CQDs can be added by modification and 
doping. We can utilize the abovementioned characteristics of 
CQDs to develop and expand their antitumour applications 
and provide new ideas for the discovery, diagnosis, treatment 
and monitoring of tumours in the future. This review outlines 
the features and characterizations of CQDs, introduces the 
preparation of CQDs, elaborates the application of CQDs in 
antitumour applications, including drug delivery, photother-
apy, monitoring and auto-antitumour applications, and dis-
cusses the design of related topics.

Features and Characteristics of 
CQDs
Preparation of CQDs
The synthesis methods of CQDs include the “top-down” 
method and the “bottom-up” method.43–45 The “top-down” 
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method refers to the separation of CQDs with small particle 
sizes from carbon-based materials (such as CNTs, CF, gra-
phite) by chemical or physical methods, including arc 
discharge,22 electrochemical methods,46 chemical 
oxidation,47 laser ablation48 and combustion.49 Contrary to 
the “top-down” method, the “bottom-up” method mainly 
refers to the formation of CQDs by carbonization and poly-
merization of a series of small molecules through chemical 
reactions, including hydrothermal methods,50 microwave 
methods55 and template methods.60 Table 1 summarizes the 
advantages and disadvantages of various methods for pre-
paring CQDs.

“Top-Down” Method
Arc discharge is a self-sustaining discharge method that 
uses gas plasma generated in a sealed reactor to drive 

anodic electrodes to decompose CQDs from bulk carbon 
precursors. To generate high-energy plasma, the heat of 
the reactor can be as high as tens of thousands of degrees 
Celsius under the action of the electric current, so arc 
discharge is the most intense method of gas discharge. 
The most obvious visual characteristics of arc discharge 
are bright arc columns and electrode spots, while energy 
balance is another important law that describes the arc 
discharge phenomenon. The generation of energy is the 
JHEAT of the arc, and the divergence of energy occurs 
through radiation, convection and conduction. Xu et al 
accidentally harvested three kinds of CQDs with different 
fluorescence characteristics when purifying single-walled 
carbon nanotubes by the arc discharge method. These three 
CQDs can emit blue-green, yellow and orange 

Figure 1 The development history of CQDs. 
Notes: Images reprinted with permission from Xu X, Ray R, Gu Y, et al. Electrophoretic analysis and purification of fluorescent single-walled carbon nanotube fragments. J 
Am Chem Soc. 2004;126(40):12736–12737, Copyright (2004) American Chemical Society22;reprinted with permission from Cao L, Wang X, Meziani MJ, et al. Carbon dots 
for multiphoton bioimaging. J Am Chem Soc. 2007;129(37):11318-11319, Copyright (2007) American Chemical Society23; reprinted with permission from Yuan F, Wang Z, Li 
X, et al. Bright Multicolor Bandgap Fluorescent Carbon Quantum Dots for Electroluminescent Light-Emitting Diodes. Adv Mater. 2017;29(3). © 2016 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim25; reprinted with permission from J Colloid Interface Sci. 562, Guo Z, Li Q, Li Z, et al. Fabrication of efficient alginate composite beads 
embedded with N-doped carbon dots and their application for enhanced rare earth elements adsorption from aqueous solutions. 224-234, Copyright 2020, with permission 
from Elsevier26; reprinted with permission from J Colloid Interface Sci. 588, Tao Y, Lin J, Wang D, Wang Y. Na+-functionalized carbon dots with aggregation-induced and 
enhanced cyan emission. 469–475, Copyright (2021), with permission from Elsevier27; reprinted with permission from Li H, He X, Kang Z, et al. Water-soluble fluorescent 
carbon quantum dots and photocatalyst design. Angew Chem Int Ed Engl. 2010;49(26):4430–4434. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim28; 
reprinted with permission from Liu Y, Tian Y, Tian Y, et al. Carbon-Dot-Based Nanosensors for the Detection of Intracellular Redox State. Adv Mater. 2015;27(44):7156– 
7160. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim29; reprinted with permission from Xue X, Fang T, Yin L. Multistage delivery of CDs-DOX/ICG-loaded 
liposome for highly penetration and effective chemo-photothermal combination therapy. Drug Deliv. 2018;25(1):1826–183930; republished with permission of Xu B, Zhao C, 
Wei W, et al. Aptamer carbon nanodot sandwich used for fluorescent detection of protein. Analyst. 2012;137(23):5483–5486, permission conveyed through Copyright 
Clearance Center, Inc31; reprinted with permission from Wei JS, Ding C, Zhang P, et al. Robust Negative Electrode Materials Derived from Carbon Dots and Porous 
Hydrogels for High-Performance Hybrid Supercapacitors. Adv Mater. 2019;31(5):e1806197. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.32
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fluorescence at 365 nm.22 Although this method can 
synthesize CQDs with good water dispersion, the size of 
the CQDs formed in the discharge process is different, and 
they generally have a larger particle size distribution.

Electrochemical methods are simple and convenient 
preparation methods that can be carried out under normal 
temperature and pressure. With the function of inhibiting 
maltose activity, chiral CQDs were fabricated from L- or 
D-glutamic acid through electrochemical methods to be 
used as a candidate drug for controlling blood sugar.46 

Yen et al reported a three-electrode electrochemical 
method for the direct synthesis of high-quality CQDs in 
pure water electrolyte.61 This method provides a step for 
the preparation of aqueous CQD solutions without further 
postprocessing, such as filtration, dialysis, centrifugation, 
column chromatography and gel electrophoresis. The 
results show that the prepared CQDs have a catalytic effect 
on H2O2 and reduce the charge transfer resistance and 
ionic diffusion resistance. Although special equipment is 
needed, the particle size and fluorescence properties of 
CQDs synthesized by electrochemical methods can be 
easily adjusted, and the CQDs are formed in high yield.

Chemical oxidation has been widely used to decompose 
bulk carbon-based materials into CQDs and introduce 
hydrophilic groups such as -COOH or -OH, which can 
significantly improve the water dispersion and fluorescence 

of CQDs. Qiao et al prepared CQDs by a chemical oxida-
tion method using activated carbon as a raw material in the 
treatment of nitric acid, which had excellent photostability 
and cell avirulence and could penetrate living cells, so they 
had the potential to be utilized as living cell imaging 
agents.47 Hu et al utilized coal tar pitch as a raw material 
to prepare CQDs-based nanosensors by chemical oxidation 
for the detection of Cu2+, Fe3+ and L-ascorbic acid.62

Laser ablation is used to irradiate the surface of car-
bon-based materials with large particle sizes with a high- 
energy laser pulse, causing the materials to reach a high 
temperature and high pressure, quickly heat up and eva-
porate into the plasma state, and finally crystallize through 
steam to form CQDs. Yu et al prepared triple valence 
CQDs in toluene by laser irradiation, which increased the 
fluorescence lifetime.48 Moreover, graphene was observed 
during production through a real-time detection system. 
Kang et al transformed Earth’s rich resources and low-cost 
coal into CQDs within 5 minutes through a simple, low- 
cost, environmentally friendly liquid pulse laser ablation 
method.63 CQDs prepared by laser ablation have good 
water dispersibility and strong fluorescence properties, 
but their wide application is hindered by low yield, uneven 
particle size and complex operation.

Combustion is a method that involves collecting CQDs 
from the products of burning organic matter. Zinc oxide and 

Table 1 Various Methods of Preparing CQDs as Well as Their Advantages and Disadvantages

Method Classification Advantages Disadvantages Reference

Arc discharge “Top-down” 
method

Excellent water dispersibility Particle size with large difference [22]

Electrochemical 
method

“Top-down” 
method

Easy to adjust the particle size and 
fluorescence properties, high yield

Special equipment required [46,61]

Chemical 
oxidation

“Top-down” 
method

Excellent water dispersion and fluorescence 
characteristics

Special equipment required [47,62]

Laser ablation “Top-down” 

method

Excellent water dispersion and fluorescence 

characteristics

Low yield, inhomogeneous particle size 

and complex operation

[48,63]

Combustion “Top-down” 

method

Simple operation Low yield and inhomogeneous particle 

size

[49,64]

Hydrothermal 

method

“Bottom-up” 

method

Homogeneous particle size and high yield Long time consuming [50–54]

Microwave 

method

“Bottom-up” 

method

Simple, fast and environmental protection Low yield and multiple impurities [55–59]

Template 

method

“Bottom-up” 

method

Homogeneous particle size and excellent 

water dispersibility

Tedious operation [60]
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zinc sulfide CQDs were synthesized by combustion using 
zinc nitrate and thioacetamide as raw materials and ethylene 
glycol as fuel, whose water solution exhibited three blue- 
green emission peaks at 420 nm, 486 nm and 520 nm.49 Han 
et al prepared single- and double-doped CQDs by 
a combustion method, which could skillfully adjust the 
doping amount of heteroatoms by changing the precursor 
concentration.64 Although combustion is easy to operate, 
the yield of CQDs is low, and the particle size is different.

