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Fig. 1 Application research of fluorescent carbon quantum dots in biomedical field
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Fig. 2 Application of carbon dots in field of bioimaging. (a) Confocal fluorescence images of six carbon dots targeting different parts of

A549 cells"™; (b) carbon point synthesis roadmap and its imaging iz wivo and in living cells in zebrafish"”; (c) dual-mode imaging

diagram of carbon dots used for fluorescence imaging and nuclear magnetic imaging of cerebellar glioma™”; (d) carbon point is

used for in vivo imaging of silkworm
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Fig. 3 Application of carbon point in field of disease diagnosis. (a) Carbon point monitoring of environmental pH changes in zebrafish

and living cells™; (b) map of glycolysis mechanism of carbon point sensing in wvivo™; (¢) preparation of carbon points and

sensing mechanism of cytochrome C"; (d) prepared proportional fluorescent carbon points are used for fluorescence sensing and

visual detection of ATP and creatine kinase (CK)™
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Fig. 4 Application of carbon point in direction of disease treatment. (a) Schematic of carbon dots penetrating blood-brain barrier and
targeting mitochondria for tumor therapy"”; (b) preparation process of carbon point and schematic of phototherapy and
chemotherapy synergistic treatment of mouse tumor™”; (c) synthesis of quaternary ammoniated carbon points and schematic of
antibacterial mechanism"”; (d) preparation of carbon points of levofloxacin and schematic of antibacterial therapy in mice™;

(e) schematic of broccoli source carbon point clearing ROS for treatment of inflammation in cells and zebrafish™; (f) schematic of

cardamine carbon points accelerate wound repair by removing ROS and anti-inflammatory *”
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Table 1 Summary of application of carbon points in biomedical field in recent years

Object Application Property Detail Year Ref.
CDs Polarity-sensitive and Golgi targeting Golgi imaging and real-time tracking 2023 [17]
OR-CDs Viscosity sensitive and lysosomal targeting Lysosome imaging .and. viscosity 2023 [18]
change monitoring

Mn-doped Bioimaging . . Imaging of brain glioma by
CDs Green synthesis and low cytotoxicity fluorescence and MRI 2018 [20]
CDs Biocompatibility, high quam‘u-m yield, Imaging of silkworm an-d producing 2022 [21]

and fluorescence stability fluorescent silk
N. S-CDs pH and arginine sensitivity, t?lc?compatlblllty, Physiological eneronment pH 2023 [25]
and low cytotoxicity detection
N-CDs Being specific for glycolytic metabolism Cellular glycolysis imaging 2021 [26]
Disease
N, F-CDs diagnosis Cytochrome € SEnsItvily, [emperaiure sensiivity, Recovery of CytC from serum 2021 [31]
and high quantum yield
. Dual wavelength emission, low toxicity, . . . i .

BN-L-CDs Visual detection of heart disease 2023 [32]

and sensitivity and specificity to creatine kinase
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Object Application Property Detail Year Ref.

MGA-CDs Blood-brain 'barrler pe'rmeabﬂlt'y Intracranial tumor suppression 2023 [42]
and tumor mitochondrial targeting

pH-CDs-Fe Peroxidase activity, photothe.rmal effec.t, Tumor cell therapy 2018 [43]

and chemodynamic therapeutic properties
QCDs Br<.)ad.-s.p.ectrum‘antibacterie.d activity. Polar peritm?itis caus'ed by 2023 [45]
Discase and inhibition of Gram-negative bacteria escherichia coli
\ treatment Low drug resistance, antimicrobial activity, Bacterial infection and animal -
LCDs . o . . . . 2022 [50]
and biocompatibility infection with pneumonia

BWE-CDs Green, IOW toxicity, and antl.m‘(ldant and Treating inflammation in zebrafish 2023 [48]

anti-inflammatory activity

LDS-E,LD- Peroxidase aC‘[IV-IIy and‘ ffee radical Skin wound healing 2023 [49]

hFGF2 scavenging activity
preparation of luminescent carbon dots from syringe waste and
. hyaluronic acid for cellular imaging and antimicrobial applications
% % j[ ﬁk [Jy] Environmental Research, 2023, 237: 116990.