“Bottom-Up” Method
The hydrothermal method is one of the most commonly used 
methods to synthesize CQDs. The main process is to dissolve 
small organic molecules and/or polymers in water or organic 
solvents to form reaction precursors, followed by transferring 
them to a stainless steel autoclave lined with Teflon and 
finally forming CQDs at high temperature. Ye et al first 
prepared two-photon CQDs by a hydrothermal method for 
detecting intracellular pH, which depended on the disaggre-
gation and aggregation of their physical states, thus contri-
buting to future applications in living systems.50 Atchudan 
et al utilized P. acidus and aqueous ammonia as raw materials 
to form CQDs by a hydrothermal method.51 The prepared 
CQDs can be used as fluorescence inks and Fe3+ detectors, 
which provides a new idea for the monitoring of Fe3+ in 
industrial wastewater. Jiang et al prepared room temperature 
phosphorescence (RTP)-based CQDs from trimellitic acid 
(TA) by a hydrothermal method; these CQDs were designed 
to be applied for anti-counterfeiting and information 
encryption.52 Zheng et al utilized amino acids and polymers 
as raw materials to fabricate CQDs for blood analysis and 
cell imaging by hydrothermal methods.53 Our group reported 
a method of preparing iodine-doped CQDs as a high- 
efficiency CT contrast agent for the first time by hydrother-
mal carbonization.54 Compared with traditional iodine con-
trast agents, the prepared CQDs not only have unique 
photoluminescence and X-ray attenuation characteristics 
but also have the characteristics of a long cycle and passive 
target CT imaging. The operation of the hydrothermal 
method is simple, the size of CQDs is almost the same, and 
the yield is high.

Among the bottom-up methods, the microwave method 
is the most rapid commercial method. The preparation 
process involves dissolving the precursor in the solution 
to form a transparent solution, followed by heating it in 
a microwave oven. CQDs with PEI modified on the sur-
face were prepared by the microwave method.55 Among 
them, PEI played two important roles: enhanced 

fluorescence and gene delivery. Singh et al prepared 
CQDs with quinolinate phosphoribosyl transferase 
(QPRTase) on the surface by the microwave method, 
which was used to detect the endogenous neurotoxin qui-
nolinic acid (QA), thus providing a candidate for the 
treatment of neurological disorders.56 In addition, to 
address the difference in pH between wounds and normal 
regions, CQDs with the function of monitoring pH were 
fabricated by the microwave method; these CQDs pro-
vided new clues for the identification, treatment and heal-
ing of wounds in the future.57 In addition, Pierrat et al 
utilized citric acid and BPEI25K as raw materials to pre-
pare CQDs by the microwave method to transfect nucleic 
acids in vivo and in vitro, thus providing a new method for 
drug delivery to the lungs.58 Our group also reported 
a synthesis of nitrogen-doped CQDs that uses citric acid 
and ammonium acetate as precursors through a microwave 
method. These CQDs had strong photoluminescence, good 
water solubility and stable optical properties.59 It is worth 
noting that an inhomogeneous multilayer structure was 
observed for the first time in nitrogen-doped CQDs. The 
microwave method is a simple, rapid and environmentally 
friendly method for the synthesis of CQDs.

The template method is a technique of preparing CQDs 
with special materials as templates and then removing the 
template by physical or chemical methods to collect the 
CQDs. Yang et al synthesized organic templated TiOS 
under solvent-free conditions, performed heat treatment 
at 300 °C in vacuum to prepare N-CDs@TiOS, and finally, 
they transformed the organic template into N-CDs and 
embedded them into a titanium sulfate matrix to collect 
the CQDs.60 This kind of CQDs can be used as an efficient 
photosensitizer and has good application potential in visi-
ble light-driven photocatalysis, which provides an effec-
tive way to prepare CQDs by a template method for visible 
light catalysis. The CQDs prepared by the template 
method have good water dispersibility and uniform parti-
cle size, but the operation is cumbersome.

Photoluminescence of CQDs
Photoluminescence (PL), a basic characteristic of CQDs, has 
been widely researched in related fields. PL refers to the 
electrons of matter jump from the valence band to the con-
duction band and leave holes in the valence band under the 
excitation of light.65 In the conduction band and valence 
band, electrons and holes reach the lowest unoccupied 
excited state by relaxation and enter a quasi-equilibrium 
state. In this quasi-equilibrium state, electrons and holes 
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emit light through recombination, forming spectra of inten-
sity or distributing energy across different wavelengths.66 

Although PL can only be used for qualitative analysis rather 
than quantitative analysis, it has high resolution.67 In recent 
years, many studies have been performed on the PL mechan-
ism of CQDs, but there has been no unified conclusion.68–70 

This lack of consensus may be because different raw materi-
als, surface passivators or preparation methods have a great 
impact on the structure and PL properties of CQDs. It is 
widely believed that the mechanism of the PL properties of 
CQDs involves surface defects,71 lattice defects72 and quan-
tum confinement effects.73 The PL analysis of CQDs has the 
significant advantages of high sensitivity and strong selectiv-
ity, including an excitation spectrum and emission spectrum, 
making it possible to choose a variety of wavelengths for 
molecular fluorescence analysis.74 It is noteworthy that the 
traditional CQDs are excited by single photon, which leads to 
photobleaching when they are used for tumour tissue ima-
ging. Two-photon CQDs are excited by two-photon near- 
infrared light, which can improve the tissue penetration, 
and thus observe in deep tissues and prolong the observation 
time.75,76 Therefore, their research in tumour tissue imaging 
is more popular. PL is an important characteristic of CQDs, 
and PL measurements are helpful for later research. The 
influence of external pressure on the fluorescence properties 
of CQDs can be judged by measuring the PL and UV-Vis 
spectra.77 As shown in Figure 2A, Ding et al utilized urea and 
р-phenylenediamine to fabricate CQDs by a hydrothermal 
method; the CQDs were filtered through silica column 

chromatography into eight different components, each of 
which emitted a different fluorescence colour.78 In addition, 
the cerium-doped CQDs (Ce-doped CQDs) prepared by our 
research group also showed excellent fluorescence 
properties.79 As shown in Figure 2B, with increasing excita-
tion wavelength, the fluorescence intensity of Ce-doped 
CQDs increased gradually, reaching a peak at 360 nm, and 
then decreased gradually.

UV visible (UV-Vis) spectrophotometry is a method for 
the determination of the absorbance of the substance in the 
range of 190–800 nm, which can be used to determine the 
linear optical absorption behaviour of CQDs.80 When the 
light passes through the solution, the absorption of the 
substance changes with the wavelength of the light. In the 
ultraviolet absorption spectrum, electrons undergo four dif-
ferent types of transitions, σ→σ*n→σ*π→π* and 
n→π*which are arranged according to the decreasing 
order of energy required by various transition types.81 

Among them, σ→σ* transitions indicate the presence of 
C-C bonds,82 n→σ* transitions demonstrate the presence 
of -OH and -NH2 bonds,83 π→π* transitions occur due to 
the double bond absorption of aromatic nuclei,84 and n→π* 
transitions imply the presence of C=O, C=S, -N=O and 
-N=N-.85 The same concentration of the solution to be 
measured has different absorbance for different wave-
lengths of light, while for the same solution to be measured, 
the higher the concentration, the greater the absorbance, but 
the wavelength corresponding to the maximum absorption 
peak (λmax) is the same. Therefore, by measuring the 

Figure 2 (A) Scheme of CQDs. Reprinted with permission from Ding H, Yu SB, Wei JS, Xiong HM. Full-color light-emitting carbon dots with a surface-state-controlled 
luminescence mechanism. ACS Nano. 2016;10(1):484–491. Copyright (2016) American Chemical Society.78 and (B) PL spectra of Ce-doped CQDs. 
Reprinted with permission from Zhang M, Zhao L, Du F, et al. Facile synthesis of cerium-doped carbon quantum dots as a highly efficient antioxidant for free radical scavenging. 
Nanotechnology. 2019;30(32):325101Z.79
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absorbance of the substance at different wavelengths and 
drawing the relationship between the absorbance and wave-
length, the absorption spectrum of the substance can be 
obtained. As shown in Figure 3A, Qi et al prepared nitro-
gen-doped CQDs (N-CQDs), which fluoresced blue under 
ultraviolet light but were quenched when Fe3+ was 
encountered.86 In addition, the prepared aqueous B-CD 
solution was colourless and transparent under normal envir-
onmental conditions.87 With the extension of microwave 
irradiation time, the peak value of the aqueous B-CD solu-
tion at 360 nm gradually increased, and its colour gradually 

darkened, which indicated that microwave irradiation could 
shorten the reaction time (Figure 3B).

Characterization and Biocompatibility of 
CQDs
A requirement for the biological application of CQDs is that 
they must be harmless to the organism, so analysis of their 
biocompatibility is the primary task. The excellent biocom-
patibility of CQDs is due to their small size and surface 
groups,88 as well as biocompatibility of precursors, 

Figure 3 (A) Mechanism of N-CQDs. Reprinted from J Colloid Interface Sci, 539, Qi H, Teng M, Liu M, et al. Biomass-derived nitrogen-doped carbon quantum dots: highly 
selective fluorescent probe for detecting Fe3+ ions and tetracyclines. 332–341, Copyright 2019, with permission from Elsevier.86 and (B) UV-Vis spectra of B-CDs. Reprinted 
with permission from Liu H, He Z, Jiang LP, Zhu JJ. Microwave-assisted synthesis ofwavelength-tunable photoluminescent carbon nanodots and theirpotential applications. 
ACS Appl Mater Interfaces. 2015;7(8):4913–4920. Copyright (2015) American Chemical Society.87 

Abbreviations: N-CQDs, nitrogen-doped CQDs; B-CDs, blue luminescent carbon dots.
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distribution of the surface charges and even the structural 
properties of carbon elements.89–91 The particle size of 
CQDs is generally less than 10 nm, which makes it impos-
sible to observe through ordinary optical microscopy. 
Moreover, the wavelength of transmission electron micro-
scopy (TEM) is much shorter than that of visible light and 
ultraviolet light, which enables the resolution of TEM to 
reach 0.2 nm.92–94 The working principle of TEM is to 
project the accelerated and focused electron beam onto 
a very thin sample. The direction of the electron beam 
changes due to the collision between the electron and the 
atom in the sample, resulting in solid angle reflection.95–97 

The size of the scattering angle is related to the density and 
thickness of the sample, so different light and dark images 
are formed, which are displayed on the imaging device after 
the image is magnified and focused.98

The three kinds of CQDs, including r-CDs (Figure 4A), 
c-CDs (Figure 4C), and l-CDs (Figure 4D), were distributed 
uniformly in water, and the particle size was approximately 2 
nm.99 Furthermore, as shown in Figure 4B, the r-CDs were 
magnified again, and their crystal structure was observed by 
high-resolution transmission electron microscopy (HRTEM). 
In addition, Li et al prepared two CQDs, including ACDs and 
OCDs.100 The ACDs had a crystalline structure with a lattice 
spacing of 0.208 nm, while the OCDs did not, which implied 
that there were lattice and nonlattice conformations in the 
CQDs. In addition, TEM showed that the size of the N, 
P-CDs varied, and the maximum size was approximately 15 
nm.101 In addition, the N,P-CDs were magnified again by 
HRTEM. Different N,P-CDs had different lattice spacings of 
0.24 nm, 0.35 nm and 0.51 nm, which implied that the N, 
P-CDs did not have uniform lattice spacing, which may be 
related to the plane spacing of the N,P-CDs. Furthermore, 

Figure 4 TEM and high-resolution TEM images of (A and B) r-CDs, (C) c-CDs, and (D) l-CDs. Reprinted with permission from Zhang J, Yuan Y, Liang G, Yu SH. Scale-up 
synthesis of fragrantnitrogen-doped carbon dots from bee pollens for bioimaging and catalysis. Adv Sci (Weinh). 2015;2(4):1500002. © 2015 The Authors. Published by 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.99 

Abbreviations: r-CDs, carbon quantum dots from rapeseed flower bee pollen; c-CDs, carbon quantum dots from camellia bee pollen; l-CDs, carbon quantum dots from 
lotus bee pollen.
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energy dispersive X-ray (EDX) spectroscopy is usually used 
in combination with TEM because it can determine the content 
of elements in CQDs by comparing the intensities of spectral 
lines of different elements.

Fourier transform infrared spectroscopy (FTIR), which is 
mainly composed of a Michelson interferometer and compu-
ter, can be used to analyse the chemical structure and surface 
groups of CQDs.102 A Michelson interferometer is 
a precision measuring instrument that uses the interference 
principle of light to precisely measure the length and tiny 
changes in length.103 The principle is that incident light is 
reflected back by the corresponding plane mirror after being 
divided into two beams by the spectroscope. Because the two 
beams have the same frequency, the same vibration direction 
and constant phase difference (ie, the interference conditions 
are satisfied), interference can occur.104 The different optical 
paths of the two beams can be realized by adjusting the 
length of the interference arm and changing the refractive 
index of the medium so that different interference patterns 
can be formed.105 The intensity distribution of the original 

light source can be calculated by Fourier transform of the 
interference function on a computer.106 Compared with tradi-
tional spectrometers, FTIR has the following advantages: fast 
scanning speed, high resolution, high sensitivity and wide 
spectral range.107 Zhang et al prepared layered double hydro-
xide-combined CQDs (LDH-carbon quantum dots) capable 
of adsorbing methyl blue.108 As shown in Figure 5, compared 
with the fixed hydrogen bond peak of LDH, the hydrogen 
bond peak of LDH-carbon quantum dots blueshifted (3490 to 
3479 cm−1), suggesting that there was a hydrogen bond 
between LDH and CQDs. Moreover, the peaks at 
1183 cm−1 and 1038 cm−1 were attributed to the -SO3- of 
LDH and LDH-carbon quantum dots.

X-ray photoelectron spectroscopy (XPS), an advanced 
analytical technique for the microanalysis of electronic 
materials and components, can analyse the chemical ele-
ments in CQDs, and it is usually coordinated with auger 
electron spectroscopy (AES).109 The principle of XPS is to 
irradiate the CQDs with X-rays so that the core electrons 
of the atoms or molecules (also known as photoelectrons) 

Figure 5 FTIR spectra of LDH and LDH-carbon quantum dots. Reprinted with permission from Zhang M, Yao Q, Lu C, et al. Layered double hydroxide-carbondot 
composite: high-performance adsorbent for removal of anionicorganic dye. ACS Appl Mater Interfaces. 2014;6(22):20225–20233. Copyright (2014) American Chemical 
Society.108 

Abbreviations: FTIR, Fourier transform infrared spectroscopy; LDH, layered double hydroxide.
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are excited to emit and then measure the energy of 
photoelectrons.110 With the kinetic energy/binding energy 
of photoelectrons as the abscissa and the relative intensity 
as the ordinate, the photoelectron spectrum can be created 
to obtain relevant information on the CQDs.111 As 
a modern analytical method, XPS has the following char-
acteristics: the ability to analyse all elements except H and 
He, strong identification, the ability to observe chemical 
shifts, quantitative analysis and high sensitivity.112 

Figure 6A–C correspond to the survey, C1s and O1s XPS 
spectra of the obtained CQDs, respectively. As shown in 
Figure 6D, two peaks at 459.4 eV and 465.2 eV corre-
sponded to the Ti4+2p3/2 core level, while the peaks at 
457.8 eV and 460.9 eV belonged to Ti3+2p1/2. XPS results 
demonstrated that CQDs were mainly composed of three 
elements, including carbon, oxygen and titanium.113

Interestingly, some researchers prepared green CQDs 
with food as raw material, which fully demonstrated the 
high biocompatibility of CQDs.114,115 Nevertheless, 
although the biocompatibility of CQDs has been reported 
in many studies, some researchers have found that there is 
a “threshold” for the low toxicity of CQDs. Liu et al 
reported the CQDs prepared at high temperature by mixing 

folic acid and CuCl2 with anhydrous ethanol.116 When the 
CQDs were mixed at different concentrations and added to 
cells, the cell viability was no less than 90% before 400 
μg/mL but gradually decreased from 600 μg/mL. 
Therefore, it can be inferred that the toxicity and side 
effects of CQDs on cells are related to the type of cells co- 
incubated, the concentration of CQDs and the co- 
incubation time; these results are conducive to the subse-
quent exploration of the biocompatibility of CQDs and the 
design of their application in antitumour projects. It is 
expected that the toxicity assessment of therapeutic 
CQDs with potential biomedical applications will be car-
ried out through animal models that conform to the norms 
of international organizations in the future.

Applications of CQDs in 
Antitumour
Diagnosis
At present, clinical cancer is often found in the middle or 
even late stage, making later treatment much more difficult. 
When it is not discovered until the cancer develops to the late 
stage, the cancer is difficult to handle and shortens the life 

Figure 6 The XPS spectra of (A) survey, (B) C1s, (C) O1s and (D) Ti2p. Reprinted from Mahmood A, Shi G, Wang Z, et al. J Hazard Mater, 401, Carbon quantum dots-TiO2 
nanocomposite as an efficient photocatalyst for the photodegradation of aromatic ring-containing mixed VOCs: an experimental and DFT studies of adsorption and electronic 
structure of the interface. 123402, Copyright 2021, with permission from Elsevier.113
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Figure 7 (A) The action mechanism diagram and (B) UV-vis absorption spectrum of AuNPs-PAMAM/Ab. Reprinted from Hamd-Ghadareh S, Salimi A, Fathi F, Bahrami S. 
Biosens Bioelectron, 96, An amplified comparative fluorescence resonance energy transfer immunosensing of CA125 tumor marker and ovarian cancer cells using green and 
economic carbon dots for bio-applications in labeling, imaging and sensing. 308–316, Copyright 2017, with permission from Elsevier.135 

Abbreviation: FRET, fluorescence resonance energy transfer.
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span.117 The treatment of advanced cancer can only rely on 
drugs,118 chemotherapy119 or radiotherapy120 to kill other 
free tumour cells, but these methods cannot completely kill 
all tumour cells in vivo. In addition, advanced cancer easily 
metastasizes and spreads, leading to the invasion of tumour 
cells in other normal parts of the body, which makes it 
impossible to control the tumours simply by removing the 
original area.121 Therefore, the development of tumour cell 
probes for early cancer screening is vital,122 and CQDs have 
become candidates for probes of tumour cells due to their 
excellent fluorescence properties and high sensitivity.