[1] Wang BY, LuS Y. The light of carbon dots: from mechanism to [14] Domena J B, Ferreira B C L B, Cilingir E K, et al. Advancing
applications[J]. Matter, 2022, 5(1): 110-149. glioblastoma imaging: exploring the potential of organic fluorophore

(2] Rui S Q, Song L M, Lan J R, et al. Recent advances in carbon -based red emissive carbon dots[J]. Journal of Colloid and Interface
dots-based  nanoplatforms:  physicochemical — properties — and Science, 2023, 650: 1619-1637.
biomedical applications[J]. Chemical Engineering Journal, 2023, [15] LiH, GuoJ Q, Liu A K, et al. Long-wavelength excitation of
476: 146593. carbon dots with dual-organelle targeting capability for live-cell

[3] ShiH X, WuY, Xul H, et al. Recent advances of carbon dots imaging via STED nanoscopy[J]. Dyes and Pigments, 2023, 216:
with afterglow emission[J]. Small, 2023, 19(31): €2207104. 111383.

[4] Li R Y, Liang F Y, Hu X Y, et al. A versatile cellulose [16] Xin NN, Gao D, SuB R, et al. Orange-emissive carbon dots with
nanocrystal-carbon  dots  architecture: preparation  and high photostability for mitochondrial dynamics tracking in living
environmental/biological applications[J]. Carbohydrate Polymers, cells[J]. ACS Sensors, 2023, 8(3): 1161-1172.

2022, 298: 120073. [17]  Zhan L, Hou P, Chen N, et al. Amino-terminated carbon dots for

[5] Xu X Y, Ray R, Gu Y L, et al. Electrophoretic analysis and imaging Golgi apparatus polarity in live cells[J]. Chemical
purification of fluorescent single-walled carbon nanotube fragments Engineering Journal, 2023, 475: 145613.

[J]. Journal of the American Chemical Society, 2004, 126(40): [18] Guo J H, Fan L, Zan Q, et al. Rational design of orange-red
12736-12737. emissive carbon dots for tracing lysosomal viscosity dynamics in

[6] Cao L, Wang X, Meziani M J, et al. Carbon dots for multiphoton living cells and zebrafish[J]. Analytical Chemistry, 2023, 95(32):
bioimaging[J]. Journal of the American Chemical Society, 2007, 12139-12151.

129(37): 11318-11319. [19] Zong M R, Zhang Z Y, Ning X, et al. Synthesis of multicolor

[7]  Chatzimitakos T G, Kasouni A I, Stalikas C D. Multi-purpose luminescent carbon dots based on carboxymethyl chitosan for cell
nitrogen and phosphorous codoped carbon nanodots for fluorescence imaging and wound healing application: in vitro and in vivo studies
-based sensing and bioimaging[J]. Chemical Engineering Journal, [J]. International Journal of Biological Macromolecules, 2023,
2023, 476: 146686. 253: 127405

[8] Chu D C, Qu H, Huang X P, et al. Manganese amplifies [20] Ji Z, Ai P H, Shao C, et al. Manganese-doped carbon dots for
photoinduced ROS in toluidine blue carbon dots to boost MRI magnetic resonance/optical dual-modal imaging of tiny brain glioma
guided chemo/photodynamic therapy[J]. Small, 2023: e2304968. [J]. ACS Biomaterials Science & Engineering, 2018, 4(6): 2089-

[9] Yadav S, Choudhary N, Sonpal V, et al. Engineering excitation- 2094.
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Fujian, China

Abstract

Significance

Research on quantum dots has attracted significant attention since the Nobel Prize in Chemistry was awarded to

scientists in this field. As a special type of quantum dots, fluorescent carbon quantum dots (CDs) have excellent fluorescence and

controllable surface chemical properties, which can be applied in biological medicine fields such as bioimaging and diagnosis and
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treatment of diseases. CDs are fluorescent nanomaterials with a size of less than 10 nm. Their preparation methods are diverse and
simple, precursors are widely available, optical properties are stable, and photobleaching resistance is strong. Compared with
inorganic quantum dots, they do not contain heavy metals, so they have lower biotoxicity and higher biocompatibility, and have great
application potential in the biomedical field. The surface of CDs is rich in functional groups, which determine their physical, chemical,
and fluorescent properties, including quantum yield, emission wavelength, aggregation-induced emission/quenching, fluorescence
lifetime, biocompatibility, and special material response. One of their most important properties is luminescence, which comprises a
variety of mechanisms, including surface-controlled luminescence, cross-linked enhanced emission effect, quantum size effect, and
carbon core-controlled luminescence. These mechanisms interact with each other to influence the CD fluorescence effect. Reasonable
regulation of the CD luminescence properties, such as fluorescence wavelength and intensity, is of great significance in disease
diagnosis. At the same time, through regulation of the surface functional groups of CDs, the scavenging ability of ROS free radicals

can be adjusted. Therefore, CDs have great application potential in the diagnosis and treatment of tumors and inflammation.