Because they are fluorescent, CQDs become excited after 
receiving electromagnetic radiation, thus emitting the same or 
different emission spectrum as the excitation spectrum and 
showing fluorescence.123 Due to this characteristic, CQDs 
have been widely used in fluorescence imaging and 
sensing.124–126 When two fluorescent groups meet, if the 
emission spectrum of one fluorescent group is consistent 
with the excitation spectrum of the other, the fluorescence 
signal of the former weakens or even disappears, which is 
called fluorescence resonance energy transfer (FRET).127 The 
conditions for effective FRET between the donor and the 
acceptor are specific.128 First, the emission spectrum of the 
donor and the absorption spectrum of the acceptor must 
overlap.129 Second, FRET requires that the donor and the 
energy acceptor be close enough, generally 7–10 nm apart, 
and the FRET decreases significantly with distance.130 Finally, 
the fluorescent chromophores of the donor and the acceptor 
must be arranged correctly.131 Due to this principle, many 
researchers have combined FRET with CQDs for biological 

analysis.132–134 Using CQDs as donors and AuNPs as accep-
tors, Somayeh et al assembled a FRET-based sensor that could 
detect CA125 on the surface of ovarian cancer cells. Due to the 
-NH2 groups, anti-CA125 could be modified on the surface of 
AuNPs.135 The sandwich structure of the AuNPs-CA125-CDs 
could be formed when the CA125-trapped AuNPs met the 
DNA-coated CQDs, which promoted the occurrence of FRET 
and led to the fluorescence quenching of the CQDs. As shown 
in Figure 7A, by -S- wrapping PAMAM-Dendrimer with - 
NH2 on the surface of AuNPs, the -NH2 on the surface of 
AuNPs could be amplified, which made the fluorescence 
quenching signal of CQDs more intense, thus greatly improv-
ing the sensitivity of the device to CA125. Moreover, the UV- 
Vis absorption spectrum showed that the absorbance of 
AuNPs-PAMAM/Ab was higher than that of AuNPs-Ab at 
any wavelength, which implied that the adjunction of 
PAMAM-Dendrimer could significantly enhance the fluores-
cence quenching signal (Figure 7B).

In recent years, as a combination of chemiluminescence 
and electrochemical methods, electrochemiluminescence 
(ECL) has attracted great interest due to its high sensitivity 
and selectivity.136 ECL is an electricity generation phenom-
enon in which certain substances are generated by electro-
chemical methods, and then these substances or biomass and 
other substances react further.137 It retains the advantages of 
chemiluminescence methods, such as high sensitivity, wide 
linear range and convenient observation, and has many 
incomparable advantages, including good reproducibility, 
easy control and partial repeatability.138 ECL not only greatly 
promotes biochemistry and molecular biology research but 

Figure 8 Photographic images of Gel-UPy/dsCQD hydrogel under normal and tumour environment. Reprinted with permission from Won HJ, Ryplida B, Kim SG, et al. 
Diselenide-bridged1710 carbon-dot-mediated self-healing, conductive, and adhesive wirelesshydrogel sensors for label-free breast cancer detection. ACS Nano. 2020;14 
(7):8409–8420. Copyright (2020) American Chemical Society.145
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also brings a technological revolution in clinical diagnosis, in 
which ECL probes play an important role.139 Although 
CQDs have been developed as ECL probes,140,141 they are 
not widely used because of their low ECL yield. Therefore, 
the modification of CQDs to amplify the ECL signal is 
conducive to the application of ECL technology in biological 
analysis. Qiu et al designed an ECL system by combining 
CQDs with magnetic beads.142 MCF-7 cells and MDA-MB 
-231 cells were captured on an ITO electrode by folic acid, 
and then HA-solid-state ZnCQDs could bind to CD44 on the 
surface of tumour cells through HA, resulting in an enhanced 
ECL effect. It can be utilized for monitoring tumour cells and 
evaluating the heterogeneity of CD44 expression, which is 
conducive to the early diagnosis and screening of breast 

cancer. Moreover, the greater amounts of H2O2 secreted by 
tumour cells can be used in active metabolism to induce 
stronger ECL emission from NHCDs combined with Au 
NPs, which provides another method of cancer 
monitoring.143 Nevertheless, without electrode plates, DNA 
or RNAs as aptamers that can identify HER2 on the surface 
of MCF-7 cells are applied to amplify the ECL signal through 
CQDs or synergistic metal-organic frameworks.144

In addition to FRET and ECL, CQDs can also be utilized 
to monitor the tumour environment by structural modifica-
tion, spatial conformation or properties. Won et al combined 
gelatine and ureidopyriminone (Upy) into hydrogels (Gel- 
UPy) by performing isocyanate-amine group reactions, fol-
lowed by mixing CQDs into the Gel-UPy to prepare a self- 

Table 2 A Summary of Applications for Antitumour CQDs in Diagnosis

Theory Raw Materials Model Function Reference

FRET Citric acid, 

ethylenediamine

MCF-7 cells Diagnosis of breast cancer [148]

FRET Carbon powders OVCAR3 cells Monitor the presence of tumour cells [149]

FRET Citric acid, 
ethylenediamine

MCF-7 and HeLa cells Diagnose as well as killing of tumour cells [150]

FRET Glucose, PAAS HeLa/HepG2 cells Determining prognosis of cancer and 
investigation of cancer metastasis

[151]

ECL Zinc acetate, PEI MCF-7 and MDA-MB 
-231

Monitor the presence of tumour cells [142]

ECL Citric acid, DMF Hela and MCF-7 cells Monitor the presence of tumour cells [143]

ECL – MCF-7 cells Diagnosis of HER2 and HER2-overexpressed 

living tumour cells

[144]

ECL Candle soot, 

nitric acid

Hela and MCF-7 cells Highly sensitive and selective tumor cells 

detection, DNA and protein analysis

[152]

Coagulation and dissolution 

of hydrogels

DOPA-Br, 

selenium ions

MDA-MB-231 cells Breast cancer detection [145]

Character dependent 

fluorescence properties

Citric acid, 

ethylenediamine

– Diagnosis of early lung cancer [146]

Detect GSH GSH, HAuCl4, 

glucose

HIBEpiC cells Monitor the presence of tumour cells [153]

Targeting C6 glioma cells D-glucose, 

L-aspartic acid

C6 glioma cells Diagnostic, targeting and therapeutic of brain 

cancer cells

[154]

Change of emission 

wavelength

Alizarin carmine SMMC-7721 cells Distinguish between tumour cells and normal 

cells

[147]

Detect Carcinoembryonic 

antigen

Citric acid, urea Liver cancer mice beared 

HepG2 cells

Detect tumour cells and drug delivery [155]

Abbreviations: PAAS, poly(acrylate sodium); PEI, polyethylenimine; DMF, N, N-Dimethylformamidenot estimable; DOPA, dihydroxyphenylalanine; GSH, glutathione.
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healing Gel-UPy/dsCD hydrogel.145 The self-healing proper-
ties of the Gel-UPy/dsCD hydrogel depended on GSH and 
H2O2, which are produced by tumour cells rather than normal 
cells. As shown in Figure 8, after planting 5 pieces of Gel- 
UPy/dsCQD hydrogel into the cell inoculation site of mice, 
one hour later, the Gel-UPy/dsCQD hydrogel of the MDCK 
group was still a single slice, while the MDA-MB-231 group 
converged into a whole gel structure. This result indicates 
that the Gel-UPy/dsCQD hydrogel can self-heal at the 
tumour site but not in normal cells, so it can be used to 
monitor tumour cells through its self-healing function. In 
addition, Kalytchuk et al prepared CQDs with ICPA (a 
molecular fluorophore from the family of pyridines) on the 
surface, which caused fluorescence quenching when the 
CQDs were cooled to a solid and returned to the liquid 
state when heated, recovering their fluorescence.146 

However, when the CQDs were in a cool solid-state, the 
addition of alcohol prevented fluorescence quenching. 
Therefore, they can be used to measure alcohol, which is 
conducive to the early diagnosis of lung cancer. In addition, 
CQDs can monitor tumours by using the fluorescence change 
of CQDs as the detection signal. Li et al fabricated CQDs that 
could produce 430 nm and 642 nm emission under 360 nm 
laser irradiation.147 When they encountered GSH, they only 
produced 430 nm excitation light, which made their fluores-
cence change from blue green to dark blue. The GSH content 
in tumour sites is much greater than that in normal tissues, so 
we can distinguish tumour cells from normal cells by the 
change in fluorescence colour of CQDs.

In contrast to normal cells, tumour cells have a unique 
acidic environment, tumour markers and related genes; these 
factors can be considered in the design of new treatments. 
Table 2 summarizes the application of CQDs for monitoring 
tumours or antitumour drugs in related research. At present, 
the optical properties of CQDs are mostly used in tumour 
monitoring research, in which FRET and ECL are the most 
widely used, while other properties are rarely involved. 
However, whether the other properties of CQDs, such as 
changes in surface functional groups, size and properties, 
could be utilized to monitor tumours remains to be explored 
in the future. In addition to the early diagnosis of tumours and 
the release of antitumour drugs, monitoring the heterogene-
ity, mutation, metastasis and recurrence of tumours is 
a possible application of CQD probes.

Drug Delivery
Traditional antitumour drugs have low bioavailability due to 
their nontargeting and metabolic dynamics, and they can 

damage normal cells.156 Therefore, it is urgent to improve 
the bioavailability of antitumour drugs. The natural, ultra-
small structure endows the CQDs with EPR, which actively 
causes them to gather in the tumour site.157 Using CQDs as 
carriers to deliver antitumour drugs to the body not only 
solves the drug targeting problem but also increases the 
time of drug aggregation in the tumour site.158

Doxorubicin (DOX), as a broad-spectrum antitumour 
drug, can inhibit the synthesis of RNA and DNA, inducing 
the death of tumour cells in various growth cycles.159–161 

DOX can restrain DNA superhelix topoisomerase II by 
embedding and inhibiting the interaction between polymer 
biosynthesis and DNA, thus destroying the replication of the 
DNA strand.162,163 It can also act on chromatin with transcrip-
tional activity, which leads to histone changes. In the clinic, 
DOX has been widely used in the treatment of various dis-
eases, including breast cancer,164 lung cancer,165 ovarian 
cancer,166 leukaemia,167 and gastric cancer.168 Therefore, 
loading CQDs with DOX and incorporating them into the 
body for tumour treatment has become possible. Nitrogen- 
and phosphorus-doped CQDs (PNHCDs) loaded with DOX 
were prepared by spontaneously heating glucose to boiling 
without additional heating operation.169 The tumour volume 
of tumour-bearing mice treated with PNHCDs-DOX was 
larger than that of tumour-bearing mice treated with free 
DOX. Moreover, the weight of tumour-bearing mice treated 
with free DOX gradually decreased, while that of the mice 
treated with PNHCDs-DOX showed an upward trend, which 
indicated that PNHCDs-DOX could not only inhibit tumour 
growth but also improve the tumour targeting of DOX, exhi-
biting the advantage of the EPR of CQDs. In addition, com-
pared to free DOX, DOX-loaded and transferrin-modified 
C-Dot-Trans-Dox showed better therapeutic effects for brain 
cancer.170 Since both tumour cells and the blood brain barrier 
(BBB) have transferrin receptors, it is possible for C-Dot- 
Trans-Dox to cross the BBB and gather in brain tumour 
sites, which is promising for the treatment of brain tumour- 
related diseases in the future. Moreover, due to the nitrogen 
functional groups on the surface of the CSCNP-R-CQDs, they 
could enter not only the tumour cell nucleus but also the cancer 
stem cell nucleus, which provides new possibilities for tumour 
eradication.171 As a pH-sensitive drug, DOX is more soluble 
under acidic conditions than under neutral conditions. Tumour 
tissues and cells can provide an appropriate pH environment 
for DOX release, which also leads to the tumour targeting of 
DOX. With the rapid development of CQDs technology, 
researchers are committed to combining it with other chemical 
compounds, biomaterials and even technology to play 
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Figure 9 The (A) formation process and (B) mechanism of Pep-APCDs@Fe/DOX-LOS. Reprinted from Hou L, Chen D, Wang R, et al. Transformable honeycomb-like 
nanoassemblies of carbon dots for regulated multisite delivery and enhanced antitumor chemoimmunotherapy. Angew Chem Int Ed Engl. 2021;60(12):6581–6592. © 2020 
Wiley-VCH GmbH.172 

Abbreviations: PEG, polyethylene glycol; AEAA, aminoethyl anisamide; Pep, peptides; LOS, losartan; CAFs, cancer-associated fibroblasts.
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enhanced antitumour roles. Hou et al modified aminoethyl 
anisamide (AEAA) onto CQDs loaded with DOX and Fe 
ions to form APCDs@Fe/DOX. Then, APCDs@Fe/DOX 
were connected with each other by Asp-Ala-thl-gly-pro-Ala 
peptides (Pep) to form losartan (Los) wrapped in 
a mesoporous structure, thus finally forming Pep-APCDs 
@Fe/DOX-LOS.172 Pep was sensitive to the fibroblast- 
activating protein-α (FAP-α), while FAP-α was overexpressed 
in cancer-associated fibroblasts (CAFs). When Pep-APCDs 
@Fe/DOX-LOS flowed through the CAFs, Pep was degraded, 
while APCDs@Fe/DOX and Los were released. Los, as 
a modifier of the tumour microenvironment, could deplete 
the tumour matrix. Along with Fe ions and DOX, Los had 
the ability to accelerate the infiltration of T cells and NK cells, 
promote the release of proinflammatory cytokines, and down-
regulate the recruitment of immunosuppressive cells 
(Figure 9). Kang et al coated silicon dioxide on the surface 
of a nanotube template and increased the temperature, forming 
CQDs on the surface of silicon dioxide.173 The template 
simultaneously dissolved to form a hollow structure 
(C-hMOS), and then the C-hMOS was filled with DOX by 
soaking. Moreover, after heat treatment, the DOX-delivering 
C-hMOS showed more significant fluorescence intensity, 
which endowed them with the ability to observe the 

distribution of DOX in vivo. In addition, Türk et al fabricated 
pH-sensitive hydrogels by self-crosslinking hydroxyapatite, 
NCQDs and DOX through Schiff bases, hydrogen bonds and 
ion interactions for the first time.174 After reaching the tumour 
site, the Schiff base broke away and DOX was released.

Similar to other platinum drugs, oxaliplatin (II) has an 
antitumour mechanism that targets DNA, and platinum 
atoms cross-bind with DNA to prevent its replication and 
transcription.175–177 Nevertheless, due to drug resistance 
and side effects, it is possible to use Pt(IV) complexes 
instead of oxaliplatin (II).178 Pt(IV) complexes are pro-
drugs of oxaliplatin(II) that can be transformed into 
oxaliplatin(II) by a reduction reaction, and tumour cells 
can provide an inherent reducing environment. Based on 
this principle, CQDs were prepared by modified thermal 
pyrolysis with citric acid as the carbon source and polyene 
polyamine as the passivator, following which a Pt(IV) 
complex (oxa(IV)-COOH) was combined with CQDs to 
form CD-Oxa by dehydration condensation between the 
amino carboxyl groups.178 Under excitation light at 405 
nm, 488 nm and 555 nm, CD-Oxa could produce bright 
polychromatic fluorescence, which was conducive to its 
effective monitoring of tumour cells (Figure 10A–E). 
Moreover, with increasing drug concentration, the viability 

Figure 10 Confocal fluorescence images of HeLa cells treated with CD-Oxa under (A) 405 nm, (B) 488 nm, (C) 555 nm, (D) bright field and (E) overlay. (F) Cell viability of 
HepG2 cells treated with oxaliplatin (II) or CD-Oxa. Reprinted from Zheng M, Liu S, Li J, et al. Integrating oxaliplatin with highly luminescent carbon dots: an unprecedented 
theranostic agent for personalized medicine. Adv Mater. 2014;26(21):3554–3560. © 2020 Wiley-VCH GmbH.178 

Abbreviation: Oxa, oxaliplatin.
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of HepG2 human tumour cells decreased gradually, and 
the decrease in the CD-Oxa group was greater than that of 
the free oxaliplatin group, which indicated that the cura-
tive effect of CD-Oxa was better than that of free oxali-
platin (Figure 10F). In addition, Feng et al mounted PEG- 
(PAH/DMMA) on the surface of CQDs containing Pt(IV) 
(CDs-Pt(IV)). Among them, PEG-(PAH/DMMA) was 
equivalent to a “cap”, which was not hydrolysed under 
normal conditions but hydrolyzed under the acidic condi-
tions of tumour tissues, causing CDs-Pt(IV) to enter the 
cells. Finally, the Pt(IV) prodrug was reduced to 
oxaliplatin(II), which binds to the nucleic acid of tumour 
cells.179 Similarly, PEG-RGD was modified on CDs-Pt 
(IV), in which PEG and RGD were linked by benzoimide 
bonds.180 RGD could target the RGD receptor on the sur-
face of tumour cells, but the RGD receptor was not spe-
cific to tumour cells. Therefore, PEG was designed to 
block RGD on the surface of CDs-Pt(IV). When CDs- 
RGD-Pt(IV)-PEG reached the tumour cells, the benzoi-
mide bond was hydrolysed under acidic conditions to 
expose RGD to achieve the targeting of tumour cells.