Progress Based on recent literature reports, this study introduces and summarizes in detail the application of CDs in the field of
biomedicine and their related mechanisms and characteristics. First, in terms of biological imaging, CD nanostructures enter cells
through endocytosis and exocytosis and disperse in the cytoplasm or specifically in some organelles. As a result, we can clearly
observe the physiological activities of body structures such as micro vessels and brain tissue with the help of confocal microscopy or
other instruments [Figs. 2(a) and (b)]. The design and preparation of CDs with near-infrared fluorescence wavelength and high
quantum yield result in higher resolution and tissue penetration ability, which is advantageous for in vivo imaging [Figs. 2(c) and (d)].
On this basis, we introduce the application of CDs in disease diagnosis. Compared with other diagnosis methods, the application of
CDs is less traumatic, which opens up broad prospects in disease diagnosis. CDs with pH-sensitive luminescence characteristics can be
used as potential imaging reagents for pH monitoring [Fig. 3(a)]. Fluorescence enhancement strategies based on nitrogen-doped CDs
induced by nicotinamide adenine dinucleotide can be used to monitor tumor occurrence and provide early warning of tumor formation
[Fig. 3(b)]. CDs can also produce selective responses to some biomarkers, resulting in changes in fluorescence signals, which can play
a role in monitoring the occurrence and development of diseases through the detection of cytochrome C in human serum samples
[Fig. 3(c)] and creatine kinase (CK), an important biochemical indicator of heart injury [Fig. 3(d)]. Finally, CDs with rich surface
states can interact with the body in a variety of chemical reactions. CDs designed and prepared with specific structures can be effective
in disease treatment, mainly in the following three areas: 1) tumor treatment, 2) antibacterial and antiviral treatment, and 3) anti-
inflammatory treatment. A novel CD for the treatment of glioblastoma was synthesized using metformin and gallic acid precursors
[Fig. 4(a)], whereas Fe single-atom nano cases with high pyrrole nitrogen content and ultra-small CD support were prepared using a
phenazoline mediated ligand-assist strategy [Fig. 4(b)]. CDs effectively inhibit the growth of tumor cells through synergistic chemical
kinetics and photothermal effects. The synthesized quaternary ammonium CDs have positive charge properties and can retain antibiotic
precursor active groups [Figs. 4(c) and (d)], leading to effective antimicrobial activity. The surface of CDs has many oxidized
chemically active groups, such as phenolic hydroxyl, which react easily with oxidizing substances, thus playing antioxidant and anti-
inflammatory roles. Anti-inflammatory and antioxidant CDs are prepared through precursor optimization, solvent extraction, and use
of broccoli as a biological feedstock [Fig. 4(e)]. CDs can also be designed as nano-enzymes to perform anti-inflammatory and
antioxidant functions [Fig. 4(f)]. At the end of the paper, we outline the challenges faced by CDs in biomedical applications. First, for
efficient application of CDs in biomedical fields, various preparation conditions need to be considered comprehensively to achieve
accurate control of their key properties. Second, the conversion of CDs into actual products still faces challenges, and further solutions
are needed to promote their production and commercialization. Finally, the regulation and standardization of CDs are becoming
increasingly important. To solve the above problems, the development and application of CD preparation technology should be
promoted.

Conclusions and Prospects CDs are being widely used in the field of biomedicine, including bioimaging and diagnosis and
treatment of diseases (Table 1). Their excellent optical, physical, and chemical properties provide them with obvious advantages in
the field of biomedicine, including safety, light stability, easy access, and performance tunability. In the future, the large-scale and
diversified development of CDs can be further enhanced to promote their industrial production, commercialization, and application in

real life.

Key words bio-optics; carbon quantum dots; bioimaging; disease diagnosis; disease treatment
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