Gene therapy refers to the transfer of exogenous “repair 
genes” into target cells to treat related diseases at the gene 
level.181–183 The free gene is easily degraded by lysosomes 
after entering the cells, so it needs to be protected by the vector 
and then sent to the target cells to solve the problem.184 

Although single CQDs do not have the ability to carry 
genes, if gene carrying substances are modified on their sur-
face, they can carry genes into target cells for gene 
therapy.185,186 Three kinds of LNA-based oligonucleotides 
(anti-miR-K1, anti-miR-K4, and anti-miR-K11) were loaded 
onto CQDs by PEI modification.187 As shown in Figure 11, 
after entering lymphoma cells, Cdots/LNA could knock down 
miR-K1, miR-K4 and miR-K11 of Kaposi’s sarcoma virus 
(KSHV), thus leading to apoptosis and growth inhibition of 
KSHV-positive primary active lymphoma cells through the 
caspase-3 pathway. Moreover, a novel DNA self-assembly 
nanostructure based on nitrogen-doped CQDs known as 
NPNCD was reported.188 The conjugation of NPNCD with 
KRAS siRNA showed a superior gene knockdown effect, 
which provided inspiration for the clinical treatment of non- 
small-cell lung cancer.

In addition to DOX, oxaliplatin and “therapeutic” genes, 
other forms of antitumour drugs have also been widely 

Figure 11 The schematic diagram of Cdots/LNA inducing apoptosis and slowing down proliferation. Reprinted with permission from Ju E, Li T, Liu Z, et al. Specific inhibition 
of viral MicroRNAs bycarbon dots-mediated delivery of locked nucleic acids for therapyof virus-induced cancer. ACS Nano. 2020;14(1):476–487.Copyright (2020) American 
Chemical Society.187 

Abbreviations: LNA, locked nucleic acid; KSHV, Kaposi’s sarcoma-associated herpesvirus.
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Table 3 A Summary of Applications for Antitumour CQDs in Drug Delivery

Drug Raw Materials Model Administration Function Reference

DOX Glucose, EDA, H3PO4 Hepatoma mice beared  
HepG2 cells

I.V. Nuclear targeting of 
tumor cells

[169]

DOX Carbon nanopowder SJGBM2 cells – Cross the BBB [170]

DOX 4-amino-Phenol, potassium 

periodate

Cervical carcinoma mice 

beared Hela cells

I.V. Enter the cancer stem 

cell nucleus

[171]

DOX Tyrosine-derived melanin Breast cancer mice beared 
4T1 cells

I.V. Synergetic Fenton 
reaction and 

immunotherapy

[172]

DOX SiO2 Breast cancer mice beared 

MCF-7 cells

I.T. pH response of DOX 

release

[173]

DOX 1,4,5,8-tetraminoanthraquinone, 

citric acid

Brain glioma mice beared 

U87 cells, cervical carcinoma 

mice beared Hela cells

I.V. Mimicking large amino 

acids, cross the BBB

[189]

DOX PEI, H2O2, anhydrous ethanol A549 cells – Deliver nucleic acid and 

hydrophobic drug cargos

[193]

DOX Graphite, sugarcane waste Hela cells – Synergetic mesoporous 

silica nanoparticles

[194]

DOX Glycerol, PEI Liver cancer mice beared 

MHCC-97L cells

I.V. Treatment synergetic 

monitoring

[195]

DOX Gelatin MDA-MB-231 cells – Through mitochondria 

enhanced apoptosis and 
autophagy pathway

[196]

DOX Citric acid MCF-7 cells – Overcoming drug 
resistance

[197]

DOX Glucose, PEG Breast cancer mice beared 
4T1 cells

I.V. Encapsulated into 
nanoparticles, 

detachable at tumor site.

[198]

Pt(IV) Citric acid, polyene polyamine Hepatoma mice beared H22 

cells

I.T. Multicolor imaging [178]

Pt(IV) Citric acid, diethylenetriamine Cervical carcinoma mice 

beared U14 cells

I.V. PEG controlled drug 

release

[179]

Epirubicin and 

temozolomide

Carbon nano powders U87 cells – Epirubicin, temozolomi 

and transferrin triple 

conjugated

[199]

LNA PEI, citric acid Primary active lymphoma 

mice beared BCBL1-Luc cells

I.P. Inhibiting irus-induced 

cancer

[187]

siRNA EDTA, citric acid KRAS-mutated NSCLC cells – Induced DNA 

polymerization

[188]

TAAs Mannose, EDTA, phosphoric acid Hepatoma mice beared 

Hepa1−6 cells

I.T. Synergetic 

immunotherapy, 
amplifying microwave 

ablation

[190]

(Continued)
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researched. Large neutral amino acid transporter 1 (LAT1) is 
highly expressed in various tumour cells but is rarely 
expressed in normal cells. LAT1 transports amino acids into 
tumour cells by binding with amino and carboxyl groups on 
the surface of amino acids. Li et al utilized 1,4,5,8-tetrami-
noanthraquinone (TAAQ) and citric acid as raw materials to 
prepare CQDs based on simulated large amino acids (LAAM 
TC-CQDs).189 There were many paired amino and carboxyl 
groups on the surface of the LAAM TC-CQDs, which made 
the tumour cells mistakenly believe that they were amino 
acids; thus, the drug-loaded LAAM TC-CQDs could be trans-
ported into tumour cells through LAT1. It is exciting that 
LAT1 is expressed not only in tumour cells but also in the 
BBB, which suggests that LAAM TC-CQDs can be utilized to 
treat brain cancer across the BBB. In addition, microwave 
ablation (MWA) uses a special needle to puncture the lesion, 
transmits RF microwaves to the needle tip, generates a large 
quantity of heat at this position, and destroys the focus, thus 
treating the disease. Tumour cells killed by MWA can release 
tumour-associated antigens (TAAs). Some CQDs can capture 
TAAs, while some carbohydrate modifiers can target dendritic 
cells (DCs), and mannose-based CQDs (Man-CDs) combine 
the two.190 Man-CDSs can deliver captured TAAs to DCs, 
activate the immune system and amplify MWA, thus skillfully 
combining drug delivery with immunotherapy. Silver nano-
particles are natural nanodrugs that kill tumour cells. Ghosal 
et al utilized fresh lemon slices as raw materials to prepare 
green CQDs by a hydrothermal method and then added solid 
silver nitrate to CQDs aqueous solution to synthesize CQDs 
loaded with silver nanoparticles (CQD@AgNPs) in situ.191 

CQD@AgNPs kill tumour cells by producing ROS without 
any other external roles. Amygdalin, a natural chemothera-
peutic drug, is nontoxic, but when it is metabolized by β- 
glucosidase, it produces toxic hydrocyanic acid, which can 

be catalysed into nontoxic thiocyanate by thiocyanase. 
Kalaiyarasan et al used a gold acid as a raw material to prepare 
CQDs with many carboxylic acids on the surface and then 
functionalized them with almond protein by dehydration or 
esterification to form Amy@CQDs.192 Malignant cells contain 
more β-glucosidase than normal cells, while normal cells 
contain more thiocyanase than tumour cells, so 
Amy@CQDs can cleverly achieve selective killing of tumour 
cells after entering the body.

Table 3 summarizes the application of CQDs as drug 
carriers in antitumour research. To achieve good clinical anti-
tumour effects, the selection of CQDs and drugs is very 
important. The choice of antitumour drugs can be made 
according to the different manifestations of drugs on normal 
tissues and tumour tissues. Tumour tissues have more acidic 
substances, H2O2, glutathione and tumour markers than nor-
mal tissues. If the antitumour drugs are nucleic acids, it is 
necessary to prepare CQDs with gene carrying materials such 
as PEI and chitosan or modify them on the surface of CQDs. 
Moreover, encapsulation of CQDs in macromolecules such as 
nanoparticles and hydrogels is also a possible strategy. In 
addition, CQDs can be reformed by doping, grafting and 
modification so that they can combine with antitumour drugs 
to target tumour sites to expand the therapeutic effect against 
cancer. In summary, the primary purpose of these methods is 
to improve the targeting of drug delivery and prolong the 
residence time of drugs in tumour sites, thus achieving better 
antitumour efficacy than that of free drugs.

Monitoring the Release of Antitumour 
Drugs
Antitumour drugs need to be released in time after reaching 
the tumour sites to exert antitumour effects, and CQDs can 
monitor their release in real time. P-CQDs were CQDs 

Table 3 (Continued). 

Drug Raw Materials Model Administration Function Reference

AgNPs Lemon slices MCF 7 cells – Producing ROS for 

killing tumor cells

[191]

Amygdalin Golden acid Hep3B cells – Natural targeting tumor 

cells

[192]

Dextran Acrylic acid and ethylenediamine SKOV3 cells – Synergistic nanogels 

release drug in 

controlled manner

[200]

Abbreviations: EDA, 1,2-ethylenediamine; PEI, polyethylenimine; PEG, polyethylene glycol; EDTA, ethylenediamine tetraacetic acid; TAAs, tumor-associated antigens; ROS, 
reactive oxygen species.
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covered with PEI on the surface, which could emit blue 
fluorescence under the activation of the excitation signal 
under normal circumstances.201 When hyaluronic acid- 
conjugated doxorubicin (HA-Dox) was coated on the surface 
of P-CQDs, the fluorescence of P-CQDs was quenched by 
FRET, in which P-CQDs and HA-Dox were the donor and 
the acceptor, respectively. When P-CQDs/HA-Dox reached 

and entered tumour cells, the HA on the surface of P-CQDs/ 
HA-Dox was degraded into small fragments by intracellular 
hyaluronidase; thus, DOX was released, and the P-CQDs 
were exposed. Additionally, the fluorescence recovery of 
P-CQDs could be used to monitor drug release. Similarly, 
under the effect of FRET, CQDs-Pt(IV) emitted blue, green 
and red fluorescence, but the blue fluorescence was limited 

Figure 12 (A) Preparation and mechanism of CuSCD@MMT7, (B) thermography images and (C) temperature curves of breast cancer mice beared 4T1 cells treated with 
PBS, CuSCD, CuSCDB and CuSCD@MMT7. Reprinted with permission from Yu Y, Song M, Chen C, et al. Bortezomib-encapsulated CuS/carbon dot nanocomposites for 
enhanced photothermal therapy via stabilization of polyubiquitinated substrates in the proteasomal degradation pathway. ACS Nano. 2020;14(8):10688–10703. Copyright 
(2020) American Chemical Society.215 

Abbreviations: DSPE, distearoyl phosphoethanolamine; PEG, polyethylene glycol.
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by the quenching agent dabsyl.202 Under the condition of an 
intracellular reduction reaction, the three substances disinte-
grated and released Pt(IV), and the blue fluorescence of the 
CQDs was restored, which was used to monitor the activa-
tion of antitumour prodrugs in a complex biological micro-
environment. Li et al encapsulated the CQDs and DOX into 
mesoporous silica nanoparticles to form DOX-CQDs 
/PNVCL@MSNs.203 PNVCL was folded on the surface of 
the DOX-CQD/PNVCL@MSNs by hydrophobic phase tran-
sition, which blocked the orifices and hindered DOX release 
and concealed the fluorescence of the CQDs. Due to the 
acidic conditions of the tumour, the Schiff base linkage 
between MSNs and CQDs/PNVCL was broken, and then 
DOX and CQDs were released, so the release of antitumour 
drugs can be monitored by the fluorescence of CQDs.

Photothermal Therapy
In recent years, photothermal therapy (PTT) has attracted 
extensive research, which aims to use a photothermal conver-
sion agent to absorb near-infrared light (650~900 nm) and 
convert the absorbed light energy into heat energy to further 
achieve the deep penetration of tissues and the minimum 
heating of nontarget tissues.204–206 Therefore, the choice of 
photothermal agent is the key factor in determining the success 
of photothermal therapy. First, to obtain effective treatment 
results, near-infrared photothermal agent-mediated tumour 
treatment usually requires a near-infrared laser irradiation 
power density significantly less than the maximum allowable 
skin exposure.207 Second, photothermal agents are applied for 
photothermal treatment of the tumour, and they should have 
good biocompatibility with surrounding tissues.208 Third, only 
when the size of the photothermal agent is small enough can it 
enter the tissue cells for photothermal therapy, so it must have 
superior tissue targeting.209 At present, widely used photother-
mal materials include noble metal nanoparticles such as Au, 
Ag and Pt,210,211 carbon materials such as graphene and car-
bon nanorods,212 metal and nonmetal compounds such as CuS 
and ZnS,213 and organic dyes such as indocyanine green and 
Prussian blue,214 while few studies have mentioned CQDs.

CuS nanoparticles carrying CQDs and bortezomib 
were synthetized, coated with macrophage membranes 
and modified with the T7 peptide to form 
CuSCDB@MMT7.215 After CuSCDB@MMT7 enters the 
body, the immune system does not attack them because 
they are protected by the macrophage membrane, but 
instead, it transports them to tumour cells through the T7 
peptide. CQDs are used for photothermal ablation under 
808 nm NIR, while bortezomib is a proteasome inhibitor 

that can protect tumour suppressor proteins from degrada-
tion, thus uniting in opposition to tumours (Figure 12A). 
As shown in Figures 12B and C, the photothermal conver-
sion efficiency of the composites increased with increasing 
irradiation time. Compared to the PBS, CuSCD and 
CuSCD@MM groups, the CuSCD@MMT7 group could 
reach 50 °C in 3 minutes, indicating its superior photo-
thermal conversion rate, thus demonstrating the feasibility 
of thermal ablation therapy for tumour cells. Wang et al 
prepared a self-crosslinked chitosan hydrogel (CCHN) 
coated with DOX and CQDs with an average particle 
size of 65 nm to endow injectability.216 When CCHNs 
reached the tumour site, chitosan hydrolysed and released 
CQDs and DOX. CQDs kill tumour cells through PTT; 
however, DOX is an antitumour drug, so this system 
achieves a dual antitumour effect of PTT synergistic drug 
delivery. In addition, Qian et al developed a CQDs-based 
mesoporous silica scaffold (CQD@MSN) for photother-
mal synergistic immunotherapy.217 CQD@MSNs targeted 
tumour sites and participated in photothermal ablation, 
while biodegradable CQD@MSN fragments could obtain 
TAAs from photothermally lethal tumour cells and then 
carry them away from necrotic tissue, initiating the 
immune response by stimulating the proliferation and acti-
vation of NK cells and macrophages.

Photodynamic Therapy
Photodynamic therapy (PDT) is a new method for treating 
tumour diseases with photosensitive drugs and laser acti-
vation, whose mechanism of action is to produce ROS by 
the interaction between a photosensitizer and oxygen to 
kill tumour cells.218–220 The photosensitizer absorbed by 
the tissue is stimulated by laser irradiation of a specific 
wavelength, and the excited photosensitizer transfers 
energy to the surrounding oxygen to generate highly active 
singlet oxygen.221 Singlet oxygen reacts with adjacent 
biological macromolecules to induce cytotoxicity, which 
leads to cell damage and even death.222 In the treatment of 
oesophageal cancer,223 lung cancer,224 skin cancer,225 

breast cancer226 and other diseases, PDT is a new tumour 
treatment technology that has risen and developed in 
recent years. As a cold photochemical reaction, the basic 
elements of PDT are oxygen, photosensitizer and visible 
light (commonly applied with a laser). Only by choosing 
an appropriate photosensitizer can PDT achieve the pur-
pose of killing tumours. First, photosensitizers have 
a certain selectivity and affinity for tumour tissues and 
remain in tumour sites for a long time so that the 
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concentration difference between tumour sites and normal 
tissues is maximized.227 Second, a photosensitizer can 
produce singlet oxygen in tumour tissue by 
illumination.228 Last, the photosensitizer is excited by 
light of an appropriate wavelength.229

Jia et al utilized manganese phthalocyanine (Mn-PC) 
as a raw material to prepare hydrophobic magnetic fluor-
escent CQDs (Mn-CDs) by a high-temperature method, 
followed by inserting PEG on the surface to improve 
their hydrophilicity.230 Mn2+ in Mn-CDs could be used 
as a catalyst to decompose a large amount of H2O2 at the 
tumour sites into oxygen, and 1O2 could be converted into 
ROS under irradiation with NIR light (635 nm), killing 
tumour cells (Figure 13). The lack of O2 in tumour tissues 
limits the efficacy of PDT in antitumour therapy. 
Therefore, increasing O2 content in tumour sites becomes 
the primary premise of PDT phototherapy. In addition, 

although C3N4, a water splitting material, can decompose 
water into O2 by PDT, the decomposition efficiency is not 
high. To solve this problem, Zheng et al embedded CQDs 
and protoporphyrin IV (PpIV) on C3N4 to form PCCN.231 

Among them, CQDs were used to enhance the water 
decomposition of C3N4, thereby increasing the production 
of O2, followed by transforming O2 into ROS by PpIV 
under light and killing the tumour cells. Nevertheless, 
traditional PDT applies ultraviolet and visible light as the 
excitation light source, which cannot penetrate the tissues 
sufficiently, so PDT can only be used for shallow tumours. 
It is not effective for deep tumours, which greatly limits 
the scope of PDT in clinical applications. At present, there 
are studies that combine upconversion nanophosphors 
(UCNPs) with PDT; such methods use low-energy near- 
infrared light as the excitation light source and upconvert 

Figure 13 Preparation and mechanism of Mn-CDs. Reprinted from Jia Q, Ge J, Liu W, et al. A magneto fluorescent carbon dot assembly as an acidic H2O2 -driven 
oxygenerator to regulate tumor hypoxia for simultaneous bimodal imaging and enhanced photodynamic therapy. Adv Mater. 2018;30(13):e1706090. © 2018 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim.230 

Abbreviations: DSPE, distearoyl phosphoethanolamine; PEG, polyethylene glycol.
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it into high-energy light to achieve the required spectrum 
of PDT photosensitizers.232,233 Near-infrared light has 
a deeper light transmission depth, which allows PDT to 
be utilized for deeper tissue treatment. Chan et al com-
bined UCNPs with CQDs for the treatment of tumours 
through PDT.234 Among them, UCNPs were used as light 
converters to transform 808 nm near-infrared light into 
ultraviolet light for CQDs to produce ROS and then kill 
tumour cells.

Photothermal Therapy and Synergetic 
Photodynamic Therapy
PTT or PDT alone cannot completely eliminate tumours, so 
the combination of these two methods improves the curative 
effects.235–237 Based on the upconversion luminescence 
(UCL) principle described above, the combination of PDT 
and PTT for tumour phototherapy provides a new opportu-
nity to apply CQDs in tumour treatment. Using ZnPc as 
a photosensitizer and CQDs as thermal sensitizers, Lv et al 
prepared a nanomaterial with CQDs and UCNPs, in which 
the CQDs could gradually heat and ablate tumour cells while 
the UCNPs could transfer energy to ZnPc to generate ROS to 

kill the tumour cells under 980 nm near-infrared light irradia-
tion; this method was expected to yield twice the result with 
half the effort.238 The CQDs grafted with the photosensitizer 
Ce6 were mixed with Cu2+ to form nanoparticles (Cu/CC 
NPs).239 A shown in Figure 14, Under the low pH, glu-
tathione (GSH) overexpression and H2O2 surplus of the 
tumour environment, the Cu/CC NPs disintegrated and 
released CDs-Ce6 and Cu2+. GSH can eliminate ROS, 
which seriously hinders the PDT pathway of killing tumour 
cells. Therefore, the addition of Cu2+ can initiate Fenton-like 
reactions to eliminate H2O2 and produce O2 for PDT while 
also removing GSH and strengthening PDT. Moreover, due 
to FRET, the assembled Cu/CC NPs hide the fluorescence of 
the CQDs, but they disintegrate and release CQDs when 
entering tumour cells, thus exposing the fluorescence of the 
CQDs and providing the possibility for monitoring their 
entrance into tumour cells. Hua et al grafted HPPH into 
CQDs doped with Cu2+ and Gd3+ to form BCCGH.240 

CQDs, as thermal sensitizers, enabled PTT under 808 nm 
laser irradiation, while HPPH was a photosensitizer that 
produced ROS to kill tumour cells under 671 nm laser 
irradiation. In addition, Zhang et al combined PTT, PDT, 

Figure 14 Preparation and mechanism of Cu/CC NPs. Reprinted from Sun S, Chen Q, Tang Z, et al.Tumor microenvironment stimuli-responsive fluorescence imaging and 
synergistic cancer therapy by Carbon-Dot-Cu2+ nanoassemblies. Angew Chem Int Ed Engl. 2020;59(47):21041–21048. © 2020 Wiley-VCH GmbH.239 

Abbreviations: Ce6, Chlorin e6; CDs-Ce6, Carbon quantum dots modified with Ce6; Cu/CC NPs, Nanoparticles loaded with Cu2+ and CDs-Ce6; DMTMM, 
4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride hydrate.
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starvation-like therapy and immunotherapy to fight tumours, 
in which Mn,Cu-CDs were utilized as both photosensitizers 
and thermal sensitizers, while the glucose-metabolic reaction 
agent glucose oxidase (GOx) snatched glucose from the 
tumour cells, causing them to starve.241 Moreover, the 
tumour-associated antigens released by the above three 
ways of killing tumour cells stimulated cytotoxic 
T lymphocytes to penetrate distant tumours through the 
PD-1/PD-L1 pathway, which not only killed the primary 
tumours but also blocked the growth of distant tumours.

Compared with that of other nanoparticles, research on 
the application of CQDs in phototherapy is very limited. 
Table 4 summarizes the application of CQDs as thermal 
sensitizers/photosensitizers in antitumour research. 
Moreover, most CQD-mediated PTT systems are designed 
to encapsulate CQDs into nanoparticles. PTT requires that 
the thermal sensitizer has a superior photothermal conver-
sion rate, and CQDs are candidates for thermal sensitizers 
owing to their naturally dark colour. The efficiency of 
photothermal conversion can be enhanced by screening 
raw materials and reforming synthetic CQDs. To design 
materials for CQD-mediated PDT, we need to bind 
a photosensitizer to the CQDs, and because tumour sites 
lack enough oxygen to produce ROS, so we also need to 
add specific materials to produce O2. Among them, some 
transition metals, such as Co2+, Cd2+, Cu2+, Ag+, Mn2+ 

and Ni2+, can accelerate or replace Fe2+ to promote 
a Fenton-like reaction, thus becoming oxygen suppliers. 
Moreover, due to the low tumour eradication rates of PTT 
and PDT alone, the combination of PTT and PDT or with 
other therapies, including immunotherapy, radiotherapy, 
chemotherapy, hormone therapy and precision medicine, 
to achieve a higher tumour eradication rate needs further 
research.

Tumour-Targeting Lethal CQDs
Tumour-targeting lethal CQDs have antitumour effects with-
out any other synergism and depend on the production of ROS 
after they are absorbed by tumour cells. Such CQDs only kill 
tumours, while normal cells can escape them. Using polyethy-
lene glycol (PEG) as a carbon source, imidazole as a nitrogen 
source and phosphoric acid as a phosphorus source, Bajpai et al 
prepared N- and P-doped CQDs (NPCDs) by a heating method 
that could induce cell cycle arrest, autophagy and apoptosis in 
B16F10 melanoma cells.253 Yao et al utilized ginsenoside as 
a raw material, adding appropriate amounts of citric acid and 
EDA to improve the fluorescence performance to prepare Ta
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antitumour Re-CQDs,254 while Emam and Ahmed used NaOH 
to dissolve carrageenan and pullulan and then fabricated two 
kinds of CQDs by a hydrothermal method, which were used 
for antitumour and antiviral activities.255

Summary and Outlook
In this review, the preparation methods, features and char-
acterizations of CQDs were briefly introduced, and the appli-
cation prospects of CQDs in the antitumour field were also 
summarized. The preparation methods of CQDs include 
“top-down” methods and “bottom-up” methods. The differ-
ence is that the former separates the CQDs from matter with 
a large molecular weight, while the latter produces CQDs by 
carbonization of small molecules. CQDs have excellent bio-
compatibility due to their small structure and hydrophilic 
groups on the surface. Moreover, although there is no con-
sensus on the luminescence mechanism of CQDs, it is known 
to be related to the vacancies of surface groups and epitopes.

The applications of CQDs in antitumour therapy mainly 
include the detection and diagnosis of early tumours, delivery 
of antitumour drugs as carriers, monitoring the release of 
antitumour drugs, phototherapy as photosensitizers or thermo-
sensitizers, and targeted killing of tumour cells by autonomic 
production of ROS. Early-stage tumours have no obvious 
clinical manifestations, and the changes in tumour markers 
are very small, which makes them difficult to detect, diagnose 
and treat early. CQDs have excellent specificity and sensitivity, 
and they can be used to effectively monitor early-stage 
tumours by means of FRET, ECL, and structural modifications 
to enable the detection of tumour markers or the tumour 
microenvironment and to release antitumour drugs. CQDs 
are most widely utilized in antitumour therapy for drug deliv-
ery, including traditional drugs and gene therapy drugs. The 
small size of CQDs increases their specific surface area, which 
is conducive to the improvement of the encapsulation and 
loading efficiency of a series of antitumour drug molecules. 
In addition, the high biocompatibility, low relative cytotoxicity 
and good cell uptake ability of CQDs also make them excel-
lent materials for drug delivery. CQDs can combine with drugs 
by covalent bonds, noncovalent bonds, or both, so they can 
create different types of connections to exhibit high perfor-
mance while maintaining their original properties. Moreover, 
because tumour cells are more sensitive to the thermal envir-
onment than normal cells, CQDs can be utilized as thermal 
sensitizers to achieve the targeted killing of tumour cells. 
Moreover, a photosensitizer can be doped into CQDs or 
encapsulated in nanoparticles with CQDs to achieve the anti-
tumour effect of synergistic PTT and PDT. The mechanism of 

PDT is to produce ROS to damage tumour cells, which is 
consistent with the mechanism of killing tumour cells by 
tumour-targeting lethal CQDs.

Although CQDs have made significant contributions to the 
discovery, diagnosis and treatment of tumours, some chal-
lenges remain to be further explored. First, the combination 
of CQDs with other therapies, such as immunotherapy, gene 
therapy, endocrine therapy, cryotherapy and radiotherapy, 
needs to be further studied and promoted. Second, the biocom-
patibility of CQDs is concentration-dependent. Once the con-
centration threshold is exceeded, CQDs become toxic. The 
ameliorative concentration threshold for improving the bio-
compatibility without affecting the properties of CQDs 
remains to be further studied. Finally, PTT therapy with 
CQDs is only suitable for photothermal ablation of superficial 
tumours, so its treatment of deep tumours is a direction of 
future research.
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